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Abstract 
 

   The subject of this paper is innovation. The formation of new associations takes 
place for a variety of reasons, some economic, some political or, in the case of 
ICG, a need to share information and experience. The factors giving rise to 
technical innovations are even more diverse. Examples are given in both 
categories. 
    This article is mainly about making new things: new materials, new devices, 
new processes, new institutions. Sometimes this may seem easy in retrospect, but 
usually it is very difficult. There has to be a large driving force to carry the activity 
through and some reward, or the prospect of reward at the end. 

 
 
1. INSTITUTIONS AND ASSOCIATIONS 
 
    
‘It is better to hang together than to hang separately.’ Anon. 
 
    In much of what I say, I shall be quoting from Turner and from a close associate of his, 
Edward Meigh. I do this partly because Turner was our co-founder but also  because he was a 
great writer of survey articles and historical commentaries, which are readily available, for 
anyone interested, in the pages of the Journal of the Society of Glass Technology. The quality 
of the man is perhaps more evident there than in his purely scientific papers.1 
    The student of Business Studies is often urged to review his position by taking two pieces 
of paper. On one he should write a list under the heading: ‘Threats and Problems.’ On the 
second, the heading is ‘Opportunities and Challenges.’ This seems to be a fine idea, provided 
one can decide what to do next. 
    In the UK, perhaps the first example of a group of people responding to an opportunity in 
the glass field was that involving the collaboration between the Worshipful Company of Glass 
Sellers and George Ravenscroft who was responsible for the development of lead crystal 
glass. Although this happened more than 300 years ago, there is some point in reminding 
ourselves of the story, especially now when the State of California seems concerned about the 
risk of lead poisoning from liquids which have been in contact with Ravenscroft's glass. The 
Company was established in 1664 and is what we now call one of the Livery Companies of 
the City of London. Ravenscroft carried out his development work between 1673 and 1678, 
some years after the Company had been formed. His first glass contained no lead. However he 
was using especially pure materials and so his glass was particularly clear and colourless. The 
Company was delighted with his products and soon signed contracts to take his glass and 
                                                           
1 V.C. Hender (1977), then chairman of United Glass, attempts to summarise Turner's character in a 
few words in one of the Turner Memorial Lectures. Since he did not know Turner himself, he could 
only repeat the comments of others. One said ‘He had charisma.’ Another said ‘He could open a 
Yorkshireman's purse.’ Hender believes that these were merely two ways of saying the same thing. 
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market it. His glass seemed infinitely better than the glass of Venice. It later became clear to 
Ravenscroft that his glass was not especially durable and he took the unusual step of 
introducing increasing amounts of lead. The Company was even more delighted and continued 
their association with Ravenscroft until he had changed his line of interest to the manufacture 
of flat glass. (Moody 1988,1989; Watts 1990). 
    I understand that many of the present members of the Company are lawyers. Maybe they 
should be encouraged to bring their legal experience to bear in defence of the product which 
was so influential in their early history and which is probably less life-threatening than the 
atmosphere of Los Angeles. 
    Now we jump more than 200 years to the closing years of the nineteenth century, when 
mechanisation of glass making processes was developing rapidly, especially in the US. By 
19O3, the six-arm A-type Owens machine was in commercial use and by 1911 more than 100 
Owens machines were installed with a capacity of more than four million bottles a year. 
    Libbey and Owens set up the Owens European Bottle Company and built a factory in NW 
England with two Owens machines. British and continental container manufacturers were 
invited to view the machines in operation and were given the choice between buying the 
European patents for £600 000 (£30 million at current values) or having to compete against 
two more machines which the Libbey-Owens Company would immediately instal. I am sure 
that such an offer would go on the list as a threat. It seems that negotiations were not unduly 
long. The British manufacturers, joined together as the British Association of Glass Bottle 
Manufacturers Ltd., agreed to pay £120 000 as their share of the licence fee. By 1920 16 
Owens machines were installed in UK factories. 
    I remember in 1945 as a student seeing one of the last of these machines in operation. To 
me machines have character. I remember the Owens machine for its impression of power and 
dignity, rather like Queen Victoria. Its present day replacement is rather nervy. It reminds me 
more of a team of noisy conjurors. 
    The next major challenge to the UK industry as a whole came with the outbreak of World 
War I. At that time the UK industry was poorly equipped to meet the needs of the economy. 
Most of the optical glass required for military instruments came from Germany or France and 
the industry as a whole was not able to meet the many other needs of a country at war. Edward 
Meigh, in his book ‘The Making of a Federation' (1975) gives an excellent account of the 
tremendous amount of effort that was applied, mainly by the Ministry of Munitions of War, to 
resolve these problems and the support given by the Government of the time to encourage 
manufacturers to strengthen their technological base. 
    It was at this time that Turner came into the picture. At the beginning of the war, he was 
happily carrying out basic research in physical chemistry at Sheffield University. He was 
almost completely ignorant of the nature of the industries within a few miles of Sheffield. 
However he had heard of metallurgy and was chairman of the Sheffield Society of Applied 
Metallurgy, so clearly he had some knowledge of and interest in industry. Somehow he 
became vaguely aware that there was a glass industry on his doorstep and he was soon to 
realise that the greater part of the UK glass bottle industry almost surrounded him. He soon 
recognised that the scientific understanding in the industry was practically non-existent 
(Turner, 1937).  
    I am sure he didn't regard the situation as a threat, rather than as an opportunity and I 
believe the story is well known how he persuaded the industry and the University to set up the 
Department of Glass Technology at the University, followed only a few months later by the 
Society of Glass Technology. 
 
2. COLLABORATIVE RESEARCH 
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    What is less well known is Turner's role in establishing within the Department of Glass 
Technology a body called the Glass Delegacy. This organisation was open to all 
manufacturers who were prepared to make a financial contribution towards running the 
Department and its research programme. The financial contribution was assessed on the basis 
of the tonnage of glass melted.  
    This arrangement was very common in many UK industries between the wars. The various 
organisations for collaborative research were known as Research Associations, but, so far as I 
am aware, only that for the glass industry operated within a University Department. 
    Initially I'm sure this was an excellent arrangement. The industry was not able to carry out 
many of the simplest methods of quality control: analysis of batch materials and glasses, 
measurement of chemical durability and of physical properties such as density, viscosity and 
thermal expansion. Much effort went into the development of the necessary measuring 
techniques and into the systematic study of the effects of composition of simple silicate 
glasses on their properties.  
    The system also had great value to the students. The academic staff of the Department were 
in close touch with the manufacturers and their problems. They were thus in an ideal position 
to teach the glass technology (if not the glass science) of that time to students. 
    The Department continued to serve both as a University teaching and research Department 
and as a Research Association for the glass industry until 1955, when the Glass Delegacy was 
replaced by a separate organisation, the British Glass Research Association, eventually 
occupying a new building on a site next to the University Department (Anon 1955). 
    Collaborative research in glass has also had a long history in other countries. For example, 
Schaeffer (1995) has recently outlined the history of the HVG from its origins in 1920. 
    I find it interesting that only a few years ago the US glass community took the step of 
establishing at Alfred University in New York State the NSF Industry-University Center for 
Glass Research - an organisation very similar, it seems to me, to our own Glass Delegacy. I 
assume that this became possible following relaxation of what had previously been extremely 
strict anti-trust legislation.  
 
3. THE GLASS MANUFACTURERS' FEDERATION AND THE BRITISH GLASS 
MANUFACTURERS' CONFEDERATION 
 
    Now let us look at another major challenge to the UK industry and the consequence of that 
challenge. The story reminds one of some of the present day conflicts between the UK 
government and the EEC and discussions about opting out of bits of the Maastricht Treaty 
which one doesn't like. 
    Briefly, the International Labour Organisation was asked in 1923 to consider a proposal 
from the French Government that all glass factories should be required to cease production for 
24 hours each Sunday and to provide a period of ‘collective rest’ for all workers. Apparently 
the move was prompted by the increasing competition which the French glass industry faced 
from Belgium where the manufacture of flat glass had been largely mechanised. Thus the 
motive was economic rather than social. The UK objections came mainly from the container 
manufacturers, who pointed out that the interests of British workers were already taken care 
of, since the average working week of the British bottle maker was 42 hours compared with 
48, 56 and, in some cases 60 hours per week, in some countries supporting the Convention. 
Like the French, they too were not primarily concerned about the welfare of their workers. 
However they did not feel inclined to let the ILO and/or the French government prevent them 
from running their Owens machines 24 hours a day and seven days a week. These discussions 
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which went on for several years led to the formation of the Glass Manufacturers Federation in 
1926 (Meigh 1975). The flavour of the GMF's field of operation can be judged from the 
following statement of its principle aim. 
    ‘To watch over and keep members informed regarding the operation of existing laws and 
practices, the activities of Government Committees and all legislative proposals which may 
affect or tend to affect the interests of members.’ 
    The ILO attempted on several later occasions to impose the ‘Six Day Rule’ right up to the 
outbreak of World War II - a tribute to the outstanding tenacity of bureaucratic organisations 
and of those who oppose them.       
    The Federation still exists, of course, operating under the name ‘British Glass 
Manufacturers Confederation.’ It now shares a building with the British Glass Industry 
Research Association in Sheffield. 
 
4. INTERNATIONAL COLLABORATION 
 
    It is hardly necessary now to explain or to emphasise the value of international 
collaboration by glass scientists and engineers. Nowadays overseas visits by staff of glass 
companies are almost a daily event and there are many occasions when scientists from 
Universities and research institutes meet to discuss progress in particular fields. I have in mind 
in particular the ‘Sol-Gel’ glass workshops. In the 1930's and before, such contacts were far 
less common, and it is to the credit of Turner and his contemporaries in other countries that 
they saw a need for an organisation in which international co-operation could be fostered. The 
International Commission on Glass was founded in 1933 and two Congresses were held 
before World War II. Turner's account of the early years of the Commission is quoted in 
extenso in Pierre Gilard's book ‘50 Years ICG’ (1983). The present structure and activities of 
the ICG Technical Committees have been reviewed by Yaraman (1995). 
    It was some years after World War II that the ICG began to operate on a scale and in a 
manner with which we are familiar today. Not only would International Congresses be held at 
three yearly intervals, but the Commission also developed an ongoing technical programme of 
work through its Technical Committees. 
    An early initiative of the Commission after World War II was to try to remedy the difficult 
situation which existed in Germany where the Control Commission allowed the HVG to 
operate only in the Land of Hesse and the DGG not at all. In spite of representations made to 
the Allied Control Commission, no speedy relaxation resulted (Turner 1948). 
    An interesting discussion, which took place as the ICG began to re-establish itself, arose 
from a proposal from Professor Stevels that there should be an International Journal of Glass 
Technology. Turner was clearly not in favour of the proposal. He considered that the language 
skills of most glass specialists, especially in the U.K. and the USA, would make the proposal 
impractical. However Stevels' proposal did have one productive result. It led to the foundation 
by the ICG of the Pool of Abstracts, although, in my opinion, language problems have acted 
as a brake on this enterprise also (Stevels, 1950). 
 
5. INNOVATION AND INVENTION. 
 
    ‘Necessity is the mother of invention.’ Anon. 
 
    ‘If you can write a better book, preach a better sermon, or make a better mousetrap than 
your neighbour, then though your house be in a wood, the world will make a beaten track to 
your door.’ 
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                                                               Attributed (probably incorrectly) to Emerson. 
 
 
     Turner (1908) makes the following observations about inventions and inventors: 
 
  ‘The present century so far has been noteworthy for some of its mechanical contrivances. I 
have sometimes said that some of these contrivances exist despite the chemist and the 
physicist. The inventor is sometimes a man led on by a vision he has seen, and though he 
often sees the end but not the means. he is prepared to hammer these out by infinite labour. 
    The physicist or chemist comes along later to work out the conditions under which the 
process once invented is capable of success.’ 
   These comments may be true for all the inventions one can think of involving the 
development of new glass manufacturing processes. I doubt, however, if they are true of 
inventions in general 2. 
    Remember that Edison tried more than 1000 organic fibrous materials, which, when 
carbonised, would provide a suitable carbon filament for his incandescent filament lamp. He 
eventually chose a particular variety of Japanese bamboo. Here is Mike Owens slaving away 
at the development of suction feeding, which was soon to engulf the entire glass container 
industry (Figure 1). These two people knew quite clearly what they wished to attain, but 
neither physics nor chemistry could tell them how to get there. They just had to proceed on a 
trial and error basis. These two inventions appear to fit in with Turner's analysis. 
    It is commonly believed that inventions occur as a result of an accident. I suspect that the 
basis for that belief is wish fulfilment i.e. accidents can happen to anyone, to me for example, 
so I too could be lucky and become famous. It is true that accidental discoveries are 
sometimes made, but they are only developed into something useful if the person experiencing 
the accident is sufficiently knowledgeable and intelligent to see its significance. The discovery 
of penicillin by Alexander Fleming was largely the result of an accident, but the observation 
of the killing of bacteria around the chance contamination of a glass plate by the penicillin 
mould was made by a man who was a Professor of Bacteriology. He could see the 
implications of the accident and apply it. 
    Indeed the first discovery of glass must have been as the result of an accident- a happy 
accident, some might say. It could hardly have been otherwise. The nature of the accident is 
the subject of speculation. One suggestion is that it was the result of the cooling of a slag, 
produced during the smelting of bronze. The other is a fanciful, but plausible account by Pliny 
of sailors, who transporting blocks of natron, put in on a sandy beach to cook a meal. They 
supported their cooking vessels on blocks of their cargo, natron and lit a fire. This caused the 
natron and the silica from the beach, to react, melt and on cooling produce a glass. If nothing 
else, this shows that Pliny had some knowledge of glass technology. However the story I like 
best, if only because it puts the discovery of glass in the category of one of the Great British 
Inventions which did not come to anything, is told by the archaeologist Colin Renfrew (1973). 
He first points out that in the islands of Orkney off the north coast of Scotland, cremation sites 
often contain a glassy slag, simply because seaweed was used as a fuel. A glass would be 
produced if the cremation were carried out on a sandy shore. It is interesting also that a small 
number of partly glassy beads have been discovered in beach sites in Scotland and Northern 

                                                           
2Any reader interested in the general circumstances which lead to inventions being made and in 
reading the case histories of many inventions of the present century will find the book by Jewkes, 
Sawers and Stillerman (1969) of great interest. 
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Ireland, indicating that the people of those parts had some knowledge of shaping glassy 
materials. We should not be surprised at these discoveries. The main thesis of Renfrew's book 
is that many of the important discoveries of prehistoric man were made by accident and that 
similar accidents occurred in different parts of the world. It is not reasonable to believe that all 
these important discoveries were made in the middle east and were introduced to Europe 
through the Roman Empire. This may have been the most important route, but it is not the 
only one. 
    In our own time, there are at least two recent examples of the beneficial role of accidents. 
One is the ‘Mystery of the Fractured Spout’ - a good title for a Sherlock Holmes story. This is 
told by Alistair Pilkington in his accounts in ‘Glass Technology’ and the Proceedings of the 
Royal Society of the development of the float process (1969,1971,1976). If that accident had 
not happened and if its significance had not been thoroughly studied, it is doubtful if 
Pilkington would have been first in what turned out to be a race to develop the float process. 
    Often one invention leads on to others. To fully exploit the potentialities of flat glass in 
buildings and in road transport, it is necessary to be able to control the spectral transmission of 
the material throughout the solar spectrum. This is done by colouring additions to the glass 
itself, by surface coatings or by a combination of the two. 
    On-line coating of float glass is a possibility in principle, but would not have been so for 
ground and polished plate. Until relatively recently, probably the most widely used coating 
process used on float glass was magnetron sputtering using a series of cathode bars made from 
different metals and mounted in the same chamber. The equipment is large and expensive, but 
once established, a range of transmission characteristics can be achieved using the same plant. 
However the coatings made in this way are fairly sensitive to mechanical and chemical attack. 
Moreover they will not withstand conventional thermal tempering schedules. Pilkington have 
shown that certain products can be made quite satisfactorily on-line in the float process by 
chemical vapour deposition processes. These are much more robust than the sputtered 
coatings and will withstand thermal tempering. 
    At least two products are made in this way: a low emissivity coated glass, ‘K glass,’ for 
reducing heat losses through double- and multiple glazed windows, and a mirror product 
‘Reflex’ produced by depositing controlled thickness films of silica and silicon. 
     Another example of the role of lady luck is the discovery of the so-called heavy metal 
fluoride glasses by Michel Poulain in 1974. He was trying to make a crystal by heating a 
complicated mixture of fluorides, including zirconium tetrafluoride in a nickel tube. The 
‘crystal’ turned out to be largely glassy. Further work was carried out to determine regions of 
glass formation and to study glass properties. The most important property is their 
transparency over a wide range of wavelengths from the UV to the mid-IR. They have been 
widely studied, in particular for possible application in fibre optic communication systems. 
Unfortunately they are dreadful glasses to work with and much ingenuity has been spent in 
attempting to make fibres from them. 
    However Turner would have been wrong, I believe, to suggest that engineers working head 
down and with little understanding are the most common form of inventor. This picture 
becomes less true with the elapse of time. I worked for some time in the early 50’s in the next 
lab to the man who in 1948 invented holography. His name was Dennis Gabor and hanging on 
the corridor wall outside his lab. was a series of rather fuzzy photographic images of the 
names ‘Newton, Huyghens, Fermat etc. - all names famous for their contributions to Optics. 
The photographs had a title which was something like ‘Image Re-construction by Wave Front 
Interference.’ Nobody had coined the word Holography at that time and, even more 
remarkable, no-one had made a laser. Gabor was not interested in what we now recognise as 
the more important applications of holograms. What he was trying to do was to improve the 
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resolving power of the electron microscope. I am quite sure that Gabor did not produce his 
invention by messing around blindly with pin holes, lenses and photographic plates. Rather he 
worked the whole system out on paper first, and then made the equipment himself. (He had a 
small lathe in his laboratory.) Not surprisingly, he finished up as a Fellow of the Royal 
Society. 
    The laboratory where Gabor and I worked was on the top floor of an aesthetically 
challenged three storey building which looked across a very large factory site toward the green 
fields of Warwickshire. Most of that factory area housed some very large machine tools for 
making steam turbines, large motors and other items of electrical equipment. Early in World 
War II, the company built for Frank Whittle the Mark I version of his jet engine. To get so far, 
he had had to overcome great engineering and materials problems. But he had also to 
overcome scepticism and disbelief from many quarters. He was a serving officer in the Air 
Force. His fellow officers, no doubt, were not taken by the idea of being pushed along by a 
stream of hot air. Also as a serving officer he was not able to approach financial institutions 
for backing. When he had almost won his battle, our steam turbine engineers who built his 
Mark I engine heaped on him further insults by being very critical of his blade designs. His 
story is one of perseverance of the highest order. Like Gabor, he too finished up as a Fellow of 
the Royal Society. 
    In my view Whittle doesn't fit into Turner's category. He was an academically trained 
engineer and knew better than our turbine engineers the type of blade design that was 
necessary for his engine. He knew very clearly where he was going, but organisational and 
financial problems made it difficult for him to get there. 
 
    Recently Brian Moody, in an article in ‘Glass Technology’ (1988) has pointed out an 
interesting connection between glass science and the development of the jet engine. All 
students of glass science and fracture mechanics will know the name of A.A.Griffith, the man 
who introduced us to the worrying idea that the surface of all-glass products is severely flawed 
and to the relationship between glass strength and flaw depth. 
    Griffith was not especially interested in glass. He used it in his experiments because it was 
ideally elastic and also because it was readily available. He was an engineer (initially working 
at the Royal Aircraft Establishment where his work on the strength of glass was carried out) 
who became increasingly involved in the development of aircraft engines. Independently of 
Whittle, he became interested in the idea of jet propulsion and had developed a prototype 
engine as early as 1929. Shortly afterwards, he was moved to another post where he did not 
have the facilities to continue his work. He and Whittle knew of each others' work but did not 
attempt to cooperate, perhaps because neither was in a position to do so. 
    It was only late in the war when Griffith had joined the Rolls Royce company that he 
became involved in jet engines again. By then Whittle had in effect been sidelined and the 
whole development was put in the hands of the major engine manufacturers. Griffith's later 
contributions were considerable. As Head of Engine Development at Rolls Royce, he was 
responsible for many of the famous engines of the post war period. 
    Here is another invention, this time one involving glass. In 1966 a paper was published by 
two members of the STC laboratory at Harlow, Essex. They were Kao and Hockham. They 
were the first to put forward the idea of an extremely high capacity communication system, 
based on glass fibre (Figure 2). This was a purely paper exercise, although it was well worked 
out. Nothing had been made. They showed that it would be necessary to develop glasses with 
very much lower contents of transition metal ion impurities that any then known. 
    A few months after this paper was published, we had a visit in Sheffield from a Mr. Roberts 
of the Post Office Research Laboratory, as it then was, and Mr. Don Williams of the Ministry 
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of Defence. They told us that they had been unsuccessful in interesting any UK glass company 
in attempting to make high purity glasses and we were asked to help. Since none of our money 
was at risk, we didn't take much persuading. 
    There was some initial disagreement between us. I would have preferred to use a vapour 
phase route but we were told that for the defence application pairs of glasses with significantly 
different refractive indices were needed. We could not be sure that this could be done using 
the vapour phase method. So we were deflected at the outset from investigating the type of 
process which is now universally used. Nevertheless our efforts led us along some interesting 
paths and provided UK engineers with fibre on which they could experiment. Our initial target 
was to produce glasses with a loss of less than 100 dB/km. Sufficiently pure raw materials 
were developed, at great expense, by the suppliers of laboratory chemicals. We soon reached 
the target figure, which, of course, was promptly moved to 20 dB/km. Slowly we reached 50 
dB/km and couldn't see how we might improve on that. We decided that we needed to 
consider radically new methods of melting. Up to then we had been melting in platinum and 
although the glass melt could only see >99% pure, impervious alumina refractories, we 
believed that some transition metal impurities were being transferred to the melt by vapour 
phase transport from the refractories. 
    I remembered seeing a paper in Verres et Refractaires, published about 1946 on melting 
glass in a refractory pot by dielectric heating, so that the heat was developed in the glass batch 
rather than in the pot. We contacted the main supplier of such equipment in the UK, a firm 
which also supplied RF heating equipment. Trials were carried out and it was quickly shown 
that the best results were obtained using a 5 MHz RF generator. The only limitation was that 
the crucible containing the batch had first to be heated to about 500oC to make it sufficiently 
conducting to accept power from the RF field (Rawson and Scott, 1973). Melting was carried 
out in semiconductor grade vitreous silica and the crucible was air cooled (Figure 3). 
    We adopted a Pilkington idea for producing cladded rod for fibre drawing. After melting 
the core glass as described, we poured onto it a layer of a lower melting point glass, which had 
been melted separately. This was transferred to a rig, where we had set up a miniature version 
of the Fourcault process. A bait was lowered onto the melt surface and was then slowly pulled 
upwards (Figure 4). This produced cladded rod, perhaps 3 metres long. The rods were then 
sent to Professor Gambling at Southampton University for drawing into fibre. I believe we 
eventually reached a loss of about 5 dB/km before the project at Sheffield was closed and the 
work transferred to British Telecom (Figure 3). 
    Now I will tell you a story with a moral. The moral is ‘Never argue about someone else's 
experimental results, if your reasons for arguing are based on a rather vague understanding of 
theory.’ 
    In the early 1950's John Stanworth and I were involved together in attempts to make glasses 
not previously thought to be glass formers. We both doubted the reasons behind Zachariesen's 
rules for glass formation. Stanworth had produced aluminate glasses and later tellurite glasses. 
In general, the latter group of glasses had unusually high values of refractive index, 
approaching that of diamond. They also had very high thermal expansion coefficients. l won't 
tell you the sad story of a colleague from Czechoslovakia who asked us to let him try to make 
huge gem stones from these glasses. This is what he had done at home. It nearly broke his 
heart. 
    At this stage I got the bit between my teeth and began a survey of about all the possible 
glass-forming oxides, including the most unlikely. (How about potassium selenite glass for 
example?) However the most interesting new glass systems that came from this work were the 
vanadate glasses. We made them on a scale of tens of grams and measured their properties. 
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We found; not to our surprise, that they were semiconductors. I presented a paper on these 
glasses at the 1956 Glass Congress in Paris (Baynton, Rawson and Stanworth, 1956,1957). 
    In the discussion, a most eminent glass chemist commented: 
 
    ‘You can't be right. A material can be a glass or it can be a semiconductor. It can't be both.’ 
 
    Well he was wrong. The well known semiconductor materials at that time were silicon and 
germanium. Both are crystalline. Also in the text books of the day, one could read about the 
band theory of solids, as developed in the context of crystalline materials. This explains why 
some materials are insulators, some are conductors and others semi-conductors. 
    The problem was that at that time no-one had considered what a band theory for a non-
crystalline material might be. But just because you can't do the necessary mathematics, it 
doesn't follow that your observations are wrong. 
    It was some years later that the phenomenon of semiconductivity in amorphous solids was 
worked out theoretically by Professor Mott at Cambridge and Dr. Anderson of Bell Labs 
(Mott and Davis 1979). They were jointly awarded the Nobel Prize in Physics. That's the 
nearest we ever got to glory - helping make possible for someone else to win a Nobel prize. 
    Most of us working in or with the glass industry are concerned with a limited range of glass 
compositions and technical improvement depends on more and more exact control of the 
melting and forming processes. However there are some engineers using glasses who would 
like to be able to specify glasses which may not be commercially available. They do not wish 
to order a pot melt and they would like the dimensions to be under better control than can be 
obtained by hand working. Here is one possible solution to their problems - extrusion of the 
glass at a relatively high viscosity, say 1O6 Pas. Quite complicated cross sections can be 
produced (Figure 5) (Roeder 1971,1972). This process was developed by Professor Roeder 
when he was working at the Philips laboratory in Aachen. I like to think of this process as the 
converse of the float process. As you know, in the float process, surface tension and gravity 
forces are large compared with viscous forces. Hence surface irregularities in the glass are 
smoothed out fairly rapidly whilst the glass is on the tin bath. In the extrusion process, viscous 
forces are dominant whilst surface tension forces are negligible by comparison. Consequently 
the profile produced in the extrusion die is retained. In Sheffield, we have recently built such 
an extruder, (Figs 6 and 7) with Professor Roeder's help and guidance. We are not especially 
interested at present in producing tubing with unusual cross sections but rather with making 
circular section tubing from less common oxide glasses (Furniss, Shephard and Seddon, 
1996). 
    A second circumstance in which relatively small quantities of glass are needed is in the 
studio glass field. A hundred years ago men like Frederick Carder, Tiffany and Gallé produced 
wonderful pieces of art glass. They were working either in or closely associated with glass 
works. Young glass artists today would find it diffícult to set up similar relationships. The 
situation changed in the early 1960's when Harvey Littleton (who I believe is the son of 
‘Softening Point’ Littleton) working with Dominick Labino showed how to build quite a small 
furnace and to gather relatively good quality glass from it. This meant that young glass artists 
could build and operate their own furnace and do their own thing with the glass. Maybe even 
now their work is not of the standard of Carder, Tiffany and Gallé but then few modern 
painters can reach the standard of Michelangelo. 
    It may be worth noting that a student of Littleton and Labino, Sam Herman, introduced 
studio glass making to England after studying some time in Edinburgh with Helen Munro 
Turner, Professor Turner's widow, who was a very talented glass engraver. 
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    So innovation and invention are difficult tasks, especially when the invention or even 
improvement of a process is involved. It is a task which can test the abilities of the most able 
scientist. This point is well brought out by the following quotation from a paper presented by 
Michael Faraday in 1830. For the previous five years he had been engaged in work on a UK 
government contract to make a high lead glass of improved quality for use in telescope 
objectives (Faraday 1830). 
     'It may be said that a long time has elapsed since the first experiments were first instituted; 
and that if anything could be done, it should have been effected in so long a period. 
    But be it remembered that it is not a mere analysis or even the development of 
mathematical reasoning that is required. It is the foundation and development of a 
manufacturing process, not in principle only, but through all the difficulties of practice 
until it is competent to give constant success; and I may be allowed to plead the acknowledged 
difficulty of the subject as a reason, both why it may not yet have obtained perfection and why 
it should still be pursued. 
    Within a year of his finishing his work on glass, and just to make his point, he had 
published his first paper on electromagnetic induction ! 
     When I started to think about this talk, I toyed with the idea of giving it the same title as a 
novel by a well-known English poet, John Masefield. This novel is called ODTAA. This is an 
acronym and means ‘One Damned Thing After Another', implying a random flow of ideas. It 
is only cowardice, and some consideration for those who have to chose key words that led me 
to settle on a more orthodox title. 
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Figure 1. Artist’s impression of Mike Owens developing the suction feed principle. 
 
 
 

 
 
Figure 2. Diagram illustrating the principle of the fibre optic communication system. 
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Figure 3. Glass melting in a silica crucible by direct RF heating 
 
 

 
 

Figure 4. Drawing cladded rod from the surface of the melt 
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Figure 5. Complex sections produced by extrusion. (Professor E Roeder, University of 
Kaiserslautern.) 
 
 

 
 

Figure 6. Sheffield version of Roeder’s extruder. Extrusion can be carried out either vertically 
or horizontally.  
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Figure 7. Diagram of an extruder nozzle. The graphite liner is to reduce die swell. 
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Extended Abstract 
 
 The effect of melt structure on forming behavior is a topic of considerable technological 
importance. Unfortunately, we generally know less about the structure of melts than we do the 
corresponding glasses since characterization techniques used at low temperatures are not always 
applicable at elevated temperatures. It is clear however that melt structure has important 
influences on forming, particularly under "extreme" conditions. Such conditions are extant when 
a forming stress is coupled with a continuously cooling glass, as is the case in fiber drawing and 
some blowing and pressing operations. As shown by Brückner and coworkers1,2 melt fracture can 
occur if forming stresses are too high relative and/or the viscosity is too high Simmons et al3 as 
well as Brückner's group have also shown that at lower viscosities non-Newtonian flow effects 
(shear thinning) predominate. 
 Melt structure is important in both cases. Simmons suggests that a "high cohesive" strength of 
the liquid shifts shear thinning to higher draw rates. On the other hand,   Brückner has shown that 
the tendency for melt fracture is enhanced when the melt structure becomes more "brittle".  
Structures typically considered weak, such as chain  structure phosphates, are less prone to melt 
fracture than are those with more three dimensional structures. The ability the chain structure to 
orient under the applied forming stress, and the inability of the network type silicates is 
apparently related to this behavior. 
 Work in our laboratory has recently centered on the behavior of oxide glasses4,5 having a range 
of structures, and chalcogenide glasses5,6 particularly As2Se3 which has a two-dimensional 
layered structure in the solid state, and presumably in the forming range. The oxide compositions 
under investigation (Na2O - x Al2O3 - (3-x)SiO2 and Na2O - xB2O3 - (3-x)SiO2) have been chosen 
to cover a range of structures. Property measurements such as Tg, Young's modulus, ionic 
conductivity and fracture toughness indicate that when x<0.2 the melt structure is one in which 
the properties are controlled by a continuous alkali-NBO rich network7. Silica rich regions are 
locally isolated by such regions. This structure is commonly referred to as a "modified random 
network"8. The non-directional bonding in such regions is such that the ability of the structure to 
respond to drawing stresses is similar to that of the phosphate (chain) and As2Se3 (layer) 
structures. When x is large (> about 0.4) the structure can be considered 3-dimensional with a 
continuous Al- or B-silicate network. Between x = 0.2 and x = 0.4 the structures are 
"transitional". 
 It is the transitional region that is of most interest, since the structure and properties change 
rapidly in this compositional range and several commercial glasses apparently are in this region. 
 Results of neutron scattering studies indicate that, like the phosphates, As2Se3 fibers orient 
during drawing, particularly under extreme draw conditions. Previous studies of these fibers 
indicated that the strength was initially increased by the orientation but that a maximum strength 
occurred at the same conditions in which DSC and EPR studies suggested that shear thinning 



conditions had been reached and that "depolymerization" of the structure was occurring.  DSC 
studies of the pre-Tg exotherm of freshly formed fibers apparently signal the onset of shear 
thinning. The magnitude of the exotherm decreases abruptly in the shear thinning region. Recent 
Nuclear Quadruple Resonance results also show that such extreme conditions can lead to 
permanent changes in the structure, and that annealing does not lead to a single metastable 
structure for fibers formed under conditions leading to orientation and/or shear thinning. 
 For oxide glasses, similar strength behaviors were observed for the Al-silicate glasses with x = 
0. No such maxima have been observed for glasses with 3-dimensional network 
structures. On the other hand, DSC results on a 3-dimensional glass show similar decreases in the 
magnitude of the pre-Tg exotherm at high draw rates, and structural studies of these fibers also 
indicate a depolymerized structure which does not anneal to the same state as fibers formed under 
less severe conditions. However, results for oxide glasses are complicated by the fact that the 
chemical reactivity of the fibers is extremely high when continuous NBO rich regions are present. 
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 Abstract 
 

      The concept of barrier-related anharmonicity as a special kind of anharmonicity 
due to the presence of barriers in the potential energy of atomic interactions is 
introduced. Based on a numerical solution of the Schroedinger equation, it is 
demonstrated that anomalous anharmonic effects manifest themselves in the excess 
heat capacity, negative coefficient of thermal expansion, and increase in elastic 
moduli with increase of temperature and decrease of pressure are due to structural 
units of glass (atoms and clusters of atoms), which experience vibrations in two-well 
potentials (TWP). These structural units residing in symmetric or slightly asymmetric 
TWPs constitute two-level systems at temperatures of the order of several Kelvin and 
give rise to anomalous increase in the ultrasound velocity at about 4 K and to 
resonance absorption of ultrasound. The changes in properties of glasses due to the 
barrier-related anharmonicity at higher temperatures are determined by the parameters 
of TWP. In the case of high barriers, the barrier-related anharmonicity in glasses is 
similar to that in crystals. 

 
 
1. INTRODUCTION 
 
    A great many physical phenomena in solids are difficult to interpret adequately in terms of a 
purely harmonicity-based theory, because these phenomena are completely due to the higher 
(anharmonic) terms in the expansion of interaction energy in terms of coordinates. 
    The anharmonic effects in the majority of crystalline solids exhibit a similar pattern and can be 
described to a good accuracy in a quasi-harmonic approximation or in terms of the perturbation 
theory [1]. These methods are applicable to the weakly anharmonic solids, i.e., when the 
assumption that the amplitudes of atomic vibrations are small is realistic. 
   With highly anharmonic solids (quantum-mechanical crystals and the systems with structural 
phase transitions), all or a fraction of atoms experience vibrations about their equilibrium 
positions with large amplitudes and are subjected to appreciably anharmonic forces from the 
surrounding atoms; moreover, the latter cannot be considered as rigidly fixed. In this case, the 
motion of atoms is governed by effective potentials and effective force constants [2]. 
    Glasses also should be assigned to the class of highly anharmonic solids. Various experiments 
demonstrate [3, 4] that a fraction of the total number of ions and larger structural fragments 
(tetrahedra and clusters of tetrahedra) in glasses can be displaced to distances of about 0.1 nm 
even at low temperatures. The model of two-level systems (TLS) successfully implemented to 
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describe a number of anomalous properties of glasses at low temperatures [5, 6] also assumes 
large displacements of atoms or clusters of atoms as a result of tunneling under a barrier which 
separates the equilibrium sites of the species in motion. 
     At the same time, there are a number of quantitative discrepancies between the theory and 
experiment; in our opinion, the main drawback of the TLS theory is that it failed to provide an 
answer to the question as to why the vitreous materials feature a remarkable uniformity of some 
of their properties (heat capacity, thermal conductivity, low-temperature peaks in the sound-
absorption spectra, and increase in the elastic moduli with temperature in the region up to about 4 
K), while the other properties (thermal expansion and dependencies of elastic moduli on 
temperature and pressure) often differ radically from glass to glass. 
    In our opinion, these deficiencies of the theory are due to the fact that the possibilities of the 
theory have been constrained by phenomenological approach to the TLS, which has been 
employed in the majority of studies. At the same time, the attempts of microscopic analysis have 
been restricted to a treatment only of the motion either under or above the barrier because of the 
lack of an analytical solution to the Schroedinger equation for the motion of particles in two-well 
potentials (TWP) and have been reduced to consideration of particular cases of the low- and high-
temperature dependencies. The microscopic model of soft atomic potentials (configurations) [7] 
suggested for implementation within a wide temperature range abounds with various 
approximations and estimated quantities to such an extent that the usefulness of this model turns 
out to be questionable. 
    A quantum-mechanical analysis of the motion of structural units of a glass in the TWP 
potential substantially contributed to an understanding of anomalous properties of glasses [8]. In 
this paper, we determine more accurately (as compared to [8]) certain features of the motion of 
particles in a TWP potential and take also into account the effects of asymmetry of the potential. 
 
2. MICROSCOPIC MODEL 
 
    We will consider the model for a silica glass; we state beforehand that the microscopic models 
for the glasses of other types will be probably not much different from the one under 
consideration. Experimental data [9] indicate that the structures of the silica glass and high-
temperature cristobalite are similar; these data and the results of X-ray diffraction studies of [β-
cristobalite [10] suggest that a fraction of oxygen atoms involved in the Si-O-Si bridge bonds can 
occupy several equilibrium sites in the silica glass structure, which are located about the Si-Si 
axis and are separated with barriers of various (sometimes, of moderate) heights. 
   By separating two most accessible sites from the total number of feasible ones, we obtain the 
TWP that controls the motion of oxygen atom in its rotation about the Si-Si axis. Since the 
equilibrium sites correspond generally to different angles θ of the Si-O-Si bond, this rotation may 
be considered as the motion of the oxygen atom in the TWP with the Si-Si distance as a variable. 
    The potentials of pairwise Si-O interactions do not change with transition from a crystal to a 
glass. Contrastingly, the Si-Si interaction potentials change in that case substantially. It is 
noteworthy that a compession of all the Si02 modifications is accompanied, in general, with 
variations in the angle θ [11, 12]; i.e., the elastic moduli of such structures depend to a larger 
extent on the resistance of the valence-bond angles to deformation rather than on the valence-
bond rigidity. Therefore, the Si-Si interaction potentials are of no less importance than the Si-O 
potentials. However, the Si-Si potentials do not account for the interaction of only this pair of 
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atoms (Si-Si designation is taken merely for convenience). These potentials are considerably 
more complex; they represent the model of changes in the Si-O-Si angles and Si-Si distances as a 
result of rotational motion of the bridge-oxygen atoms with account taken of the interaction of the 
latter with the atoms from the next-neighbor coordination shells. These are essentially effective 
potentials which account for the long-range forces and the structure of material. Due to the 
density fluctuations and topological disorder, the Si-Si potentials in glasses feature a double-well 
configuration, while in crystals these potentials are of a single-well type (at least at temperatures 
up to those corresponding to phase transitions). 
    We will assume to a first approximation that the potentials of pairwise Si-O interactions are 
sufficiently harmonic; therefore, we may exclude them from consideration and concentrate on the 
TWPs. Owing to this approach, the problem is reduced to a one-dimensional one and, thus, is 
considerably simplified. Instead of dealing with the chain of several Si-O-Si bonds, we consider 
just a separate bridge bond having the average parameters of potential in the chain. 
      We represent a TWP as the sum of a harmonic term U1 and a Gaussian function U2 that 
simulates the potential barrier, i.e., 
 
          U= U1 + U2 ; U1 = (1/2) fθ x2; U2 = A exp[-d(x- b)2 ],          (1) 
 
where; 
 fθ  is the force constant that corresponds to changes in the angle; 
     x is the excursion of oxygen atom from the equilibrium site that corresponds to the harmonic 
approximation; 
    A, d, and b determine, respectively, the height, shape, and asymmetry of the potential barrier. 
     We call attention to the bond force constant fθ. A variation in the angle θ of a Si-O-Si bond 
can be accomplished by rotating the oxygen atom about the Si-Si axis but it can occur also 
without rotation, in a Si-O-Si plane. Since the different force constants correspond to the above-
mentioned types of motion and our one-dimensional model includes only a single parameter fθ, 
the value of fθ should be chosen beforehand. The parameter fθ must be greater than (or equal to) 
the force constant for rotation, but less than (or equal to) the force constant for changes of the 
angle θ in the Si-O-Si plane. The absolute value of fθ does not affect profoundly the results of 
calculations; therefore, we assume fθ  to be equal to the force constant for rotation (fθ = 3.5 N/m 
[11]). However, we take into consideration in discussion that an increase in fθ is plausible with 
the rise of temperature when the thermal motion obliterates the effects of rotation on θ in the case 
of the above-barrier motion of atom. 
    Calculations were also performed for alternative microscopic models. The rigidity of Si04 
tetrahedra and certain experimental data [3,7] indicate that the rotation of a tetrahedron or even a 
cluster of tetrahedra is quite probable at low temperatures. Because of this, we considered the 
motion of a Si04 tetrahedron and a cluster of five tetrahedra in the TWP as alternatives in order to 
compare the results of calculations and determine, if possible, the number of particles involved in 
the formation of TLS. The TWPs for these alternative models are also described by a formula of 
the form (1); however, the force constant f is, respectively, 4 and 12 times greater than fθ (the 
factors account for the number of Si-O-Si bridges which link these clusters with the rest of the 
structural network of a glass). 
 
3. A SYMMETRIC TWO-WELL POTENTIAL 
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    Figure 1 shows the potential profiles, energy-level positions, and wave functions for lowest 
four energy levels when oxygen atom moves in the TWP. The values of effective force constants 
fn for the corresponding energy levels are also indicated in Fig. 1. A similarity is observed 
between the results shown in Fig. 1 and those reported in [8] for the case of a Si04 tetrahedron in 
the TWP. It is appropriate to point out that the separation of the zeroth and the first energy levels 
decreases with increase in the particle mass and the height and width of the barrier, in accordance 
with the laws of quantum mechanics. 
 
 

 
 
 Figure 1. The profile of a TWP, energy levels (a) and wave functions for the lowest energy levels 
(b) of an oxygen atom. The TWP has the following parameters: f = 3.5 N/m, d = 4 ·1021 m-2, A = 
5 · 10-21J, and b = 0. 
 
 
Figure 2 shows the temperature dependence of average force constant <f> and heat capacity Cv 
for the barrier height in the TWP as a variable parameter. While emphasizing a similar 
temperature behavior of <f> in Fig. 2 to the data in [8], we point out below certain specific 
features of the results obtained, which were not reported in [8]. 

 
 

Figure 2. Changes in the temperature dependencies of the average force constants (a) and heat 
capacity (b) with increase in the barrier height A for oxygen atom in the TWP that has the 
following parameters: f = 3.5 N/m, d = 4 .1021 m-2 , b = 0, and A = (1) 0.5 · 10-21 J, (2) 1 · 10-21 J, 
(3) 2 · 10-21 J, (4) 3 · 10-21 J, and (5) 5 · 10-21 J. Curve (6) corresponds to the case of harmonic 
oscillator. 
 



 5

 
    The temperature range and the amount of increase in <f> at the lowest temperatures (from 0 to 
about 30 K) depend on the particle mass and also on the height and width of the barrier, which is 
related to the tunneling ability of the particle. The heavier the particle and the higher and wider 
the barrier, the lower the probability of finding the particle in the barrier region and the narrower 
the temperature range and the smaller the amount of increase in <f>. With very high barriers, the 
temperature behavior of <f> at low temperatures is the same as in crystalline solids; this 
asymptotic behavior of <f> lends support to the correctness of calculations. 
     The temperature behavior of <f> at temperatures above about 30 K depends on the relation 
between the parameters of the barrier and those of parabolic potential. With relatively low or 
gently sloping barriers (this condition is defined by the approximate inequality A · d . 4f), a 
further increase in <f> with temperature is observed (see curves 1 and 2 in Fig. 2). In the case of 
such TWPs, an external pressure induces an increase in the height of barriers and, consequently, 
decrease in <f> (the transition from curve 1 to curve 2 in Fig. 2), which corresponds to negative 
derivatives of <f> with respect to pressure and to negative Grüneisen parameters for acoustic 
modes. This characteristic behavior, i.e., the increase of elastic moduli with temperature (and 
decrease of them with increase in pressure) and negative acoustic-mode Grüneisen parameters, 
are typical of the silica glass and also of vitreous BeF2, Ge02 and Zn(P03)2 . 
    With relatively high or steep barriers (A · d / 5f), a decrease in <f> with temperature is 
observed (curves 4 and 5 in Fig. 2). An increase in the barrier height in such TWPs under an 
external pressure is accompanied by increase in <f>, which corresponds to positive derivatives of 
elastic moduli with respect to pressure and to positive acoustic-mode Grüneisen parameters; these 
properties are characteristic of crystals and a wide range of glasses. 
     Thus, the results of numerical calculations indicate that the presence of a barrier in the TWP 
can result not only in softening of the potential as it was assumed in the model of soft potentials 
[7], but can also harden the potential. Such a model may be referred to as the model of soft and 
hard potentials or, to be more precise, as the model of the barrier-related anharmonicity 
characteristic of amorphous solids. 
     Conceivably, the dependence of <f> on the parameters of TWPs, as determined in this study, 
might make it possible to separate all glasses into two broad classes; i.e., with common nature of 
vitreous state and the presence of TWPs in all the glasses, a difference in some of the properties 
of glasses is determined merely by diversity of the parameters of TWPs with due account taken 
also of the pairwise interatomic potentials. 
    Figure 2 also shows the data (somewhat more comprehensive than in [8]) on the influence of 
the barrier-induced anharmonicity on the vibrational heat capacity. In all the cases considered, the 
presence of a barrier in the TWP gave rise to a low-temperature excess heat capacity as compared 
to the case of harmonic oscillators (curve 6 in Fig. 2). The relative excess of heat capacity is as 
high as 10 orders of magnitude for certain types of TWPs at selected temperatures; this fact 
indicates that even a small fraction of particles residing in the symmetric TWPs can give rise to 
the excess heat capacity observed experimentally in glasses at low temperatures. It is noteworthy 
that the heavier is the particle and the higher and wider is the barrier in the TWP, the less is the 
separation between the Eo and E1 levels; as a result, a maximum of excess heat capacity is 
observed at lower temperatures. In addition to the excess of heat capacity, a deficit of heat 
capacity is observed at higher temperatures. 
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4. THE EFFECTS OF ASYMMETRY IN THE TWO-WELL POTENTIAL 
 
    It is quite evident that the symmetric TWPs comprise only a fraction of the total number of 
TWPs in a glass. The asymmetry of the TWPs profoundly affects the positions of energy levels, 
the wave functions, and the temperature dependencies of ( f) and Cv. 
 

 
 
  Figure 3. The influence of asymmetry in the TWP on the energy levels (a) and wave functions 
(b) of oxygen atom. The following parameters of the TWP were used: f = 3.5 N/m,  d = 4·1021 m-

2, A = 3·10-21 J, and b=1·10-11 m. 
 
    Figure 3 illustrates the energy levels and corresponding wave functions for oxygen atoms 
residing in the asymmetric TWF. As is evident from Fig. 3, the TLS ceased to exist and, as a 
result, the characteristic TLS properties, namely, an increase in <f> at temperatures up to about 
30 K and a large magnitude of excess heat capacity at low temperatures, were no more observed 
(Fig. 4). Figure 4 also shows the sequence of variations in the temperature dependence of <f> and 
Cv with increase in the shift of the barrier. Numerous computations performed for various 
parameters of the TWP have demonstrated that the characteristic increase in <f> at low 
temperatures and the low-temperature excess heat capacity occur only with the magnitudes of 
asymmetry being no greater than about 0.2 - 0.3 £ωo (ωo is the angular eigenfrequency of the 
particle in a parabolic potential). With larger asymmetry, even if the barriers are relatively low, 
<f> and Cv vary with temperature almost in the same way as they do in the case of a single-well 
potential that has the conventional cubic anharmonicity. A similar pattern for the effects of 
asymmetry was also observed on consideration of Si04 tetrahedron and a cluster of five tetrahedra 
in the TWP. We may infer that the high-asymmetry TWPs exhibit properties similar to those in 
the case of conventional anharmonicity and only the symmetric or slightly asymmetric TWPs 
impart to the glasses their specific features. 
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Figure 4. The temperature dependence of the average force constants (a) and heat capacities (b) 
for oxygen atom in the asymmetric TWP that has the following parameters: f = 3.5 N/m; d = 
4·1021 m-2; A = 3·10-21 J; and b = (1 ) 0, (2) 0.2·10-11 m,  (3) 0.5·10-11m, and (4) 1 · 10-11 m.  
Curve (5) corresponds to the case of harmonic oscillator. 
 
 
5. CONCLUSION 
 
    Thus, a comprehensive treatment of the motion of structural units of glass in the TWPs 
demonstrated that an inherent characteristic of glasses is a particular kind of anharmonicity, 
namely, the barrier-related anharmonicity, brought about by the presence of barriers in the 
potential of atomic interactions; the sign and magnitude of the effect of the barrier-related 
anharmonicity on the properties of glasses depend on the parameters of TWPs. The barriers are 
also present in the atomic interaction potentials of crystals, though in that case they are 
considerably higher than in glasses and, as such, become evident only at high temperatures. As 
we already observed in the case of high barriers, the effects of such potentials are similar to those 
of conventional cubic anharmonicity; it is possible that, for this reason, the effects of different 
types of anharmonicity have not been separated so far. The experimental data indicating that the 
TLSs are present in polymers and in the amorphous semiconductors and metals suggest that the 
barrier-related anharmonicity is characteristic of all amorphous solids. 
      The performed computations have given no way so far of identifying the species involved in 
the formation of TLS; however, it was demonstrated that these species may be both atoms and 
larger structural fragments. 
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  Abstract 
 

 Glass formation characteristics of glasses from the system AIF3-MF2-
Ba(PO3)2 (M=Ca, Mg, Sr, Ba) have been studied as a function of Ba(PO3)2. 
Glass formation tendency increased with increasing concentrations of 
Ba(PO3)2. The critical cooling rate for glass formation decreased from 98±7 
°C/s to 4±1 °C /s when Ba(PO3)2 concentration increased from 0 to 1 mole %. 
The improvement in glass formation caused by Ba(PO3)2 was due to linking 
the broken chains present in the structure of fluoride glass. The infrared 
transmission spectra of these glasses and their crystallization products 
suggested that the structure changed from short chains of AIF6 groups to long 
chains of PO3F and Ba(Ca,Mg,Sr)P207 groups with increasing Ba(PO3)2 
content. X-ray diffraction analysis revealed that CaAIF5, SrAIF5, CaAIF7, and 
CaSrAIF7, crystallize from these glasses. 

 
 
I. INTRODUCTION 
 
  The discovery and development of fluorophosphate glasses have attracted considerable 
attention in recent years because of their potential use as host materials in high energy 
laser systems[1]. These glasses possess superior optical properties such as low refractive 
index with high Abbe number, large anomalous partial dispersion, low nonlinear 
refractive index, and high transmittance in near UV and IR regions[1-6]. They also have 
low melting and forming temperature[1-3]. Utilization of these glasses in special 
applications such as IR domes, mid-IR optical fibers, and polarizing substrates have been 
reported[5,7]. 
  The fabrication of bulk samples for optics requires slow cooling rates to achieve 
suitable optical quality and convenient size. For this purpose, cooling rate of the melt 
must be as low as possible. However, small cooling rates promotes devitrification. 
Therefore the compositional dependence of the minimum cooling rate for glass formation 
must be known precisely. Otherwise glassy preforms may crystallize during processing or 
service. A good understanding of the glass formation characteristics in these glasses 
appears thus as a fundamental condition for their technological development. In spite of 
some investigations[8-11] on the formation and structure of fluorophosphate glasses, the 
data are sparse compared to silicate, borate, and phosphate glasses. Hence, studies on 
fluorophosphate glasses have both scientific and practical significance. 



 2

  The purpose of this study was to determine the effect of a small amount of glass 
former additions on the formation characteristics and structure of fluorophosphate 
glasses. 
 
II. EXPERIMENTAL PROCEDURES 
 
A) Sample Preparation: On the basis of studies on the formation of fluorophosphate 
glasses, composition #1 in Table I was selected as the starting composition. In addition to 
this composition, six other compositions of progressively higher Ba(PO3)2 content were 
prepared in this study. The raw materials were certified reagent grade BaHPO4, 
NH4H2PO4, AlF3, MF2, CaF2, SrF2, and BaF2. The Ba(PO3)2 was obtained by reacting 
BaHPO4 and NH4H2PO4 in the batch. The batch materials were carefully weighed to form 
a batch of desired glass compositions and dry mixed in a glass jar prior to melting. 
Glasses were prepared by melting 0.5 g (±0.0001 g) of the premixed powder in a strip 
furnace. Melting took place in a platinum boat at approximately 900 °C for 2 to 3 min in 
dry nitrogen atmosphere. Each composition was melted approximately 30 °C above its 
liquidus temperature and then cooled at various rates. The glass was recovered by 
unfolding the platinum boat. 
 

  Table I. Batch composition of the glasses investigated in this study. 
 

Glass Composition (mole %) 
No Ba(PO3)2 AlF3 CaF MgF2 SrF2 BaF2 
1 0.0 42.10 31.58 10.53 10.53 5.26 
2 0.1 42.06 31.55 10.52 10.52 5.25 
3 0.2 42.03 31.52 10.50 10.50 5.25 
3 0.25 42.00 31.50 10.50 10.50 5.25 
4 0.5 41.90 31.43 10.47 10.47 5.23 
5 0.75 41.78 31.35 10.45 10.45 5.22 
6 1.0 41.69 31.26 10.42 10.42 5.21 
7 1.5 41.48 31.10 10.37 10.37 5.18 

 
 
B) Determination of Critical Cooling Rate: The critical cooling rate, Rc, for glass 
formation is defined as the minimum rate at which a melt can be cooled without 
crystallizing. Rc of various glass compositions was determined by inserting a Pt- 
Pt/13%Rh thermocouple bead in the platinum boat during melting the batch materials. 
The thermocouple bead was completely submerged in the melt without touching the boat. 
The thermocouple was connected to a chart recorder so as to obtain a record (cooling 
curve) of the temperature as a function of time. Cooling rates <50 °C /s were controlled 
by gradually decreasing the power to the strip furnace. Cooling rates from 50 to 100 °C /s 
were produced by simultaneously turning the power off and blowing helium gas over the 
sample. 
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C) Infrared (IR) Transmission: In order to measure the IR spectrum 3 mg of powdered 
glass and 300 mg potassium bromide was dry mixed and pressed in a vacuum die into 
pellets. The pellets were used to measure the IR spectrum from wavenumber 4000 to 200 
cm-1 (2.5 to 50 µm wavelength). 
D) X-Ray Diffraction (XRD): Glass samples and the corresponding devitrified products 
were analyzed by powder XRD. Powder patterns were obtained using Cu-Kα radiation. 
Each sample was scanned from 10 to 70 degrees two theta at 2 degrees per minute. 
 
III. RESULTS AND DISCUSSION 
 
  As-quenched samples containing >0.5 mole % Ba(PO3)2 yielded a good glass, but it was 
difficult to obtain glass for compositions containing less Ba(PO3)2 than that value. The 
glassiness of the as-quenched samples were confirmed using X-raydiffraction and 
scanning electron microscopy techniques. Samples cooled at a rate slightly less than 
critical cooling rate yielded a mixture of glass and crystal when quenched in air. These 
compositions contained crystals adjacent to the sides of the platinum boat indicating 
heterogeneous crystallization.  
   No exothermic peak, corresponding to crystallization of the melt, was observed on the 
cooling curve since the heat of crystallization of fluorophosphate glasses is apparently 
low. When the cooling rate, R, was less than Rc the sample crystallized or contained a 
trace of crystalline material. The melt was then cooled at slightly higher rates until it was 
free from crystallinity. The cooling curve for which the sample became completely free 
from crystals was used to calculate the cooling rate which was taken as Rc. 

   Rc was determined for all compositions. The determination of the value is based on at 
least five individual experiments. The variation of Rc as a function of Ba(PO3)2 content 
for fluorophosphate glass is shown in Table II and in Figure 1. The results indicate that Rc 
decreases, that is glass formation becomes easier, with increasing Ba(PO3)2 content. 
 

   Table II. The critical cooling rate, Rc, for glass formation for  
fluorophosphate compositions * of varying Ba(PO3)2 content 

 
Mole % 

Ba(PO3)2 
Rc 

(C/s) 
0.0 98±7 
0.1 80±6 
0.2 69±5 
0.25 63±5 
0.5 43±3 
0.75 19±2 
1.0 4±1 

        * Mole % composition is given in Table I. 
 
  The decrease in Rc with small amount of Ba(PO3)2 incorporation is due to linking the 
broken chains present in the structure of fluoride glasses and hence, increasing the ability 
for glass formation. The structure of fluoride glasses containing AIF3, CaF2, MgF2, SrF2, 
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and BaF2 consists of a mixture of linear and branched AIF6 octahedral chains of various 
length connected by Ca2+, Mg2+ , Sr2+ , and Ba2+ ions [12,13]. The strongly charged AI3+ 
cation may link two or several chains, playing the role of a bridge[14]. Other cations (Ca, 
Mg, Sr and Ba) fill the interspace between the short chains and gather the short chains by 
electrostatic attraction between the cations and fluorine. AI3+ and Mg2+ may also form 
(AIF4) and (MgF4) tetrahedras and then reconnect the chains to one another, so that the 
ease of glass formation increases[10]. A schematic model for the structure of these 
glasses is shown in Figure 2 
 

 
    Figure 1. Variation of critical cooling rate for glass formation as a  
        function of Ba(PO3)2  content for fluorophosphate glasses. 
 

 
    Figure 2. Schematic model for structure of fluoride glass containing  
         AIF3, CaF2, MgF2, SrF2, and BaF2. [12] 
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 The improvement in glass formation caused by Ba(PO3)2 may be explained by the 
formation of long PO4 chains in the glass structure. When Ba(PO3)2, which has a structure 
of long chains of PO4, is introduced into the glass M-F bonds are disrupted and P-F bonds 
are formed as oxygen replaces fluorine[10]. This results in the formation of PO3F 
tetrahedra which functions as terminal groups of the chains. With increasing Ba(PO3)2 
content the chains become increasingly longer forming P-O-P bonds gradually. The 
formation of long P-O-P bonds modifies the glass network structure. The direct bonding 
of PO4 groupings with the AIF6 octahedral chains impedes the crystallization process. 
   The IR spectrum of the glass samples and the corresponding devitrified samples were 
measured to determine the basic structural groups. A portion of the IR spectra of selected 
fluorophosphate glasses and their crystallization products suggested that the structure 
changed gradually from short AIF6 groups to long PO3F and Ba(Ca, Mg, Sr)P2O7, the 
complex phosphate groups, as seen in Figure 3. Other phosphate groups such as (P2O6F)3-

(P3O9F)4-, (P4O11 F)5-, and (P5O15F)6- are reported to form as phosphate content of the 
glass increases[11].This confirms the effect of increasing Ba(PO3)2 on lengthening the 
PO4 chains.  

 
 
Figure 3.  IR transmission spectra of selected fluorophosphate glasses (1, 5, 7) and their 
    crystallization products (1c, 5c, 7c). Mole % compositions are given in   
    Table 1. Curves are arbitrarily displaced along vertical axis for clearity. 
 
   As shown in Figure 3, the IR spectra of the glasses resemble those of the corresponding 
devitrified products although the absorption peaks for the glasses are not as sharp as those 
of crystallized products. This implies that the basic structural groups remain unchanged 
during crystallization[15]. A comparison of the spectra for the crystallization products 
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from glasses containing 1.5 mole % Ba(PO3)2 and no Ba(PO3)2 revealed that the IR 
spectrum of the crystallization products changed, i.e., the number of bands in the 
spectrum increased, with increasing Ba(PO3)2. This might be due to the formation of the 
pyrophosphate structural groups, and gradual symmetrization of the structural units of the 
phosphates[15]. The linking of PO4 groupings within the AIF6 octohedral chains impeded 
the crystallization process. 
  The IR spectra of the glass #1, containing no Ba(PO3)2 and corresponding devitrification 
product have no absorption peak at the high frequency bands, but absorption peaks appear 
at 240, 260, 285, 320, 380, 410 cm-1, and in the region of 520-780 cm-1, which have been 
previously attributed to the vibration of (AIF6)3- groups[10,15]. With increasing Ba(PO3)2 
content (PO3F)2- and mixed pyrophosphates, BaMP2O7 (M=Ca, Mg, Sr) form[10,15-17]. 
However, the absorption peaks of (PO3F)2-, which is associated with the formation of P-F 
bonds, are overlapped with those of (AIF6)3- and pyrophosphate groups[10,17]. In the 
region of the stretching vibrations, 800-1500 cm-1, the spectrum does not contain any 
other bands apart from those characteristics of pyrophosphates. The absorption peak 
appears at 1130 cm-1, which are due to asymmetric stretching vibrations, characteristics of 
pyrophosphates[10,15-17]. 
   The XRD of the devitrified glasses had many peaks of nearly the same intensity and 
which overlapped or were close to each other. The presence of several compounds made 
identification of the crystalline phases difficult. Despite this difficulties, CaAIF5 is 
determined as the chief crystalline compound. Other compounds crystallizing are SrAIF5, 
CaAIF7, and CaSrAIF7. 
 
IV. CONCLUSIONS 
 
1) Incorporation of small amount of Ba(PO3)2 improved the glass formation tendency of 
fluorophosphate glasses. The critical cooling rate, Rc, for glass formation decreased from 
98±7 to 4±1 °C/s when Ba(PO3)2 content increased from 0 to 1 mole %. 
 
2) The basic structural groups in fluorophosphate glasses are mixed pyrophosphates, 
BaMP2O7 (M=Ca, Mg, Sr), phosphoromonofluoridate, (PO3F)2- and (AIF6)3-. The 
additions of Ba(PO3)2 changed the network structure from short chains of AIF6 octahedra 
to the long chains of PO3F and BaMP2O7. The M-F bonds were disrupted and P-F and /or 
P-O-P bonds were formed gradually. 
 
3) The IR transmission analysis of selected fluorophosphate glasses and their 
crystallization products revealed that the basic structural groups remain unchanged during 
crystallization 
 
4) The XRD analysis revealed that CaAIF5, SrAIF5, CaAIF7, and CaSrAIF7, crystallize 
from these glasses. 
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Abstract 
 
 The obtaining of information on glass structure based on the raw experimental 
IR spectra is often hindered by well-known obstacles of methodological and/or 
physical nature; hence the tentative character of the resultant conclusions. At the same 
time, the IR spectra of oxide glasses are, as a rule, much more rich in spectrum 
features revealing subtle characteristics of glass structure than their Raman spectra; 
examples will be given. This makes the IR spectroscopy more promising for studying 
thoroughly glass structure than the Raman spectroscopy. In view of the above, this 
advantage of the IR spectroscopy can only be put into practice by means of the 
quantitative treatment of the experimental IR reflection spectra aimed to their 
description in terms of individual band frequencies and intensities. Based on data 
obtained, many qualitative structural interpretations of the IR spectra of silicate, 
germanate, phosphate, and tellurite glasses available in literature can be reconsidered 
or refined. Examples will be given that concern topics as follows: 
 
(i) the actual origin of the high-frequency shoulder in the IR spectrum of vitreous 
silica; 
 
(ii) the question whether the low-frequency and high frequencycomponents of the 
doublet in the 900 to 1100 cm-1 range characteristic of the IR spectra of silicate 
glasses are related to the stretches of the Si-O- terminal group and SiOSi bridge, 
respectively, or vice versa; 
 
(iii) the occurrence of the (P3O9)3- ring anions rather than the linear chain anions in the 
structures of some phosphate glasses; 
 
(iv) the validity of some IR band assignments and corresponding structural models of 
tellurite glasses available in literature. 
 
 
 
-------------------------------------------------------------------------------------------------------- 
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 Abstract 
 

 Medium-range structure around strontium and iron in silicate glasses has 
been investigated, using anomalous wide angle X-ray scattering. In simple 
silicate glasses Sr is concentrated in 2D domains of the nanometre scale, 
whereas in an aluminosilicate glass with Sr/Al = 0.5 Sr-Sr correlations are 
much weaker. Preliminary results on iron in a reduced CaFeSi2O6 glass 
indicate short Fe-Fe distances. These results show that Fe2+ and Sr can have a 
well-organized environment in silicate glasses. This helps to understand the 
chemical dependence of optical properties of Fe-bearing glasses. 

 
 
I. INTRODUCTION 
 
 Detailed knowledge of the structure of glasses is a key to control their macroscopic 
properties. X-ray absorption spectroscopy has shown that most cations, including weakly 
bonded ones, have a well-defined coordination shell. However this method fails to give 
quantitative information on further shells. A well-organized medium-range environment 
of Ca has been revealed in CaSiO3 glass, using sophisticated neutron scattering 
techniques [1]. Another method which can give direct structural information on a selected 
species up to distances of about 1 nanometre is Anomalous Wide Angle X-ray Scattering 
(AWAXS). This method was chosen to investigate the environment of Sr in silicate and 
aluminosilicate glasses and that of Fe2+ in a pyroxene-like glass. 
 
II. ANOMALOUS WIDE ANGLE X RAY SCATTERING (AWAXS) 
 
 AWAXS can be used to investigate the short and medium-range environment of a 
selected element in multicomponent glasses. It uses variations of the atomic scattering 
factor of an element when the incident energy is close to its absorption edges. 
 In multicomponent glasses, the elastically scattered intensity consists of a 
superposition of all pair-correlations. This results in mixing and loss of information. 
AWAXS allows to cancel the correlations which are not centered on the element of 
interest (say, Sr). The scattered intensity is recorded for one incident energy, usually well 
below the absorption edge of Sr. A second measurement is made a few eV below the 
absorption edge. Then only the scattering factor of Sr has changed significantly. 
Subtraction of one normalized intensity to the other cancels pair correlations which are 



not associated with Sr. Then only the structural information about Sr remains (differential 
functions). 
 The elastically scattered intensity, as a function of k (scattering vector amplitude) can 
be expressed as : 

                (1) 
 
where <f> is the composition-weighted average of the atomic scattering factors f(k,E) 
over the elements in the sample. S(k) is the total structure factor. The reduced radial 
distribution function G(r), is related to S(k) via : 

                (2) 
 
Peaks in G(r) indicate atomic shells, which are broader at large distances. With the 
differential elastic intensity, a differential structure factor DS(k) can be calculated, as well 
as a differential reduced radial distribution function DG(r). 
 All the experiments we report here were carried out at the LURE synchrotron radiation 
facility (Orsay, France) on the wiggler beamline DW31B. Synchrotron radiation allows 
high flux on the sample and easy tuning of the incident energy. Analysis of the data 
includes corrections for geometry and absorption, subtraction of parasitic signals such as 
resonant Raman and Compton scattering, normalization to an absolute scale. 
 
III. RESULTS ON SR-BEARING SILICATE AND ALUMINOSILICATE 
GLASSES 
 
    Three glasses were synthesized for this study, two silicates and one aluminosilicate. 
They were melted in platinum crucible, quenched and crushed into fine powder. Due to 
high melting point and ease of crystallization, the metasilicate composition SrO-SiO2 
could not be achieved. Therefore two compositions with a minor element, Na for glass S 
and Al for glass SAI, were melted (see Table 1 for composition). In the aluminosilicate 
glass, called A, SrO/Al2O3=1, which corresponds to a full charge-compensation of Al3+ 
by Sr2+. 
 
 SiO2 (mol %) Al2O3 (mol %) SrO (mol %) Na2O (mol %) 
Glass S 62 0 32 6 
Glass SAl 58 3 39 0 
Glass A 66 17 17 0 
 

Table 1 : Molar composition (according to microprobe analysis) of the Sr-glasses. 
 
 For each glass, X-ray scattering diagrams were recorded at two energies, one about 
1000 eV below the Sr K-absorption edge and one a few eV below the edge (measured 



value 16100 eV). The available k-range at these energies is 0-13Å-1. Qualitative 
comparison of the total structure factors S(k) for the three glasses (Fig.1) shows 
similarities between glasses S and SAI. However these similarities are difficult to 
interpret structurally at this stage. In the G(r) functions (Fig.1) peaks around 1.6 and 2.6Å 
can be assigned to Si/Al-O and O-O pairs. Sr-O pairs are expected around 2.6Å, they are 
therefore partially masked by strong O-O correlations. Differentiation is needed to isolate 
the structural information related to Sr. 

 
Fig. 1 : (left) S(k) for the three Sr-glasses. (right) G(r) functions for the same glasses. 

 
 Glasses S and SAI have similar DS(k), with a sharp and intense peak around 2 Å-1. 
DS(k) for glass A is quite different, with a relatively low intensity on the whole k-range. 
 

 
             Fig. 2 : (left) DS(k) for the three Sr-glasses. (right) DG(r) experimental functions 

 (symbols) and adjustments for the first shells (full line). 
 



 Modelling of the first shells in the DG(r) functions can give quantitative structural 
information. However only the first peak, due to Sr-O correlations, is isolated (Fig.2). 
Overlap of further atomic shells make structural models useful. Crystalline silicate and 
aluminosilicate were used as references. For the silicate glasses we used α-SrSiO3 [2], 
where SrO8 polyhedra are edge-connected to form sheets. 6 Sr-Sr pairs occurs at 4.116Å. 
For the aluminosilicate glass we used a feldspar, SrAl2Si2O8 [3]. Sr is 7- or 9-fold 
coordinated and weak Sr-Sr correlations occur at 4.084Å. Experimental DG(r) functions 
were modelled with gaussian distributions up to 4Å. A broad oxygen distribution was 
added at higher distances. Results are given in Table 2. The quality of the adjustments can 
be judged from Fig.2. 
 
 Sr-O 

R(Å) 
 
N 

Sr-
Si/Al 
R(Å) 

 
N 

Sr-
Si/Al 
R(Å) 

 
N 

Sr-Sr 
R(Å) 

 
N 

S 2.68 4 3.42 4.7 3.74 4.2 4.04 3.8 
SAl 2.58 6.3 3.3 4 3.71 4 3.95 3.4 
A 2.56 6 3.22 4.5 3.68 4 4.04 <1.5 
 
Table 2 : Modelling of the environment of Sr. N is the number of neighbors for each shell. 
 
 For glasses SAl and A the first oxygen shell can be modelled by about 6 oxygens at 
2.58Å. The coordination polyhedron for these glasses would then be smaller than in 
crystals. Another possibility is that the oxygen shell is asymmetric and that there is a 
broad contribution at higher distances. However none of these two models can be 
favored. For glass S the adjustment of the first oxygen shell is questionable, because of 
the higher distance and lower number of neighbors. It is known that distortion of the 
signal in reciprocal space results in peaks in real space which superimpose on structural 
features. In favorable cases however these errors are concentrated at low r values and do 
not distort higher shells. 
 Major Sr-Sr correlations arise at short distances in the silicate glasses whereas such 
correlations, if present, are much weaker in the aluminosilicate glass A. In the silicate 
glasses the Sr coordination polyhedron and Sr-Sr distances at 4Å and (most probably) 7Å 
are consistent with 2D-domains of edge-sharing octahedra. The environment of Sr in 
these simple silicates is similar to that of Ca in CaSiO3 glass [4]. 
 This AWAXS study of Sr-bearing silicate and aluminosilicate glasses reveals a well-
defined short-range structure around Sr for all glasses. Evidence of medium-range 
organization around Sr is found to about 8Å in the aluminosilicate and 10Å or more in the 
silicates. In the aluminosilicate glass this medium-range organization is not dominated by 
Sr-Sr correlations but probably by relations with the aluminosilicate sub-network. This 
contrast in the medium-range structure of Sr in the silicate and aluminosilicate glasses 
reflects the different role played by this cation in the structure : in the simple silicates Sr 
acts as a "modifier" whereas in the aluminosilicate glass it compensates the charge of 
Al3+. 
 
 



IV. PRELIMINARY RESULTS ON A FE2+ -BEARING SILICATE GLASS 
 
 The local environment of Fe2+ in silicate glasses is still a matter of controversy, in 
spite of numerous studies (optical, Mössbauer and X-ray absorption spectroscopies 
mainly). AWAXS was used to clarify the medium-range environment of Fe2+. A 
hedenbergite CaFeSi2O6 composition was chosen, which allows comparison with already 
studied CaSiO3 and Ca2NiSi3O9 compositions. 
 The first step of the synthesis was to prepare a gel with Fe- and Ca-nitrates and TEOS 
[5]. The gel was dessicated and calcined at 900K. The glass was melted in a vertical 
furnace with CO/CO2 atmosphere to control oxygen fugacity (fO2=1O-7.5, T=1623K). 
Alloying of Pt-crucibles with Fe in iron-bearing reduced melts [6] was overcome by use 
of Pt-loops and enrichment of the gel with 2 wt% of metallic iron. The average 
composition of the final glass is Ca0.047 Fe0.045 Si0.207 O60.36.The green color of the 
material indicates that the majority of iron is in the reduced form. 
 AWAXS on iron is more difficult than on strontium : first the low energy of the iron 
K-edge (7111 eV) allows only a small k-range (0-6 Å-1) to be explored. The major 
drawback of this limited k-range is the poor resolution in real space. Second, correlations 
due to Fe-Fe and Fe-Ca pairs will be hard to identify because of similar weights for these 
pairs in the differential functions. 
 The differential structure factor is of relatively poor quality (Fig.3), which results in a 
high non-structural peak around 1.8Å (Fig.3). This artefact precludes any information on 
the coordination polyhedron in this silicate glass. However Fe-Fe distances around 3.2 
and 5.8Å are probable. This short Fe-Fe distance is almost the same as in the crystalline 
structure, hedenbergite (3.1Å) where pairs of Fe-centered octahedra share edges. 

 
Fig. 3 : (left) DS(k) for Fe2+ in CaFeSi2O6 glass. (right) DG(r). 

 
 
V. IMPACT ON THE OPTICAL PROPERTIES OF IRON IN SILICATE 
GLASSES 
 
 Recent studies of medium-range structure in silicate glasses reveal extended order 
around non-network forming cations such as Ca2+, Sr2+, Ni2+ and probably Fe2+ . These 
results have two implications for optical properties. First, an extended medium-range 
order implies that the short-range order (site) is well-defined and not very much distorted. 



Second it implies that the second neighbor shell is not random. Optical properties of 
cations such as Fe2+ and Fe3+ are known to be determined by the site of the absorbing 
element. However these properties are also influenced by medium-range structure, 
through the effective charge carried by oxygens. Indeed huge modifications of the broad 
absorption band of Fe2+ around 10000 cm-1 were observed in various silicate glasses [7]. 
The position of the maximum absorption of this band is related to the silica content (that 
is to the average number of non-bridging oxygens) and to the type of cations in the 
composition. Not only the position, but also the shape of this broad, most probably non-
unique band change with the matrix composition. 
 Ferrous iron is expected to act as a modifying element. However the smaller 
absorption band around 5000 cm-1 has been assigned to a tetrahedral site [8]. Then in 
silicate glasses, part of the ferrous iron might be modifier, and part of it could substitute 
for silicon. According to the traditional view ferric iron is expected to substitute for 
silicon and therefore to act mainly as network-former. A mixture of tetrahedral and 
octahedral sites has sometimes been proposed for Fe3+ in silicate glasses [9]. Such results 
indicate that (i) the site each species can occupy is not unique (ii) one species could play 
several roles in a given composition (for example network-former and network-modifier). 
 Ferric and ferrous iron might then have two types of environment, depending on which 
sub-network they belong to. Within the silica-rich network, cations can substitute for Si, 
if there is adequate charge compensation. Local charge balance on oxygens makes Fe-O-
Fe links unlikely. Iron may also be concentrated within modifier-rich domains, such as 
those which have been observed for Ca and Sr. Short Fe-Fe distances could account for 
changes in the molar absorption coefficient. 
 
VI. CONCLUSION 
 
 AWAXS shows that in simple silicate glasses "modifying" cations such as Sr2+ and 
Fe2+ can have well-organized local environments (up to distances of about 1 nm). The 
environment of these cations is different when they act as charge-compensator in 
aluminosilicate compositions. Spectroscopic studies of dilute Fe2+ and Fe3+ in complex 
matrices show a variety of sites for each species. The influence of the matrix composition 
on optical spectra can be accounted for by modifications of these sites' populations and of 
the charge on the oxygens. 
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Abstract 
 
  The work presents a new conductometric method of measurement, using 

the c.c. resulted from a global cation flux of Na2O, K2O, Li2O, moving in 
molten glass structure, under a standard electrical potential. This method is 
able to measure viscosities, crystal growth, and alkali content in glass. 

 
 
I. METHOD FOR VISCOMETER FIXED POINTS MEASUREMENTS 
THEORETICAL APPROACH 
 
 If we consider ni  cations separately or ni aggregates of cations, under the form of 
vacancies (fixed negative charges) [1], in potential gaps, the general relationship of the 
conductivity, is [2] : 
 

            (1) 
 
where σ is the electrical conductivity in c.c.,  n the number of cations in the ionical 
current, q the electrical charge of the cation, δ the lenght of the jump (hop) from one 
potential gap to another, in the next proximity, v ≈ (K/h)T, K Boltzmann's constant, h 
Planck's constant, T the absolute temperature of the phenomenon and α the cation 
mobility (as interstitalcy). 
 The general condition for the cation moving, jumping over the potential barrier Ust is: 

                   (2) 
 
In this conditions, the (1) relationship of conductivity is: 
 

                   (3) 
 
The (3) relationship is typical to Arhenius' plots, for the molten soda-silicate glass 
[3].·The conclusion is that for every number ni; of cations, being in the potential gap Ui 
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there is a particular contribution σi; in the total conductivity σ, of the ionical current, 
corresponding with: 

      (4) 
 
 If the no is the total number of cations aggregates, one by one, in the unity of volume, 
between no and ni it is: 
 

           (5) 
 

              (6) 
 
βi (i=1,2,...,n) being the distribution function, attached to σ(T) function: 

              (7) 
 

                   (8) 
 
Developing (7) we have: 
 

 
........................................................ 

        (9) 
 
and for the conductivity σ (T), as addition of all the contributions σi, we have: 
 



 3

        (10) 
 
 
where Ti can reach a particular value Ttot, corresponding with the temperature at which 
the total number of cations, one by one, form the ionical current. 
 If we must utilise the resistivity ρ, instead of the conductivity  σ, (9) becomes: 

       (11) 
 
 And for the resistivity ρ(T), and the totality of the no cations contribution, we have: 

           (12) 
 
 We must separate the conductivity or resistance phenomenon versus temperature in 
five distinct ranges, as follows: 
 - the first range includes the cationic aggregates, fixed in potential gaps (solid state 
range); 
 - the second range includes the cationic aggregates, entering gradually, in the ionic 
current (approximate 20% of the no aggregates per unity of volume) (transformation 
range). In this range the resistance of the ionical current decreases spectacularly, in a little 
interval of temperature and time; 
 - the third range includes the aggregates entered in the free volume Vf, of glass 
structure, in great number, forming a barrier in the way of the current and rejecting each 
other; in this range the resistance rises spectacularly, in a very little interval of 
temperature and time; 
 - the fourth range includes a more complex aspect, regarding that the resistance 
changes (decrease or increase) are influenced by two phenomena: the barrier of potential 
formed with accumulation of cations, or of the continuous increase of the no number of 
cations aggregates; 
 -  the fifth range includes only cations circulating, in the free volume, one by one. In 
this range, the aggregates of cations (e.g. interstitalicis) are disaggregated by the thermal 
agitation of the glass structure in the liquid state. 
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ll. EXPERIMENTAL RELATIONS AND RESULTS 
 
 It is necessary, sometime, for measurement problems, to utilise directly, the ohmical 
resistance in c.c., function of temperature. 
 Beginning with the general relationship: 

               (13) 
 
where l is the distance between the electrodes of measurement, and S is the surface of the 
electrodes. It is possible to exprime the function β, substituting (1 ) in (13): 

             (14) 
 
Developing the conductivity σ from (14), we have: 
 

  
 
finally the capital group of relationships being: 

            (16) 
 
 The distribution function βi is applicable in the range between the ambient temperature 
and Ttot. But with the (16) it is possible to determine the annealing point ( ν13), in the 
transformation range, plotting β function versus temperature. Plotting R = f(T) in the 
transformation range, the method obtains also the other viscometer fixed points ν14 and tg. 
There have been realised measurements with this method on a reference glass N.B.S. 710 
(soda-lime-silica glass). The results are presented in Table 1 (The measured values are the 
average of 8 results) 
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Table 1  
V.F.P  Values Buletin Measured values Error 

  oC oC % 
Annealing Point ν13 546 542.5 - 0.64 

Transf. temp. tg 537 538 0.19 
Strain point ν14 504 505 0.19 

 
 
III. CONDUCTOMETRIC MEASUREMENTS, IN C.C. FOR 
CRYSTALLIZATION (DEVITRIFICATION) RANGE. 
THEORETICAL APPROACH 
 
 Thurnbull and Cohen[5] give a dependence of the viscosity η, of free volume Vf, with 
the relationship: 

(18) 
Vo being the occupied volume of the glass structure, V the total volume. The resistivity ρ 
is related to the viscosity: 

          (19) 
 
Vρ = CVf(0 < C < 1), Vρ being the circulation volume of the cations, and expressing that 
not the entire Vf is entering in the cations circulation. For more precision we have: 

      (21) 
and in conclusion: 

                 (22) 
 The free volume Vf and Vρ increase in continuous manner, with the temperature rising, 
C decreases with the no increasing. But in the second range of the resistivity, C decreases 
more abruptly, the circulation volume touching the value (Vρ≈0). The result in an 
agglomeration of cations in the free volume Vf and an abrupt rise of R. 
 In the third range of conductivity the circulation volume Vρ decreases modestly with 
the crystal growth due to the little density increasing of the glass structure. It results an 
increasing of R, due to the same decreasing value of C. 
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IV. EXPERIMENTAL RESULTS 
 
 In the table 2 it is given an experimental determination of the crystallisation range with 
the value of Tlow.c, Tmax.c. and Tupp.c, for three glasses. The crystals formation at the three 
temperatures, are verified by microscope observations. The rate of the crystal growth 
versus T, at Tmax.c. is expressed by the rate of the resistance rise versus time. 
 
Table 2a          Table 2b 

Glass Cryst. rate 
at Tmax.c. 

Tlow.c. Tmax.c. Tupp.c. T/τ 

 Ω/min oC oC oC oC/min 
White ind. so-li-si 0.06 848 890 930 5 
Brown ind. so-li-si 0 1090 1170 1235 3 
Optical filter UV 0 1042 1046 1050 3 

 
 
V. METHOD FOR ALKALI CONTENT MEASUREMENTS IN MOLTEN 
GLASS: THEORETICAL APPROACH 
 
 From the (13) relationship, we have: 

            (23) 
and 

                (24) 
For obtaining δ, we proceed, as follows: 

  (25) 
 
being considered as the ionic hop (jump) of Anderson-Stuart's model [6], and substituting 
in (24): 

           (26) 
We have: 
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(28) 
 
 
VI. PRACTICAL FORMULA FOR ALKALI CONTENT DETERMINATIONS IN 
GLASS. 
 
 The method is described for a glass with two alkali (Na2O and K2O). Considering ρst 
the density of glass at the temperature of measurement, the molecular mass MNa2O and 
MK2O and N Avogadro's number, the capital relationship for the alkali content 
measurement, resulted from (26) is: 
 

 (29) 
 
VII. PRACTICAL RESULTS 
 
 In the table 3 are shown values of global alkali content (Na2O+K2O) in a reference 
glass NBS-710 (soda-lime-silica). The  I/S was determinated geometrically. 
 

Table 3 
Temperature m 

value bulletin 
m* 

measured value 
Error 

oC % % % 
1345 16.4 16.27 -0.8 

 
 
VIII. CONCLUSIONS 
 
 Excepting the practical purposes of the work, it is possible to assume a theoretical 
aspect: that the (29) relationship is valid, only for a temperature at which the alkali 
cations are moving in the glass structure, one by one, interstitialcies being destroyed by 
thermal agitation. 
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Abstract 
 

 A few selected experimental results are presented in order to show that 
there are different types of oxide glass melts. An outline of order is proposed 
supporting on 4 basic types of melts. 

 
 
I. INTRODUCTION 
 
 In 1968 Riebling stated, "The structures, or distributions of different polyhedral 
species, of an oxide melt and its corresponding glass are not very different" [1]. This 
opinion on the short range order (SRO) of molten glasses seems to be widely held up to 
now. The condition SRO(glass) = SRO(melt) has even been considered to be a suitable 
definition of the vitreous state [2]. 
 

 
  Fig.1: Structure models for vitreous B2O3  
     α) random continuous network of BO3  units (O oxygen, • boron).    
     β) network of boroxol groups  1,2: BO distance of 2.74 Å 
                3,4: BO distance of  3.6 Å 
                5,6: OO distance of  4.1 Å 
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 Of course, the whole discussion depends on what is associated with the notation 
"SRO". Some authors restrict "SRO" to the first coordination shells sometimes even to 
the shortest distances and coordination numbers only. This view, however, is obviously 
too narrow because in that case the two structures, shown in Fig, 1, would have to be 
described as structures with the same SRO. This would be at least inexpedient as actual 
distinctions would then be disguised. On average all oxygen atoms in structure α have the 
same neighbourhood while in structure β 67 % of the oxygens see their B neighbours at 
an angle of exactly 120o and 33 % at an angle of about 180o. (The immediate 
neighbourhood of the borons is obviously the same in both structures.) In order to be able 
to differentiate one has to include the angular relationships or else to use "SRO" in a 
broader sense. If we include larger distances, we will find distinct differences between the 
two structures in Fig. 1. Structure β has a sharp and frequent BO distance of 2.74 A, 
which does not at all exist in structure α. Besides this, well-defined distances in  structure  
β (e.g. OB = 3.6 A and OO = 4.1 A) have corresponding counterparts in structure α only 
by chance. This means, the corresponding peaks in the radial distribution function (RDF) 
of structure α are very much lower and broader. 
 Bearing this example in mind it should be clear that "SRO" is more than the inner 
coordination shell. From a utilitarian point of view all that should be considered as SRO 
what can be derived from RDF. At least the distance range up to 5 or 6 A should be 
classified as SRO. This would go well together with the fact that structure features 
"existing on a length scale of, say, 5-20 A" are considered to be medium range order 
(MRO) [3]. 
 After clarifying the term "SRO" we turn towards the question of what kind of 
structural changes can be expected if a glass is liquified by heating. The viscous flow is 
the main point in which solid glass and melt differ. Especially in case of a typical network 
glass (e.g. SiO2 or B2O3) the visualizing of the melting process is not so easy. In the 
vitreous state there is a very extended random continuous network, rigidly held together 
by strong Si-O or B-O bonds, respectively. With increasing temperature the network 
separates into network fragments, the size of which decreases with increasing 
temperature. In case of B2O3 possible mechanisms were suggested by Mackenzie (B=O 
grouping) and by Sperry and Mackenzy as well as Riebling (edge sharing BO3 triangles) 
[4-6]. In this connection it must be stated that the idea of constant fragments, being 
distinctly separated from each other and always made up of the same atoms, is surely 
wrong. As pointed out by Krogh-Moe it is not necessary to postulate really unattached 
network pieces to account for a comparatively low viscosity [7]. It might be sufficient that 
accessible activated states exist and that this way a flow process becomes possible. The 
mentioned B=O groupings and boron atoms with mechanically induced coordination 
change [7-8] could serve as such states. 
 Neither the activated states nor the separation into unattached pieces might have a 
great effect on the SRO parameters (even if a very extreme and unrealistic idea of 
"separation" is used). As stressed by Krogh-Moe the equilibrium concentration of the 
activated states is small, so that they are not discernible by structural investigations. But 
also the network decomposing (the splitting into pieces) has no chance to be reflected in 
the radial distribution functions unless the pieces become extremely small. As far as the 
scattering curve is concerned, however, an effect can be expected. It has been shown by 
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model calculation [9] that already 3 or 4 anion polyhedra, connected in the right manner, 
are sufficient to reproduce the typical shape of the scattering curve apart from the main 
peak. This means, on the other hand, that the far-reaching connection of the polyhedra 
within the network, the boundaries of the network pieces, the voids between them, and 
similar features reveal themselves in the main peak. The whole is a matter of MRO.  
 
II. EXPERIMENTAL 
 
 Using modern X-ray diffraction equipments and an unconventional heating technique 
we have studied a selection of binary borate and phosphate glasses in the liquid state. The 
glasses were prepared at the Otto-Schott-Institute, Jena.  
 The measurements were accomplished in 3 different ways. At first a rotating anode 
and a conventional counter diffractometer with transmission geometry was used [10]. 
Shorter measuring times could be attained by means of a bent position sensitive detector 
and later on by using synchrotron radiation in connection with image plates. 
 The heating device excels in the fact that the primary X-ray beam is scattered by the 
melt only, in other words, parasitic scattering of windows, container walls etc. is avoided. 
Besides the device is rather universally applicable to normal glass melts and allows high 
heating- and cooling-rates [11 ]. 
 
III. RESULTS 
 
 The few earlier high-temperature diffraction studies seemed to show that both the 
scattering curves and the RDF curves indicate no changes caused by melting, leaving 
aside the main peak of the  scattering curves. Just vitreous B2O3 is an example of a glass 
the scattering curve of which seems to show no alterations with rising temperature, 
excluding however the main peak. This peak is more and more increased and shifted to 
lower scattering angles if the temperature is increased. It is reasonable to suppose that the 
structural changes are limited to the decomposing of the network without altering the 
SRO. Although it is true that the scattering curve and the RDF contain the same 
information, such far-reaching conclusions on the structure require the consideration of 
the RDF too. Since Misawa [12] found no changes in the RDF of vitreous B2O3 this glass 
has seemed to be a textbook example of Riebling's view on melt structure. Recently 
accomplished measurements [13] show, however, that in actual fact the SRO is altered in 
a sense illustrated in Fig. 1. A change from structure β to structure α takes place during 
melting. In other words, in addition to the decomposing the network is altered in its 
topology too. This result confirms relatively unknown findings by Strong [14] and is in 
accordance with the results of NMR measurements [15-16] and Raman studies [17]. For 
the solid glass the boroxol group model seems to be well established [18-21]. 
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Fig. 2: Sodium metaphosphate glass  (dashed line: room temperature,  solid Iine:1020 K)  
    a) scattering curve 
    b) difference distribution function 
 
 As can be seen the supposed similarity between solid glass and melt turns out to be a 
consequence of inaccurate measurements. The question arises whether there are any 
glasses at all which meet the condition SRO(glass) = SRO(melt). To all appearances 
vitreous SiO2 seems to be such a glass, and perhaps several of the silicate glasses studied 
by Waseda [22]. In any case glasses of such kind seem to be rarer than commonly 
assumed. E.g., in spite of nearly unchanged diffraction patterns, binary borate glasses 
with a low modifier content (approximately 12 mol % Na2O or Li2O, respectively) show a 
temperature-dependent change of the SRO, which is similar to the change in vitreous 
B2O3. 
 A drastic change of the SRO takes place in sodium metaphosphate glass. In this case 
already the scattering curve (Fig. 2a) shows remarkable alterations with increasing 
temperature. The one is the generation of a strong first sharp diffraction peak during 
heating up and is produced by changes of the MRO [23]. The other alteration occurs in 
that part of the scattering curve which is determined by the SRO. Two well separated 
diffraction maxima were replaced by one broad maximum if the glass becomes liquid. 
The RDF reveals that a very frequent atomic distance of 3.5 A disappears during melting 
(see Fig. 2b). It is known from model calculations that the structure of the solid glass can 
be described as a distorted version of Kurrol's salt and that the peak at 3.5 A reflects Na-P 
and Na-Na distances [24]. In the course of the melting process the sodium ions obviously 
move into other sites. The increased vibrational and diffusive motion of the sodium ions 
due to elevated temperature requires more space and probably leads to an increased 
separation distance or to an stretching of the PO4 tetrahedra chains in the melt [23]. The 
result is a structure which has no resemblance to any crystalline form of sodium 
metaphosphate. A similar kind of behaviour is found with related glasses, e. g. with 
calcium metaphosphate glass. 
 Another kind of structural change seems to occur if borate glass with a higher content 
of modifier oxide is liquified. In Fig. 3 the scattering curves of solid and molten sodium 
borate glass with 29 mol% Na2O are shown. 
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Fig. 3: Sodium borate glass, 29 mol% Na2O  (solid line :1120 K, otherwise like Fig.1 ) 
 
 
The curves differ not only at smaller scattering angles, where the first sharp diffraction 
peak increases with temperature, but also in the further course. This indicates changes of 
the SRO. In contrast with sodium metaphosphate the RDFs show no big differences in the 
distance range 3 A up to 5 A. In the melt the BO peak at 1.4 A and the OO peak at 2.4 A 
is somewhat lowered, which could be interpreted as a sign of a decrease of NBO4, the 
fraction of 4-coordinated boron atoms, with increasing temperature. This would be in 
accordance with convincing arguments by Visser and Stevels [25] and Araujo (26]. 
However, the conclusiveness of our measurements is still insufficient. A much higher 
expenditure is necessary to prove the supposition. Recent in situ, high temperature NMR 
studies give no insights into the problem [16, 27]. 
 
IV. DISCUSSION 
 
 Our wide angle X-ray studies on molten oxide glasses show that it is necessary to 
differentiate between several types of glass melts. There seem to be 4 basic types:  
 1. Type I is characterized by the fact that the mutual connection between the anion 
polyhedra remains unchanged in the course of melting and that the change of the network 
is mainly confined to the process of decomposing. 
 2. For type II the decomposing of the network is coupled with an alteration of its 
topology. 
 3. For type III it is essential that the spatial connections between modifier ions and 
surrounding anion polyhedra are distinctly changed during the melting process. 
 4. The essential feature of type IV is a conversion of the smallest network units 
simultaneously occurring during the network decomposing. 
 
 to 1) Type I should be called "Riebling's type" because it fully corresponds to 
Riebling's idea of melt structure. Perhaps vitreous silica belong to this type. We must bear 
in mind, however, that for this glass Tg is very high and that the accuracy of the 
diffraction results, which have been  existing up to now, is still insufficient at the required 
temperatures. 
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 to 2) For pure glass formers or glasses with a very small content of network modifying 
oxides bond breaking and new tying represent the one and only way to change markedly 
the SRO. 
 to 3) This kind of change might be the main way for glasses with a higher content of 
modifier oxide. Bond breaking within the loose network or within the polyhedral chains 
or rings is relatively unimportant. In interaction with the network modifier ions the 
polyhedral chains alter their shape (by straightening or puckering) or the space between 
themselves. 
 to 4) This type is connected with a transition in first coordination and, in all 
probability, limited to glasses containing B203 or GeO2.. Type IV should be denoted as 
"Dietzel's type" because he was the first to assume a coordination change due to 
temperature increase in borate melts [28]. 
 In general a given glass is a mixed type. To quote an example: A binary borate glass 
with a low content of modifying oxide (let us say 10 mol%) is of the mixed type II/IV. 
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Abstract 
 

 Raman spectra have been collected for a series of glasses in the (20-x) 
K2O*xTiO2*80SiO2 ± K2F2(Cl2) system to understand the structural role of Ti in 
alkali silicate glasses and to investigate the role of F and Cl in modifying the structure 
of these glasses. The effect of Ti substitution in the base glass is to develop strong 
bands at 914 cm-1 and 990 cm-1. Based on comparison with spectra of alkali titanate 
crystals and the systematic spectral changes observed for other highly charged cations 
in alkali silicate glasses, these two bands are assigned to short Ti-O bonds in 5-
coordinated polyhedra and Q3 (Si-O-Ti) species, respectively. Substitution of F for O 
decreases the intensity of the 914 cm-1 band and results in a new band as a shoulder at 
~870 cm-1, indicating that F preferentially replaces the short Ti-O bonds. Substitution 
of Cl for O primarily increases intensity in the 440 cm-1 region, indicating that the 
glass is becoming more polymerized. 

 
 
1. INTRODUCTION 
 
   Titanium is frequently added to glasses to act as a nucleating agent for the production of glass-
ceramics. Fundamentally, the effectiveness of Ti as a nucleating agent depends on its structural 
role in the glass of interest, which is, in turn, governed by its interactions with other components 
of the glass. In this regard, there have been numerous studies of the structural role of Ti in silicate 
glasses of various compositions [1,2 and references therein]. Nevertheless, these studies are not 
always in agreement and, in addition, provide no information on how the incorporation of other 
anionic species (F and Cl) affect the structural role of titanium. This study will first present new 
data on the structural role of Ti in F and Cl-free alkali silicate glasses and then will follow with 
data on the effects of the substitution of F and Cl for oxygen. 
 
2. EXPERIMENTAL 
 
 Glasses without F and Cl were synthesized by ball-milling the appropriate mixtures of oxides 
and carbonates. The mixtures were charged into Pt crucibles, covered, and melted for 8 hours at 
1500oC. The melts were poured onto steel plates and allowed to cool. The F and Cl bearing 
glasses were prepared in a similar manner except that part of the K2O was batched using KF or 
KCl. This is equivalent to batching the halides as K2F2(Cl2) and assures a direct F(Cl) for O 
substitution. Nominal compositions are given in Table 1. 
 Raman spectra were collected from polished rectangular pieces of glass using a SPEX 1403 
double monochromator and a 90o scattering geometry. The excitation source was the 514 nm line 
of an Ar+ laser operating at about 500 mW. The power at the sample was about 10 mW. Entrance 
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and exit slits were adjusted to give 3 cm-1 resolution and spectra were taken by stepping in 2 cm-1 
increments and counting for 2 seconds at each step. Parallel (HH) and perpendicularly (HV) 
polarized spectra were taken for each sample by rotating a polarizer placed between the sample 
and monochromator. There was no further manipulation of the data. 
 

Table 1. Nominal compositions of (20-x)K2O*xTi1/2 O*8OSiO2±K2F2(Cl2) glasses 
 

Sample K2O 
(mole%) 

Ti1/2O 
(mole%) 

SiO2 
(mole%) 

K2F2 
(mole%) 

K2Cl2 
(mole%) 

NTi 
4Ti 
8Ti 
12Ti 

4Ti2F 
4Ti4F 
4Ti4Cl 

20.0 
16.0 
12.0 
8.0 
14.0 
12.0 
12.0 

---- 
4.0 
8.0 
12.0 
4.0 
4.0 
4.0 

80.0 
80.0 
80.0 
80.0 
80.0 
80.0 
80.0 

---- 
---- 
---- 
---- 
2.0 
4.0 
---- 

---- 
---- 
---- 
---- 
---- 
---- 
4.0 

 
3. RESULTS 
 
Glasses without F and Cl 
 Raman spectra of glasses with TiO2 substituted for K2O on a constant oxygen basis (i.e. Ti1/2O 
for K2O) are shown in Fig.1. This substitution preserves the Si/O ratio and directly measures the 
"competition" or distribution of K and Ti over the available non-bridging oxygens (NBO's). As 
the figure indicates, NTi glass is characterized by strong polarized bands at 1100 cm-1 and 520 
cm-1, with weaker polarized bands at 592 cm-1 and 770 cm-1. With substitution of Ti1/2 O for K2O 
a partially polarized band appears at 990 cm-1, along with a polarized band at 914 cm-1. In 
addition, a weak shoulder begins to develop at 380 cm-1. As the Ti concentration is increased the 
bands at 914 cm-1 and 990 cm-1 increase in intensity relative to those characteristic of the Ti-free 
glass. The 990 cm-1 band shows no change in frequency while the 914 cm-1 band jumps in 
frequency from 914 cm-1 to 922 cm-1 between glasses 8Ti and 12Ti. The band at 770 cm-1 shifts 
to 820 cm-1 with increasing substitution of Ti1/2 O for K2O, and the weak shoulder originally 
present at 380 cm-1 continues to increase in intensity. In addition to the development of the band 
at 380 cm-1, new bands are seen to develop in the 440-460 cm-1 region. Finally, there is a decrease 
in the relative intensity of the band at 1100 cm-1 with increasing TiO2 content. 
 
Glasses with F and Cl 
 Spectra of glasses with F and Cl substituted for oxygen are shown in Fig. 2. The original 
halide free composition is analogous to glass 4Ti. With a 2 mole % substitution of K2F2 for K2O 
the relative intensity of the band at 914 cm-1 decreases and a shoulder develops to the low 
frequency side of this band at about 874 cm-1. With increasing F for O substitution the 914 cm-1 
band continues to decrease in intensity and the shoulder at 874 cm-1 becomes more well resolved. 
There are no other significant changes in the spectra. 
    In contrast to the effect of F for O substitution, Cl for O does not dramatically effect the 
intensity of the 914 cm-1 and there is no evidence of a new band at lower frequency as in the F-
bearing glasses. The most noticeable changes that are observed are that the shoulder of the 1100 
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cm-1 band at 1150 cm-1 becomes more well resolved and there is a distinct shoulder developed to 
the low frequency side of the 520 cm-1 band at about 440 cm-1. 
 
4. DISCUSSION 
 
 This spectrum of the TiO2-free glass is similar to previously published data (e.g. [3]), with the 
1100 cm-1 band being assigned to a symmetric vibration from tetrahedra with one NBO (i.e. a Q3 
species, where the subscript indicates the number of bridging oxygens per tetrahedra). The 520 
cm-1 band is assigned to symmetric stretching motions associated with Si-BO motions within an 
extended network of Q3 species. As Ti1/2 O is substituted for K2O the predominant effect is to 
produce the partially polarized band at 990 cm-1 and the polarized band at 914 cm-1. The band at 
914 cm-1 has no counterpart in any spectrum of a silicate glass and, therefore, is due to formation 
of species involving Ti. The assignment of this band follows from Fig. 3 which shows the Raman 
spectrum of crystalline K2Ti2O5, a compound in which Ti is 5-coordinated [4]. Individual 
polyhedra are connected together forming infinite Ti2O5 "sheets", with K atoms occupying 
interlayer positions. Interestingly, the Ti polyhedron is pyramidal with one short Ti-O bond at 
1.57A and 4 longer Ti-O bonds between 1.91-1.99A. The short bond is to the interlayer K atoms, 
and is, effectively, a double bond. Factor group analysis of the vibrational modes of this 
compound show that the strong band at 900 cm-1 of the crystal is totally due to a symmetric 
motion of the short Ti-O bonds to the interlayer K atoms. The strong similarity of this band to 
that observed in the glasses, suggests a similar origin, i.e. a mode localized on Ti atoms with short 
Ti-O bonds. Also by analogy, it is likely that these short Ti-O bonds are to K atoms instead of 
forming, for example, Ti-O-Si linkages. 
    The band at 990 cm-1 falls in the range commonly assigned to Q2 silicate species in glasses 
with divalent cation modifiers [5]. However, in glasses with divalent cation modifiers, this band 
is completely polarized, not partially polarized as observed here. Ellison and Hess and Ellison et 
al. [6,7] make a convincing argument based on spectra for other highly charged cations (Zr, Y, 
rare earths, and Nb) that this band is from a Q3 species, with the "non-bridging oxygen" being 
connected to the highly charged cation (in this case Ti). Alkalis may also be located nearby to 
preserve local charge balance. In particular, Fig. 4 shows the spectrum of an alkali silicate glass 
with Nb2/5 O substituted for K2O. Except for the frequency difference of the strong polarized 
band at 874 cm-1, it is quite apparent that there is a strong similarity between the spectra of Ti and 
Nb bearing glasses. In fact, Ellison et al. [7] conclude that Nb has a dual role, occurring as a 
discrete hexaniobate anion and as a more "traditional" network modifier. A similar conclusion is 
possible for Ti. 
That is, Ti occurs both as a discrete titanate anion (although of unknown stoichiometry) as 
indicated by the 914 cm-1 band and as a "network-modifying" cation, forming Q3 species as 
indicated by the partially polarized band at 990 cm-1 · With this in mind and with reference to the 
spectrum of K2Ti2O5, the band at 380 cm-1 is likely to be due to Ti-O-Ti motions within the 
titanate anions. The presence of bands in the region near 440cm-1 and the shift in frequency of the 
770 cm-1 band to 816 cm-1 are consistent with an increase in Q4 species present in an extended 
silicate framework [3,5]. These changes are consistent with the idea that Ti is using K as a charge 
balancing cation, stripping it from its non-bridging position and forcing polymerization of the 
remaining silicate framework. 
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    When F is substituted for O the decrease in intensity of the band at 914 cm-1 can be interpreted 
to indicate that F is preferentially replacing the short Ti-O bonds of the anionic titanate clusters. 
Furthermore, because of the charge difference between F and O, the overall cluster charge will 
decrease, leading to an overall decrease in the average polarizability of the cluster. This will also 
result in an intensity decrease. The new band at 874 cm-1 is assigned to Ti-F bonds formed by 
replacement of the short Ti-O bonds. Of interest also is the observation that F for O substitution 
does not effect the 990 cm-1 band. This indicates that the oxygens of the Q3 (Si-O-Ti) type are 
stable against this substitution. 
    In contrast, Cl for O has little effect on either the titanate anionic clusters or Q3 (Si-O-Ti) type 
species as indicated by the lack of change of these bands. The Cl for O substitution apparently 
effects the basic structure of the silicate glass. The increase in intensity near 440 cm-1 signifies the 
presence of an extended framework of Q4 species, and while not well understood, the change in 
the spectrum in the 1150 cm-1 region is consistent with the conclusion that Cl is preferentially 
coordinating K, again striping it from its non-bridging position and resulting in an increase in the 
overall polymerization of the silicate framework. This interpretation is further born out by the 
observation that when attempts are made to add more Cl to the base composition, phase 
separation occurs. 
 
5. CONCLUSIONS 
 
     Raman spectra of glasses with Ti1/2 O substituted for K2O at constant molar silica (a constant 
oxygen substitution) show that Ti forms anionic titanate clusters terminated by short Ti-O bonds. 
In addition, this substitution results in the formation of silicate Q3 species, indicating that Ti also 
plays a role as a more "traditional" network modifying cation. This dual role behavior is 
remarkably similar to that observed for Nb in alkali silicate glasses [7]. 
    The substitution of F for O preferentially replaces the short terminal Ti-O bonds of the anionic 
titanate clusters, but does not affect the oxygens of Q3 (Si-O-Ti) species. In contrast, substitution 
of Cl for O primarily effects the alkali silicate framework, resulting in polymerization and 
eventual phase separation. 
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Figure 1. Parallel (upper) and perpendicularly (lower) polarized Raman spectra of alkali 
titanium silicate glasses. Compositions given in Table 1. 
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Figure 2. Parallel (upper) and perpendicularly (lower) polarized Raman spectra of alkali 
titanium silicate glasses with F and Cl substituted for oxygen. Compositions given in Table 1 

 
 

        Figure 3. Raman spectrum of crystalline K2Ti2O5. 
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Figure 4. Parallel (upper) and perpendicularly (lower) polarized Raman spectra of a potassium 
nabium silicate glass with 6 mole % Nb2/5 O substituted for K2O 
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Abstract 
 

       Since 1970, the glass ceramic Zerodur has demonstrated that it is a 
material of excellent choice for telescope mirror blanks, because of its 
near zero expansion, high homogeneity, besides other tailor-made 
properties for this application. In 1988, Schott Glaswerke received an 
order from ESO to deliver four Zerodur mirror blanks with 8.2 m in 
diameter, in the form of thin menisci. To produce such large monolithic 
pieces of glass ceramic, new melting, forming, ceramizing and machining 
processes had to be developed. Thanks to a new spin casting technology, 
the specification targets of ESO could be achieved. Today, production of 
all the blanks is completed. Three blanks are delivered to REOSC, where 
the finishing operation takes place. These three blanks have been accepted 
by ESO. The last blank will be delivered in summer this year. The   results 
achieved were impressive: The mean value of the coefficient of thermal 
expansion was -0.043 x 10-6 K-1, with an uniformity of 0.0009x 10-6 K-1. 

 
 
I. THE PROGRESS OF TERRESTERIAL TELESCOPE TECHNOLOGY   
 
   A driving force for the development of new terrestrial astro-telescopes is increasing 
the light intensity of the rays from space by enlarging the area of the light-collecting 
primary mirror. To achieve light-collecting areas of up to 50 m2, three approaches are 
being realized: 
 
1. Light-weighted mirrors with honeycomb support structure made from boro-silicate 
glass, where enforced cooling is supplied. Several telescopes are on the construction. 
 
2. The Keck-telescopes are composed of 10 m primary mirrors consisting of 36  
mirror segments each. Each segment measures 1.8 m in diameter and 90 mm in  
thickness. The problem is that an off-axis polishing method has to be applied, which 
means spherical polishing under bending stress. After polishing and moving the stress, 
an aspherical surface of the mirror blank is the result. The Mirror material of these 
telescopes is Zerodur. The two Keck-telescopes are operated by the University of 
California and the California Institute of Technology at the Maunia Kea volcano in 
Hawaii. It is planned to combine these two telescopes to achieve the performance of a 
14 m instrument. The European Southern Observatory operates with a concept of four 
operative single telescopes with monolithic primary mirrors. Four telescopes with an 
aperture of 8.2 m are under construction. It is expected that, due to interferometric 
combination of beams collected by these four telescopes, the highest resolution ever 
known can be achieved. To realize this concept, the main problem was to get a rigid 
and sufficiently stiff mirror substrate 8.2 m in diameter, not deforming under its own 
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weight. For monolithic mirror blanks used for telescopes up to 4 m in diameter, a 
thickness:diameter ratio of 1:6 is needed. So, for an 8.2 m blank a thickness of 1.4 m 
would be necessary, which means a weight per piece of about 150 t. Construction of 
telescopes with such high-weighted mirror substrates are not economically feasible. 
With concept of active optics, ESO overcame this problem. 
     Numerous actuators support thin Zerodur menisci which at the same time adjust 
the contour of the mirror as closely as possible to its ideal shape.This concept allows 
thicknesses of the 8.2 m mirror blanks of 177 mm only, which is equivalent to a 
weight reduction of more than 85 %.This concept has been realized in ESO's 3.5 m 
New Technology Telescope with excellent results. To produce such relatively thin 
Zerodur menisci by machining thick-cast plane plates is mechanically and 
economically not feasible. So, a spin casting technology had to be developed by 
Schott Glaswerke. Application of the spin casting technology allows a yield 
improvement of nearly 100 %, which reduces production costs accordingly. 
     
II. MATERIALS REQUIREMENTS FOR TELESCOPE MIRROR BLANKS   
 
  A material suitable for telescope mirror blanks has to meet the following 
specifications: 
·   Low thermal expansion within the temperature range of application (-30 - *70oC), 
to avoid distortions due to temperature changes. 
· Temperature dependence of the coefficient of thermal expansion within the 
temperature range of application must be extremely low. 
·  High natural stability   and   low   specific   weight   must   avoid   mechanical 
deformations. 
·   Heat transfer coefficient should be high to avoid temperature gradients within the 
blanks. 
·   The material has to be ground and polished in order for optical surfaces with mean 
deviations of ±1.3 x 10-5 mm (NTT-Specification) to be achieved. 
·  Corrosion resistance and chemical durability must be high to apply aluminum 
coating to the mirror substrates. Aluminum coatings are the mirror material, to be 
removed from time to time to guarantee a high performance of the Aluminum mirror. 
The mirror substrate material has to withstand leaching, cleaning and drying 
processes, without development of any defects on its high-quality optical surfaces. 
·  Melting, casting, forming and ceramizing processes have to result in high-volume 
blanks of high homogeneity and an extremely low level of inclusions and striae. The 
homogeneity of the coefficient of thermal expansion within an 8.2m blank has to be 
lower than 0.05 x 10-6 K-1 . 
·  Material must be a transparent one for the wavelengths of visible light, to allow 
economical quality control of the material. Comparison of the properties of the glass 
ceramic Zerodour with alternative materials shows that TiO2-doped silica (ULE) 
nearly has similar properties. Silicon carbide, with its relatively low coefficient of 
thermal expansion, its low specific weight, and its higher heat transfer coefficient 
could be an alternative material to glass ceramics or ULE, but until now pieces with 
high volume and high homogeneity are technically not yet feasible. The following 
results of our material development are important for meeting the specification targets 
for large mirror blanks: The glass ceramic production process starts with melting, 
followed by forming, annealing, nucleation, and crystallization of the material. 
Controlled crystallization is possible if the Tamman-Curves of the nucleation rate and 
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the crystal growth rate do not overlap. Zerodur glass ceramic consists of 70 % crystal 
and 30 % glassy phase. To achieve transparency, mean crystal sizes of about 500 A 
should be derived. Therefore, at least 1013 nuclei per mm3 must be developed, with a 
nucleation rate of 105  nuclei per mm - 3 per second - to ensure economical 
ceramizing times. Metastable, high-quartz-solid solutions containing Li20, ZnO, MgO, 
AIPO4 and Si02 grow epitactically onto TiZrO4 - nuclei. Transmission electron 
microscopy and X-ray analysis have shown evidence for this crystallization sequence. 
Nucleation temperatures are in the region of 600 - 620oC, and crystallization takes 
place from 680oC upwards. Within the crystallization process, of the high-quartz-solid 
solution they show a zonary growth. The inner volume of the crystals is lower in Si02 
content than the outer areas. So, the composition of the glassy matrix and the outer 
areas of the crystals are similar. This result is important for the application of Zerodur 
for mirror blanks. Due to these results, chemical durability and hardness of glassy and 
crystalline phases are similar. This avoids unwanted roughness of polished surfaces 
due to micro-hardness differences and destruction of the optical surface within the AI-
removing process, due to selective etching. The coefficient of thermal expansion of 
the high-quartz-solid solution phase changes very sensitively with its chemical 
composition. For instance the substitution of LiAlO2 for 10 Mol % of Si02 decreases 
the phase transition temperature from low quartz modification to high quartz 
modification from 573oC to about 200oC. The relative length change of glass ceramic 
consisting of high-quartz-solid solution crystals can be very sensitively adjusted by 
ZnO, Li20 and Mg0-content.Li20 and Zn0 decreases the values, and Mg0 increases the 
values of thermal expansion. The AlPO4-content of the crystals controls the 
characteristic of the curves of the relative length change with temperature. Because 
high-quartz-solid solution crystals are metastable, they steadily change their chemical 
composition at temperatures above 800oC. At about 800oC, a transition to Keatite-
solid solution phase occurs. Both effects can be used to adjust the coefficient of the 
thermal expansion of the mirror material by thermal treatments. To get material with 
thermal expansions as near as possible to zero, a chemical composition is used leading 
to slightly negative expansion coefficients after crystallization. With thermal 
treatment of 800oC within 100 - 200 hours, lowest expansion coefficients can be 
achieved. With these results, the most important fundamentals of crystal chemistry, 
structure and texture are described.  
 
III. THE PRODUCTION PROCESS OF THE 8.2 m MIRROR BLANKS   
 
   As reported at the beginning, a spin casting technology had to be developed to 
achieve thin Zerodur menisci with 8.2 m in diameter, thicknesses of 177 mm, and a 
radius of 28.97 m. In 1984, the development started with a feasibility study. Pilot runs 
with 1.8 m and 4.1 m blanks were carried out successfully in 1987. ESO placed in 
September 1988, the order for four 8.2 m Zerodur mirror blanks. A new 2700 m2 
facility, with a 70 t discontinuous melting tank, casting, spinning, annealing, 
ceramizing facilities, storing sites, lifting and turning devices, an 8 m grinding 
machine, and quality inspection facilities were planned and erected within 21 months. 
The whole project started in September 1988, and it will be completed with the 
delivery of the fourth blank this year. To produce a blank with 8.6 m in diameter, 32 
cm in thickness, and a curvature of 29 m, it takes 30 days for melting, 5 hours for 
casting and spinning, 3 months for rough-annealing, 2 months for rough machining, 8 
months for ceramizing. Machining to specified dimensions and quality inspection take 
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another 5 months. This results in a total production time of about 2 years. Melting and 
homogenizing 70 t of Zerodur glass in a discontinuous tank was not a problem for 
Schott, because ever since 1970, 4 m blanks had been produced in massive form, 
which required about 45 t of glass. The raising to 70 t created no problems. To get an 
homogeneous blank it is important to control temperatures in the tank, the feeder, and 
the mold very carefully. To minimize inhomogeneities and uncontrolled 
crystallization, the pouring and spinning processes have to be carried out as fast as 
possible. Nevertheless, it takes 5 hours to cool down the melt from about 1300 oC to 
900oC, where the glass maintains its shape. Within this period of time, the glass 
passes through the temperature region with maximum crystal growth velocity. 
Crystals grow on inclusions within the glass volume and at the reaction layer between 
the glass and the mold. It is impossible to avoid uncontrolled crystallization 
completely. The following measures lower the risk: Before pouring the melt into the 
mold, which is temperature-controlled, the tank feeder is heated up. Within the start-
up phase of the powering process, the contaminated melt flows through an orifice in 
the bottom of the mold. When the melt is free from inclusions and striae, a stopper is 
pressed against the bottom of the mold, which now is filled with glass melt. Within 
the filled mold resting on a rotating support, the spinning process starts with typically 
5 revolutions per minute to ensure that no surface glass is entrapped and transported 
into the interim volume. So the meniscus is formed. To accelerate the cooling process 
the mold cover is replaced by a cooling hood, which is cooled by sprinkling high 
amounts of water into its bottom steel plate. The forced cooling is stopped when the 
glass has reached a temperature of 900 oC. Further cooling to a safe temperature above 
the glass transition temperature proceeds by radiation. The mold, with the casting, is 
then transferred into an annealing lehr where a precise 3-month cooling program is 
applied. Stress formation during cooling-down to room temperature is particularly 
critical. The most dangerous stresses are caused by a crystalline reaction layer at the 
bottom side of the blank. It has a significantly lower CTE value than the glass, which 
is why this side will be put under tensile stresses. Taking the convex shape of the 
bottom side into account and applying the tools of fracture mechanics, FE-simulations 
indicated that tensile stresses on the bottom side should not exceed 2 MPa. With 
optimized production parameters, crystal layers < 0.5 mm thickness were obtained, 
which caused tensile stresses not more critical for the process. During the annealing 
process, the huge meniscus passes the glass transition region. Now, it behaves like a 
rigid body and does not adjust itself anymore to the mold, it did as viscous glass. To 
avoid breakage of the meniscus under its own weight, the latter has be supported 
actively by hydraulic elements. FE-simulations indicated that maximum tensile 
stresses introduced by the support system during cooling are 0.13 MPa. Because of the 
very slow annealing cycle, only small compressive stresses due to temperature 
gradients between surface and bulk volume elements, are expected. FE-simulation 
resulted in -4,8 MPa for the top surface and, -1.2 MPa for the bottom surface. When 
all measures derived from computer simulations and from test castings were applied 
to the production castings, no more failures of the glass blanks occurred anymore. 
After annealing, the crystal layer has to be removed from the blank to stop any 
subcritical growth of cracks which may take place. All of the handling and machining 
procedures with gigantic blanks are critical, too. Flexible support systems designed on 
the basis of FE simulation results were constructed and applied with success. The 
nucleation and crystallization processes takes 8 months. During this transformation, 
linear shrinkage of the body is about 1 %, which means the diameter reduces by about 
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8 cm. If the body stuck to the surface of the support system, breakage would be the 
result. To avoid this, the blank is put on a support plate with several thousands of 
small sand piles which allow the blank to move free from stress during the shrinking 
process. After ceramization, the blank is ready for machining to its final shape. 
Handling and supporting devices used for the glassy blank were used again for the 
glass ceramic blank. After drilling a central hole into the blank and achieving the 
specified dimensions, the blank was ready for inspection. 
 
IV. PROPERTIES OF THE FOUR 8.2 m ZERODUR MIRROR BLANKS    
 
    As a result of quality inspection measurements on all four blanks, it can be reported 
that all specified values given by ESO were exceeded significantly. The inner quality 
of the blank material was specified by number and sizes of inclusions. The delivered 
blanks contained less than 20 % of the specified numbers. Stresses within the blank 
due to striae were not existent. Specified stresses were less than 25 nm. Stresses due 
to the annealing process were about 60 % of the given values (~6.2 - 7 nm/cm). Mean 
CTE was -0.043 x 10-6 x K-1. Specification values were 0 ± 0.15 x 10-6 x K-1 whereby 
the achieved CTE-homogeneity was 0.009 x 10-6 K-1 The specification value was < 
0.05 x 10-6 x K-1. All blanks were and will be delivered in time. For land and sea-
transportation to REOSC, where the blanks receive their optical finishing, both 
companies, REOSC and SCHOTT, developed a transportation device. Again, all 
results of the material stability derived from FE-simulation were taken into account. 
The transportation procedures were carried out without failures. 
   During these days, the 8.2 m project at SCHOTT is coming to a successful end, 
thanks to the outstanding performance by Dr. Rudolf Müller, Dr. Hartmut Höness, and 
their project team. 
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Abstract 
 

 New possibilities of oxide glasses for integrated optics have been shown. The new 
silicate and phosphate ion-exchangeable glass matrices were developed. Mechanisms 
of waveguide refractive index formation during the ion exchange have been studied. 
Optical waveguide characteristics are described to demonstrate the broad range of 
waveguide applications. 

 
 
1. INTRODUCTION 
 
    Glasses are of the advanced optical materials for integrated optics and optoelectronics. For the 
development of waveguide structures, many researchers often use traditional commercial glasses. 
These glasses can transmit (uncolored BK7, Russian R8), record images (photosensitive DS, 
FKhS 2-7), and control light flux (laser - Hoya LHG 5, magneto-optical-MOS 12, semiconductor-
doped color-filters glasses). The advantages of using these commercial glasses include 
availability and relatively low price. However there have been designed for purposes unrelated to 
integrated, and ion exchange technique, and often are pore for use in waveguide technology due 
to losses and active characteristics. Lately, new kind of special glasses (BGG21 and BGG31 [1], 
E0095 and E0184  [2]) with good ion exchange characteristics for integrated optics were 
developed. The design of new glasses with good optical, spectral, chemical, and mechanical 
characteristics suitable for effective waveguide processing for integrated optics has been the focus 
of our research. Our paper presents results of design and processing of new ion-exchangeable 
oxide glasses for waveguide applications. 
 
2. MECHANISMS OF WAVEGUIDE REFRACTIVE INDEX 
  
 The increase of the refractive index in glass surface layers during ion exchange are governed 
by two mechanisms: 1) glass composition change (difference of exchanging ion's polarizabilities), 
2) development and relaxation of diffusion stresses due to difference in exchanging ion radii and 
elasticity of glass matrix. In the low temperature ion exchange process, the extent of alkali ion 
diffusion, i.e. the number of ions exchanged, will dictate the magnitude of the refractive index 
change, ∆n. The exchange conditions (temperature -Texch, time -t) will dictate the depth of the 
modified layer (h), the 
corresponding stress birefringence resulting from the mismatch ion-hole size, and the resulting 
compressive stress layer and its ability to undergo relaxation during the exchange period. In case 
K+ ⇔Na+ ion exchange, the diffusion compressive stresses (the second mechanism) play a key 
role in formation of refractive index. Diffusion stresses between layer and substrate 
(macrostresses), and stresses between the exchanging ion and the surrounding matrix 
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(microstresses) can relax when the glass loses elastic properties while at the exchange 
temperature. For long exchange time and/or high exchange temperature (Texch Close to Tg), stress 
relaxation occurs quickly and results in non-monotonic dependence of refractive index and 
birefringrnce in the exchanged layer  [3]. We used this relaxation effect to create waveguide with 
"buried" refractive index profile. Modification of glass composition leads to a change in the 
transition temperature, Tg, which will affect the extent of relaxation in the layer. For example, the 
addition of ZrO2, TiO2, Nb2O5 on the base alkali-silicate and phosphate glasses lead to increase in 
Tg. This increase, ∆T, (∆T= Tg-Texch), leads to a corresponding decrease in the rate of relaxation 
and increase ∆n and δn. So, for development of  ion-exchangeable glasses we used this effect. 
 
3. ION-EXCHANGEABLE GLASSES FOR WAVEGUIDES 
 
 We have formulated next requirements for ion-exchangeable glasses for waveguide 
applications. The glasses must to combine good optical, spectral (low scattering and absorption, 
high homogeneity) and active properties with good ion exchange facility (high diffusion 
coefficients of alkaline ions). Besides, the glasses should have the improved mechanical, thermal, 
optical strength, and chemical stability, and enhanced glass transition temperature, which allows 
to safe a perfect optical quality of glass substrates, and to fabricate waveguides with small losses. 
 We have developed special glasses which answer these requirements. To enhanced Tg and 
improve chemical stability, we used some special modifiers as ZrO2, Nb2O5, TiO2, and others.  
 We have synthesized new ion-exchangeable glasses for waveguides. The characteristics of 
these glasses are better then ones for commercial glasses. For example, for zirconiumsilicate 
glasses (Tg = 700oC), the characteristics of K+-waveguides are: ∆n= 120 · 10-4, h =60 µm, α= 0.1 
dB/cm, DK-Na = 7 · 10-9 cm2/s  (Texch=500oC, t= 1h); the characteristics of Cs+-waveguides are: 
∆n= 400 · 10-4, h= 8 µm, α= 0.1 dB/cm, (Texch 500oC, t= 2h). For phosphate glasses, the 
characteristics of Cs+- waveguides are: ∆n=360·10-4, h= 7 µm, α= 0.1 dB/cm, D Cs-Na =10-9 cm2/s 
(Texch - 450oC, t= 0.5h). For commercial K8 glass (Tg = 560oC), the characteristics of K+-
waveguides are: ∆n=50·10-4, h=  15 µm, α= 0.5 dB/cm, DK-Na = 7 · 10-11 cm2/s (T exch= 500oC, t= 
8h). To fabricate Cs+-waveguides in K8 glass is not possible because of a small diffusion 
coefficient. So, the waveguides in special glasses have a small losses, high ∆n, and depth. 
 The ion-exchangeable phosphate glass matrices are advanced materials for development of 
active waveguide structures. For example, we have doped the phosphate glass with Nd3+ [4] and 
studied optical, spectral, and ion-exchangeable properties. The phosphate glass matrices have 
high solubility of II-VI semiconductors phase and are more flexible to increase the content of 
CdS, CdSe semiconductors in glass, and to improve non-linear properties. For example, we have 
developed special phosphate glasses doped with high concentration of CdS microcrystals [5]. The 
non-linear refractive index of these 
glasses is about 2·10-9 esu. 
 
4. ION EXCHANGEABLE GLASSES FOR WAVEGUIDE DIFFRACTION GRATINGS 
 
 The main idea for creating waveguide diffraction gratings is modulation of refractive index 
and glass surface relief (volume change) during ion-exchanged process. We have developed 
special silicate glasses which allowed to produce the gratings with high refractive index increase 
(∆n= 350 ·10-4) and very strong surface relief change (∆h= 0.1-0.6 µm) by K+⇔Na+, Rb+⇔Na+, 
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and Cs+⇔Na+ ion exchange. The ion-exchanged treatment was produced through aluminum 
periodic (5-10 µm) masks. We created a combined structures of waveguides with gratings which 
can be used for different waveguide applications. The diffraction efficiency these waveguide 
gratings is about 20-30%. 
 
5. ION EXCHANGEABLE GLASSES FOR WAVEGUIDE HOLOGRAMS 
 
   We have created special photothermorefractive (PTR) glass for hologram recording [6]. The 
main idea of PTR process is a growth of microcrystals after UV exposure and thermal 
development (T~520oC). Difference between refractive index of microcrystalline phase and glass 
matrix, 5·10-4, allows to record 3-D phase holograms with high diffraction efficiency (about 
90%). The optical and spectral properties of these holograms are stable over wide temperature 
range (20-450oC). This feature allowed to use ion-exchanged technique (K+⇔Na+ ion exchange, 
Texch = 400oC for creation of waveguides on surface of holographic structure. So, PRT glasses can 
be used for fabrication of varied holographic waveguide multifunctional elements (like 
waveguide multiplexers and demultiplexers for telecommunication, etc.). 
 
6. CONCLUSION 
 
   We have developed new ion-exchangeable silicate and phosphate glasses which are advanced 
materials for multifunctional waveguides. These glasses allow to create passive 
and active waveguides with varied and improved characteristics, and to develop different 
waveguide diffraction gratings and holographic elements. 
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Abstract 
 

 In order to predict glass quality through glass tank modelling, reliable  
glass data is necessary. Thermal radiation properties play an important  role in 
glass tank modelling since radiation is the dominant mode of heat  transfer at 
melting temperatures. Therefore, optical properties of glasses  at melting 
temperatures need to be determined accurately. Different  measuring 
techniques can be found in literature, based upon either emittance 
measurement, transmittance measurement or reflectance measurement. The 
paper discusses the various methods and gives an  overview of the problems 
involved with each method. Error analysis  reveals their limitations and the 
reliability of the measurement results  obtained with each method. A new 
method is proposed which promises  superior photometrical accuracy, as 
compared with the existing methods. 

 
 
1  INTRODUCTION 
 
 Accurate modelling of the processes in the glass tank results not only in a better 
understanding of the melting process, but is also an important tool in the optimalisation of 
the furnace design. One of the problems that have to be solved in order to improve the 
quality of the glass tank model predictions is the accurate calculation of the radiative heat 
transfer in the melt. Radiation heat-exchange is a dominant form of heat-transfer in glass 
melts and depends not only on glass composition and temperature, but also on the redox 
state. 
 For the measurement of high-temperature absorption coefficients of glass, three 
measurement principles can be found in literature: reflection- (1,2) , transmission- (3,8) and 
emission (9-12) spectroscopy. The accuracy with which the absorption coefficient of the 
glass can be determined using these methods, depends on the choice of the reference 
measurement. All three measurement principles are based on determining the ratio of two 
radiation intensities ISAMPLE and IREFERENCE, measured for instance before and after 
interaction with the sample. 
 Within the framework of a project which aims to improve the modelling of heat-
transfer in molten glass, the TNO Institute of Applied Physics is developing an optical 
testing facility for the measurement of the spectral absorption coefficient of glass as 
function of the oxygen activity (redox state) at melting temperatures. 
 The work presented in this paper is the result of a preliminary study which aims to find 
the best measurement solution. The reliability of the measurement results obtained with 
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each of the three methods for different choices of the reference measurement are 
investigated by uncertainty analysis, using as input for the calculations an absorption 
spectrum of TV glass measured at 1450oC by Mazurin and Prokhorenko (8) (see Fig.1). 
 
2  REFLECTION SPECTROSCOPY 
 
In case of the reflection method (1,2) , a flat platinum mirror is submerged in the molten 
glass, having its surface parallel to that of the glass. The internal transmittance τ of the  
glass  slab  above  the mirror is related to the reflectance through  

                    (1) 
where ρg and ρp are respectively the power reflectances of the air-glass and glass-
platinum reflection interfaces, determined from the refractive indices of platinum and 
glass by Fresnel's equations (13) . For the present research, a constant and real refractive 
index of ng = 1.5 is assumed for the glass (ρg = 0.04) and literature values are used for the 
spectrally dependent complex refractive index np of platinum (ρp = 0.5 -0.9). The 
reflectances for various thicknesses of the glass slab according to Eq.(1 ) are shown in 
Fig.2 for the TV-glass at a temperature of 1450oC.  
 An obvious method for obtaining the reflectance is by measuring the intensities of the 
incoming and reflecting beams and calculating their ratio. Then, the absorption 
coefficient can  be  calculated  using  the  formula   

               (2) 
which  has  been  derived  by inverting Eq.(1 ) and substituting τ=exp{-αd}. 
 The parameters in this equation are known with limited accuracy, which results in an 
error in α. We will consider the effect of the various error components. An error δd in d 
causes an error δ(d) of equal size in α. The errors δρg, δρp and δR in ρg, ρp and R 
respectively, cause corresponding error components δ(ρg), δ(ρp) and δ(R) in α. The total 
error δtot can be found by taking the square root of the sum of the squared error 
components (summing variances). In the error analysis, the following estimated values 
have been used: δρg = 5%, δρp = 2% and δR = 0.5%. These values are based upon 
practical experience with transmission spectroscopy at room temperature. 
     The effect on the total error of each of the parameter errors is investigated. As 
demonstrated by the upper graphs in Fig.3, a large error is caused by the uncertainty in ρp, 
which is not well known at high temperatures. 
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Figure 1. Absorption coefficient of                         Figure 2. Sample reflectance for d = 
               TV glass at 1450oC [8]                                              0.2, 0.4, 0.6 and 0.8 cm 
 

 
 

 
 
Figure 3  Result of the error analysis of the absorption coefficient of TV glass at 1450°C 
based on Eq. (2) (top graphs) on Eq. (3) (bottom graphs). The left graphs show the total 
error for different sample thicknesses, the right graphs show the effect of the individual 
error components in the case of d (or ∆) = 0.4 cm. 
 
An alternative method, successfully used by Von Genzel [1] and Neuroth [2] , is based on 
performing measurements of the reflected signal with the mirror emerged at different 



 4

depths. From the reflectances R1, and R2 obtained with emersion depths d1 and d2 
respectively, the absorption coefficient is determined by iteration with 

          (3) 
where the parameter ∆= d2 - d1. The second term between the brackets, which contains α, 
can be neglected to obtain a first approximation of α. 
 The result of an error analysis based upon this method is shown in the lower graphs of 
Fig.3. With this method, the total error is dominated by δρg and is much lower than the 
total error obtained with the first method according to Eq.(2). The results also 
demonstrate that for an accurate determination of low as well as of high absorption 
values, samples with different thicknesses have to be measured. 
 
3  TRANSMISSION SPECTROSCOPY 
 
 In case of the transmission method, the molten glass is positioned between two parallel 
sapphire windows. The internal transmittance of the glass slab above the mirror is related 
to the transmittance through 

                       (4) 
where Ts and Rs are respectively the transmittance through the sapphire and reflectance 
from glass to sapphire given by 

      (5) 
 The coefficients ρg and ρs are respectively the power reflectances of the glass-sapphire 
and sapphire-air interfaces, determined from the refractive indices ng and ns using 
Fresnel's equations (13) and τs is the internal transmittance of the sapphire window. A 
suitable reference measurement will be the measurement of a parameter, that, as a 
denominator in the ratio ISAMPLE/IREFERENCE will reduce the uncertainty in α caused by the 
uncertainties in Ts and Rs. 
 We will investigate the effect on the accuracy, of each of the following possible 
choices of the reference measurement: (i) 100% transmission obtained with the sample 
removed, (ii) transmission through 1 sapphire window with twice the thickness as the 
windows used in the sample measurement, and (iii) measurement of the same sample 
with a different thickness. 
  In the analysis, the following estimated values are used: δng =1 %, δnp =1 % and δT = 
0.2% (+ 0.0005 in T due to noise). These estimates are based upon practical experience 
with transmission spectroscopy at room temperature.Using reference measurement (i), α 
is obtained by evaluating 
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             (6) 
In the case of reference measurement (ii), Ts

2 in Eq. (6 ) has to be replaced by 

              (7) 
which To is the reference measurement (T is the sample measurement in this case, not the 
sample transmittance!). 
 If the same sample can be measured at a different thickness (reference measurement 
(iii)), the absorption coefficient is determined by iteration with  

           (8) 
 An advantage of transmission spectroscopy is that all optical interfaces are flat and 
their position (and sample thickness) well defined. A disadvantage is the possibility of 
deterioration of the sapphire-glass interface due to chemical reactions. This may result in 
optical scattering which effects the measurement. In the error analysis, of which the result 
is shown in Fig.4, this effect is not considered. Fig.4 shows that the lowest accuracy is 
obtained with method (i) which is used by most researchers (3-8) . Using a reference 
measurement on a single sapphire window, having twice the thickness as those used in 
the sample holder, allows for compensation of δns (method (ii)), thereby improving the 
result significantly. 
 The total error in α in the case of method (iii), which gives the best results, depends 
mostly on the error in T (δ(T) and δtot) coincide in the graph. By making the distance 
between the windows variable, ∆ can be measured accurately (better than 0.02 mm) using 
a calibrated displacement transducer. An extra advantage of using the same sample holder 
is that the effect of deterioration of the sapphire-glass interface, which adds to the error in 
ρg is mostly cancelled out in Eq.(8). 
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Fig. 4  Result of an error analysis  for TV glass at 1450°C based on transmission 
spectroscopy for different reference measurements (i), (ii) and  (iii). The left graphs show 
the total error for different sample thicknesses, the right graphs show the effect of the 
individual error components in the case of d (or ∆) = 0.4 cm. 
 
 
4  EMISSION SPECTROSCOPY 
 
 Using emission spectroscopy, the optical interfacing is relatively simple because 
radiation is only directed from the sample to the spectrophotometer. Also, the problem of 
separating sample self-radiation from source radiation is eliminated. 
 Emission spectroscopy is generally performed in the same measurement geometry as 
used in reflection spectroscopy. In this case, the sample consists of a flat glass plate 
having a platinum-glass interfaces a mirror on the bottom (9-12) and the same reference 
measurements and equations as for reflectance spectroscopy are valid (ε=1-R), including 
the results of the error analysis shown in Fig.3. 
 An alternative way of measuring the emittance, is by using the facility for transmission 
spectroscopy and measuring only the sample self-radiation. Using a black body radiator at 
the same temperature as a reference, the emittance ε can be obtained with an accuracy of 
0.5%. In this case, the following equation is valid: 
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                 (9) 
from which an equation for α can be derived, similar to Eq.(2) and Eq.(6). The parameter 
R's is the total reflectance of the sapphire window at the sapphire-air interface (including 
the reflection of the back-side). 
 The result of an error analysis, based upon δng = 1 %, δnp = 1 % and δε =0.5% is 
shown in Fig.5. The error in the optical measurement (δε) proves to be dominant. 
Compared to the results which can be achieved by reflection and transmission 
spectroscopy, this method promises superior accuracy. 
 

 
 
Figure 5 Result of an error analysis for TV glass at 1450°C based on emission                                                      
spectroscopy. The left graph shows the total error for different sample thicknesses, the 
right graph shows the effect of the individual error components in the case of d = 0.4 cm. 
 
 
5  CONCLUSION 
 
 The photometrical accuracy which can be achieved using different techniques for 
determining the high-temperature absorption in glass has been investigated. In all 
methods, the optimal sample thickness depends on value of the absorption coefficient. If 
accurate data has to be obtained for a wide range of absorption coefficients, the use of 
several thicknesses is required. 
 It has been shown that the reliability of the measurement results depends on the type of 
reference measurement. New methods, based on convenient choices for the reference 
measurement have been presented in this paper. The results of the error analysis 
demonstrates that these new methods lead to significant improvements in the accuracy of 
the determination of α. It has been demonstrated that the highest photometrical accuracy 
can be expected using a new method which is based upon emission spectroscopy. 
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 Abstract 
 

 Silver nanoclusters have been formed in light waveguides obtained by 
Ag+-Na+ ion-exchange process in glass, by either irradiating with low-
mass ion beams or by heating in hydrogen atmosphere at temperatures 
varying in the range 100-250 oC. Metal nanocluster-silica composites have 
been also obtained by the sol-gel technique. Nanocluster modifications 
induced by pulsed laser irradiation have been investigated, and annealing 
behavior of nanoclusters synthesized by the sol-gel has been studied.    
Composites were characterized by Secondary lon Mass Spectrometry and    
Rutherford Backscattering Spectrometry, in order to determine 
concentration depth-profiles, and by Transmission Electron Microscopy 
for the nanocluster detection and size evaluation. Optical analyses were 
performed to evidence linear and nonlinear properties. 

 
 
I. INTRODUCTION 
 
   Nonlinear optical materials are essential components of functional photonic 
devices for optical communications, sensing, and computing [1-3], as -for example- 
all-optical switching devices [2]. Understanding the correlation between material 
processing and nonlinear optical properties is especially critical for the development 
of advanced nonlinear optical materials for photonic devices. The material properties 
for applications in such devices include picosecond or shorter response times, low 
power switching threshold, wavelength tunability, thermal stability, low two-photon 
absorption, high threshold for laser-induced damage, and THz recycling frequency. 
   In the last few years, composite glasses formed by embedding semiconductor or 
metal nanoclusters in glass have attracted much attention as promising materials for 
optoelectronics. In particular, metal nanocluster-doped glasses, i. e., glasses which 
contain crystallites of metals, show an enhanced third-order susceptibility, whose real 
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part is related to the intensity-dependent refractive index [2]. This technological 
interest is strengthened by the general interest in strongly quantum-confined electronic 
systems which exhibit quite a number of striking effects deriving from the increased 
electronic density of states near the conduction-band edges. This suggested the 
introduction for metal nanoclusters-doped composites of the term metal quantum-dot 
composites (MQDC) in analogy to multiple-quantum-well devices. Glass researchers 
have employed various ways to prepare metal nanocluster-doped glasses, namely, sol-
gel processes, quenching and heat-treatments and processes which use porous glasses. 
More recently, ion implantation has attracted a large interest for the possibility to 
pattern the materials, to overcome the doping solubility limits, and to introduce 
virtually any element in the glass substrate [4-8). Several material-related aspects of 
the above mentioned metal colloids have been studied and we believe that, in addition 
to the development of the preparation techniques and of the chemical, structural and 
optical characterization, we should begin to consider the so-called architecture of 
systems for optical information processing. 
    In this paper we present the results obtained by our group, in cooperation with 
external laboratories, on metal (particularly silver) nanocluster formation in glasses 
obtained by sol-gel as well as low-mass ion irradiation or annealing in hydrogen 
atmosphere of light waveguides prepared by the ion-exchange technique. Results on 
thermal stability and modifications induced by pulsed-laser irradiation will be also 
reported. 
 
II. EXPERIMENTAL 
 
 The composition of the glass utilized for the fabrication of ion-exchanged 
waveguides is (wt %): 69.6 Si02, 15.2 Na20, 1.8 Al203,  6.5 CaO,  5.1 MgO, 1.1 K20, 
0.4 S03, 0.2 Ti02 with trace-amounts of Fe203, As203 and Cs20. Glass samples were 
ion-exchanged in a molten salt bath of 0.1 % mol. AgNO3 in NaNO3. Exchange 
temperature of 320 oC and processing time of 30 minutes were set to obtain 
penetration depths of about 5 µm. Two different experiments were performed on ion-
exchanged samples. Some waveguides were irradiated by He+ or N+ ions at energies 
varying from 100 keV to 2 MeV. Other waveguides were heat-treated in a quartz tube 
with H2 flux at a pressure slightly greater than atmospheric one. Treatments times 
were between 2 hours and 12 hours and temperatures in the range 120 oC to 250 oC. 
Furthermore, some samples, as-exchanged and after He+ irradiation, were irradiated by 
using a Q-switched Nd:YAG laser operated at both 1064 nm and 532 nm of 
wavelength. Pulse duration was about 10 ns. 
 The sol-gel method was used for the synthesis of metal (copper or silver or copper-
silver mixture) doped silica films deposited on silica glass substrates with a procedure 
described in [9-10). The sol-gel coatings were heat-treated in different atmospheres 
(argon, air, 5%H2-95%N2) at different temperatures, in the range 500-1100°C, using 
soaking periods for each step in a cumulative heating procedure. 
 In the case of ion-exchanged waveguides, subsequently treated with the above 
described methodologies, silver and sodium profiles were determined by Rutherford 
Backscattering Spectrometry (RBS), while the hydrogen profile was obtained by 
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Elastic Recoil Detection Analysis (ERDA). In both techniques, a 4He+ beam at the 
energy of 2.2 MeV was used at National Laboratories INFN-Legnaro. Secondary lon 
Mass Spectrometry (SIMS) analyses were also performed, using a CAMECA IMS-4f 
spectrometer. Refractive index profiles of the waveguides were reconstructed by an 
inverse WKB method from the set of effective indices corresponding to the guided 
modes. The effective indices were determined by m-lines spectroscopy. Optical 
absorption spectra were recorded in the wavelength region from 250 to 600 nm, by a 
Cary UV-VIS-NIR dual-beam spectrophotometer. Samples for transmission electron 
microscopy (TEM) were prepared by cutting 3 mm diameter discs with a slurry drill, 
mechanical grinding of the disc from the backside to a thickness of about 20 mm. The 
final thinning to the electron transparency was achieved by planar backthinning by ion 
milling with an Ar gun at 5 keV. To minimize ion damage, samples were 
cryogenically cooled during ion milling. The prepared samples were examined in a 
Philips CM3O TEM, operating at 300kV. Finally, nonlinear refractive index was 
obtained by Z-scan measurements, performed using a mode-locked cavity-dumped 
dye laser with pulse duration of 6 ps and in the wavelength range from 570 to 590 nm. 
 
III. RESULTS AND DISCUSSION 
 
A. Annealing of waveguides in hydrogen atmosphere 
 
 Annealing causes a near-surface precipitation of metallic silver to form nanometer-
size clusters with good uniformity in size and spatial distribution, as shown in Figure 
1, where we reported the cross-sectional TEM photograph of the sample annealed at 
250 oC for 5 hours. Here, from the surface to a depth of about 270 nm, it is evident the 
presence of silver clusters, of spheroidal shape, with fcc structure, randomly oriented 
with diameters in the range 4-6 nm. The optical absorption spectra of annealed 
samples display a band peaked at about 410 nm, typical of absorption in metallic 
silver nanoclusters, due to the surface plasmon resonance (SPR) [11-13]. The SPR 
frequency depends on metal-particle size through the dielectric response function of 
the metal, and in this case the absorption band is consistent with predictions of the 
Mie theory for silver nanoclusters having radius of the order of a few nanometers. 
 

 
 
    Figure 1. TEM micrographs (cross section) of silver nanoclusters, formed 
         after annealing in hydrogen atmosphere for 5 hours at 250 oC. 
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 In Figure 2 the hydrogen and silver concentration profiles are reported after 
annealing in hydrogen atmosphere for 5 hours at 180oC, together with a corresponding 
typical absorption spectrum, showing the characteristic peak due to metallic silver 
nanoclusters. In a study of this process [14] we reached the conclusion that the 
hydrogen permeation and ion-exchange between hydrogen and sodium (remaining in 
the glass matrix after silver-for-sodium exchange) are steps of annealing process. A 
further step is the diffusion of silver towards the surface, with an activation energy, 22 
kcal/mole, close to that measured for silver-sodium interdiffusion in glasses of similar 
composition. Silver migration cannot be simply ascribed to a direct interaction with 
hydrogen, but to a more complex process involving a charge balancing mechanism 
during hydrogen-sodium ion-exchange. An activation energy of about 15 kcal/mole 
was obtained for the hydrogen permeation in the glass. 
 

 
 
 Figure 2. Hydrogen and silver depth concentration profiles (left) and:optical 
 absorption spectrum (right) for samples annealed at 180 oC. 
 
 
B. Low-mass ion irradiation of ion-exchanged waveguides 
 
 The formation of silver nanoclusters was also obtained by irradiation of ion-
exchanged samples with He+ or N+ ions. The irradiation current and time were varied 
in order to study the role of deposited energy rate and processing time [15]. 
 TEM micrograph for a 100 keV, 2x1016 cm-2 nitrogen-irradiated sample is reported 
in Figure 3. The inset shows the selected area electron diffraction pattern indicating 
the presence of randomly oriented silver crystals. The clusters radius in the irradiated 
region is about 2-3 nm. 
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 Figure 3.  TEM micrograph (cross section) of silver nanoclusters, formed after  
     100 keV, 2x1016 cm-2 nitrogen irradiation of an ion-exchanged    
     waveguide. 
 
    We have reported elsewere [16] that the irradiation current density is a critical 
parameter for the precipitation process. At present, it is not possible to separate the 
contributions to the silver precipitation, of thermal effects due to local heating, and of 
radiation-enhanced diffusion. Certainly the silver diffusivity, the deposited energy 
distribution and defect migration would play an important role in determining the final 
concentration distribution of precipitates. 
 Third-order susceptibility measurements for these samples gave positive values of 
the intensity-dependent refractive index n2 up to 10-13 cm2/W, that turn into negative 
values after repeated measurements. This peculiar behavior indicates that, when 
exposed to high optical power densities, silver in the nanoclusters tends to modify the 
chemical environment, possibly changing permanently its oxidation state. lon-
irradiated samples were laser-treated by using a Q-switched Nd:YAG laser operated at 
both 1064 and 532 nm of wavelength, with a pulse duration of about 10 ns. After a 
single pulse irradiation above a threshold value of 0.3±0.1 J/cm2 for λ=532 nm and 
5±1 J/cm2 for λ=1064 nm, the irradiated region becomes nearly transparent and the 
SPR optical absorption peak is dramatically reduced. The TEM micrograph of a 
helium irradiated silver-exchanged soda-lime glass sample, before and after irradiation 
by a laser pulse at λ=532 nm and E= 0.5 J/cm2, is reported in Figure 4. 
 

 
     Figure 4. TEM views of an ion-exchanged/ion-irradiated  
     sample before (left) and after (right) laser irradiation with  
     0.5 J/cm2 at λ=532 nm. 
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 A reduction of the cluster diameter from the value of about 5 nm before to a value 
of about 2.5 nm after laser irradiation is evident. This is accompanied by a 
corresponding increase in the number of clusters, being the total silver concentration 
constant, as determined by RBS analysis. The increasing ratio between the number of 
surface and bulk atoms with decreasing cluster size favours the formation of silver-
oxygen interactions with respect to silver-silver bonds. This was evidenced by X-ray 
photoelectron spectroscopy (XPS) and X-ray excited Auger-electron spectroscopy 
(XE-AES) measurements [17]. After laser irradiation the silver α parameter (binding 
energy of XPS Ag3d5/2 and kinetic energy of AES AgM5NN peak) changes from 
720.3±0.2 eV, close to the value of metallic silver (720.5±0.2 eV). to 719.1±0.2 eV, in 
agreement with the value measured for an Ag2O standard. Besides the fragmentation 
of the silver clusters formed in the ion-irradiated region, we observe that the laser 
irradiation is also effective in promoting cluster formation in as-exchanged region, 
where are present few small clusters with a mean diameter of about 1.5 nm. In these 
regions the laser irradiation causes the formation of small nanocluster, about 2.5 nm in 
diameter. In this case, laser light induces nucleation and growth depending on 
different mechanisms [18]. 
 
C. Metal nanoclusters in silica matrix synthesized by the sol-gel technique 
 
 Metal (copper or silver or copper-silver mixture) doped silica films were deposited 
on silica glass substrates by the sol-gel dip-coating method [9-10]. In the case of silver 
nanocrystal-doped silica films, two types of clusters with different diameters were 
observed in the coatings heat-treated at 300 and 450 oC, with respective average 
diameter of about 1 nm and 15 nm, the latter composed by much few clusters, both 
with an fcc structure. At 500 oC and 550 oC, the densification of  the silica matrix 
favours a new precipitation step for silver, with a final particle diameter distribution of 
3±1 nm. The clusters formed at and above 500oC are stable and do not exhibit any 
degradation of their optical properties with aging. The copper-containig films were 
first heated in air up to 550 oC to burn out organic compounds. A broad absorption 
band at about 740 nm indicate the presence of Cu2+ ions. Subsequent annealing in 
reducing atmosphere (5%H2-95%N2) induces the formation of Cu nanoclusters, 
evidenced by a broad Cu-SPR absorption band at about 570 nm, at 700 oC; however, 
the absorption band in the range 600-800 nm indicates that Cu2+ was not yet 
completely reduced. As the temperature rised at 800 oC, a clear SPR absorption peak 
grew at about 568 nm. At this temperature, the increase of the annealing time causes a 
sharpening of the SPR absorption band and its blue-shift to 562 nm. TEM analysis 
shows nearly spherical particles with an average diameter of about 8 nm and an fcc 
structure. In the case of Ag and Cu co-doped silica films, films were prepared with 
Cu/Ag molar ratio of 1,2 and 3 at constant (Ag+Cu)/SiO2 molar ratio of 0.175. After 
annealing in reducing atmosphere, at 700 oC, separated Ag and Cu nanoclusters are 
formed in the silica matrix, with clearly visible SPR bands of both Ag and Cu. Both 
Ag and Cu SPR peaks are shifted with respect to SPR of single-metal doped silica. 
The size of the clusters and their distribution turn out to be dependent on the film 



 7

composition. Bright-field TEM of lAg3Cu sample, annealed at 700 oC, is shown in 
Figure 5. 
 

 
 
   Figure 5. TEM micrograph of the lAg3Cu coating annealed at  
      700 oC in 5%H2-95%N2 atmosphere. 
 
    In the lAglCu sample small clusters of about 5 nm in diameter and bigger clusters 
of 40-50 nm in diameter coexist. A narrower size distribution with diameters from 5 
to 35 nm is observed in the lAg2Cu film. Clusters become spherical with a more 
homogeneous distribution (5-20 nm in diameter) in the case of 1Ag3Cu sample. Z-
scan measurements [10] were performed for a laser pulse duration of 6 ps and in the 
wavelength range from 570 to 590 nm. For sample 1Ag1Cu and pure Cu the measured 
value of nonlinear refractive index are both of the order of 10-13 m2/W at λ=590 nm. A 
study of nanocluster annealing behavior has been performed in different annealing 
atmospheres. Cluster growth and dissolution, as well as migration of metal atoms 
towards the sample surface, with a subsequent evaporation, were observed to occur at 
temperatures which depend on the annealing atmosphere. In particular, in the mixed 
silver-copper system, the formation of Ag-Cu phase separated clusters was observed. 
 
IV. CONCLUSIONS 
 
 Metal nanoclusters are formed in silica and soda-lime glasses by using  different 
methods. From the point of view of nonlinear optical material fabrication, the 
investigated techniques promise to be suitable for designing nonlinear devices with 
performances based on nonlinear metal-doped glasses. Extended research activity is 
necessary in particular for reaching the control of the cluster size uniformity and of 
the cluster stability during high-power laser irradiation. 
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 Abstract 
 

 The interaction of UV- (excimer laser, 248 nm), γ(60Co) - radiation and 
high energy electrons with various silicate glasses was studied using ESR and 
time resolved optical techniques (absorption and emission). The parameters of 
irradiation, for example the radiation energy and repetition rate of the laser 
pulses, and the chemical composition of the glasses were varied. The latter 
was done in order to change the amount of hole and electron traps by altering 
the number of non-bridging oxygens and by replacing Ca by Cd or Zn. Thus, 
it was possible to distinguish between long lived deep and shallow trapped 
electrons and holes and to detect fast recombining species. 

 
 
I. INTRODUCTION 
 
 Interaction between radiation and glasses or glassy-crystalline materials causes a 
variety of changes of microscopic and macroscopic properties. The extent of these 
changes depends on the composition and structure of the materials as well as on the 
irradiation parameters (energy, dose, dose rate, temperature). One of the essential 
processes occuring during irradiation of the samples by γ-rays or fast electrons is the 
formation of electron-hole pairs. These free carriers can move and recombine, or were 
trapped at structural defects or impurities [1]. Recombination rates and competetive 
trapping of holes and electrons depend on the physical state of the glass including the 
manifactoring history. The influence of the composition concerns the glass system itself 
and dopants/impurities as well. In alkaline earth aluminosilicate glasses [2,3], 
paramagnetic hole centres could be detected and assigned to different defect types. The 
simultaneous trapping of electrons by traces of Fe3+ forms the basis for the stability of the 
hole centres [4]. Since trapping of charge carriers by redox pairs like Fe2+/Fe3+ leeds to a 
defect structure stable at room temperature, the physical and chemical action of electron 
traps like Zn2+ and Cd2+ is less understood: (i) The resulting Zn+ or Cd+ centres are well 
detectable at 77K but less stable at room temperature, and (ii) competetive trapping of 
electrons by Fe3+ and Zn2+/Cd2+, which depends on the polymerization of the glassy 
network [4], has to be considered. 
     It is the aim of this paper to get a deeper insight into the competing electron and hole 
trapping as well as their recombination processes and subsequent reactions in 
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aluminosilicate glasses. Therefore, samples of different composition were studied by 
means of ESR and optical spectroscopy before and after irradiation at 300 and 77 K 
respectively. The suitability of ESR was recently outlined in [5]. Coupling an excimer 
laser to an X-band ESR spectrometer allows to follow the interaction of laser light with 
the samples in situ. Electron irradiation induced emission and changes in optical 
transmission were registered on the microsecond domain. 
 
II. EXPERIMENTAL 
 
 Table 1 shows the compositions of all glasses studied here. They were prepared by 
melting the respective carbonates and oxides (1 kg batches) at 1550 oC in Pt/Rh crucibles 
as described before [2,4]. 
  Table 1: Compositions (Mol%) of the samples under investigation 
 
Sample     Composition Mol%                Sample    Composition Mol%        . 
Ca1         33CaO/18Al2O3/49SiO2           Cd1        33CdO/18Al2O3/49SiO2 
Ca2         21 CaO/21Al2O3/58SiO2          Cd2        21 CdO/21 Al2O3/58SiO2 
Ca3         33CaO/5Al2O3/62SiO2             Cd3        24CdO/14Al2O3/62SiO2 
CCAS       29CaO/13Al2O3/58SiO2           Cd4        33CdO/22Al203/45SiO2 
CdCAS      8CdO/21 CaO/13Al2O3/58SiO2   Zn          20ZnO/15Al2O3/65SiO2 
ZnCAS      8ZnO/21 CaO/13Al2O3/58SiO2 
 
 A 60Co source was used for γ-irradiation with a maximum dose of 3000 Gy. Irradiation 
of the samples was carried out at 300 K and 77 K respectively. 
         The pulse radiolysis facility ELBENA [6] was utilized to perform irradiations with 
3.8 MeV electrons and to follow the induced changes in optical absorption and induced 
emission on the microsecond time scale. The shown emission spectra were not corrected 
for the wavelength dependent sensitivity of the detection system. 
         ESR spectra were measured at X-band frequencies as described before [2,4], using 
small samples (3 x 3 x 5 mm3). 
         Optically polished samples (thickness: 0.5 mm) were used for the recording of 
UV/NIS transmission spectra. 
 
III. RESULTS AND DISCUSSION 
 
     Fig. 1 summarizes characteristic ESR observations caused by hole and electron 
trapping in Cd or Ca containing aluminosilicate glasses. 
     The ESR spectra show the signals of trapped holes (Si-O-/h+; Si-O-Al/h+) and 
electrons (Cd+) as well (the different patterns are assigned in fig. 2). Comparing all 
spectra, the following results should be emphasized: (i) The paramagnetic centres in the 
Cd containing glasses are less stable than those in the Ca containing ones, (ii) if the 
content of CdO exceeds that of Al2O3, no Cd+ centres are observable in these ternary 
aluminosilicate glasses. But, for CdO=Al2O3 a large signal due to Cd+ centres was 
detected. The last observation can be explained by the role of Fe3+ ions, which are 
impurities of the Al3+ compound used for the sample preparation. Cd+ centres are only 
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observable if Fe3+ cannot compete for electrons. For sample Cd2, the ESR signal at g'~4.3 
did not decrease after irradiation as was observed for all other samples (not shown here). 
Then, in a simplified manner, a part of the radiation induced redox reactions can be 
summarized as follows: 
 
(a) For all glasses it can be assumed: 
 

     (1) 
 

     (2) 
 

      (3) 
 

      (4) 
 

      (5) 
 
(b) The following reaction additionally must be taken into account, if the content of CdO 
is equal to Al2O3: 

      (6) 
 

 
Fig. 1: ESR spectra (10 mW; 77 K) of the samples Cd1/Ca1 (left) and Cd2/Ca2 (right) 
taken a,b) immediately after γ-irradiation at 77 K, and c,d) after storing the samples at 
300 K for some hours. O indicates the signal of a standard at g'=1.9796,which can be 
used to calibrate the field positions and the signal intensities respectively. 
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 Figs. 2 and 3 show competitive electron and hole trapping under the action of γ- and 
UV-irradiation for another group of glassy samples. Though the content of Al2O3 is 
smaller than (CdO/ZnO + CaO), Cd+/Zn+ centres are formed while the content of Fe3+ 
decreases. As can be deduced from fig. 2, the UV-irradiation used here is not sufficient to 
trap holes at Si-O-Al bridges. Otherwise (fig. 3), the ratio between the paramagnetic hole 
and electron centres being detectable, depends on the repetition rate of the laser, 
indicating different thermal and radiation stabilities of these two types of centres. 
 
 

 
Fig. 2: Comparison of the ESR spectra (20 mW; 77 K) obtained after γ-
irradiation at 300 K (a) and in situ laser excitation (b); 77 K; 248 nm) 
respectively 
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Fig. 3: ESR spectra (20 mW; 300 K) of sample ZnCAS taken after in situ laser 
excitation (300 K; 248 nm) at the repetition rates indicated 

 
 Fig. 4 shows γ- and electron-irradiation induced changes of Ca and Cd/Zn containing 
samples. These observations are stable at room temperature for some days. 
 

 
 

Fig. 4: UV/Vis spectra of the samples indicated taken days after γ- (- ) and 
electron (- - - -) irradiations respectively 
 
 The study of the time dependence of the radiation induced changes of the optical 
transmission exhibits more details of the processes responsible for the long-time stable 
changes of the optical and magnetic properties (fig. 5). As the comparison of the 
difference spectra (i.e., absorption after irradiation referenced to that of an unirradiated or 
bleached sample) shows, the color centres initially formed and absorbing in the visible 
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range of the spectrum, tend to rapidly recombine or transform to stable subunits, which 
have their absorption bands at shorter wavelength. 
     Fig. 6 shows the time dependence of the optical emission observed for three different 
glass compositions after irradiation with electrons. Obviously, the Zn2+ and Cd2+ ions 
interfere with defect formation and decay processes by locally trapping electrons. As a 
consequence, there is no remarkable shift in the emission spectra caused by the 
interactions with recombination centres and the radiation induced absorption decays 
faster than in the case of Ca aluminosilicate glasses. 
 

 
Fig. 5: Optical absorption difference spectra of sample Cd3 at a) 4.8·10-7 s, b) 5.0·10-6 s, 
and c) several days (amplified relative to a, b) after interaction with 3.8 MeV electrons at 
300 K.  
 
 
IV. CONCLUSIONS 
 
     The interaction of high-energy irradiation (excimer-laser operating at 248 nm, γ-
radiation and electrons) with glasses of suitably selected compositions show different 
spectral responses on the short- (µs) and long-time (days) scales. Deep and shallow traps 
in the glasses were populated by electrons and holes in dependence on the kind, dose and 
repetition time of the action of irradiation. The types of electronic defects including their 
spinrelaxation behaviour were evidenced by ESR. 
     Time resolved optical absorption and emission measurements reveal similar effects in 
the short-time range after excitation of the glasses. But, at time intervals of some seconds, 
the optical phenomena depend on the composition and microstructure of the glasses, 
indicating different structural relaxation processes. 
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Fig. 6: Optical emission spectra of the samples indicated taken a) 3.36·10-7 s 
at maximum of the electron pulse), and b) 5.05·10-7 s after interaction with 
3.8 MeV electrons 
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Abstract 
 

 Easily melting glasses on the base of tetrafluorborates with the low refractive index 
nD from 1.41 to 1.45, transparency region of spectra from  200 to 2700 nm and 
dispersion coefficient √=95-60 have been obtained. These glasses enable to substitute 
polymeric materials (optical glues) for assemble of the multimode optical quartz fiber 
into connectors.   
 The results of measurements of optical properties are presented with the respect to 
glass structure investigations that will be discussed in some details. As a rule, the 
refractive index decreases drastically, but dispersion coefficient increases with 
increasing of total amount of fluorine ion in compositions. To use the easily melting 
fluorine containing  borophosphate (FBP) glasses as optical glues for connectors, it is  
essential that the microanalysis shows formation of the reaction zone of 2µm. This 
diffusion of chemical components of FBP glass and quartz glass provides necessary 
strength of coupling of fiber and FBP glass. 

 
 
1. Introduction 
 
    The low refractive index of glasses needed for the construction knots with quartz fiber is 
provided by high content of fluorine. The easily melting fluorine containing borophosphate 
glasses (FBP), therefore, have been obtained and investigated within the system LiF - BPO4 - 
RBF4 (R=K,Na). The previous papers have presented glass structure investigations; however, 
some results concerning refractive index, spectral transparency region, and temperature 
application range have been reported [1,2]. 
    The main objective of the current investigation is to present optical properties as well as some 
operation properties of glasses obtained. Generally, these properties can be controlled by 
changing the concentration of glass forming units. The previous investigations show that 
tetrafluorborate groupings and oxidation products participate in glass structure forming process 
during glass melting. 
 
2. Experimental 
 
    Glasses were prepared using analytical reagent grades of chemicals, LiF, BPO4, KBF4 and 
NaBF4. The mixtures of 10g for compositions under research were melted at 1000oC for 0.15h in 
air. The alumina crucibles were used. Melt was poured onto a brass plate. To obtain the sample of 
10 mm thickness the amount of 50g was melted and cast into a vitreous carbon mould. 
    Optical constants were determinated for glass samples annealed few degrees below transition 
temperature (Tg). Tg was determined on the base of dilatometric measurements. The optical 
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transmission was measured with CΦ-26 spectrophotometer for well polished glass samples of 1.0 
mm thickness. The refraction index (nD) was determined for all the set of glass samples obtained 
by standard immersion liquid method. The dispersion coefficient was calculated on the basis of 
data obtained on Pullric refractometer PR-2. Raman spectra were measured on 10X10X10 mm 
well-polished samples using DFF-24 and OMAR-89 spectrometers. Spectra were exited by argon 
laser irradiation (λ=488 nm; power 1 W). Infrared absorption spectra (IR) within range 400-1600 
cm-1 were measured with Specord-75 IR spectrophotometer. The contact zone between the optical 
glue (FBP glass) and quartz was investigated using scanning electron microscope STEPEOSCA 
250 M K-3. 
 
3. Results and discussion 
 
   The glassforming area for investigated system LiF-BPO4-RBF4 (R=K,Na) is limited by the 
content of KBF4 40-65 and NaBF4 35-70 mol.%. This wide glassforming area is determined by 
presence of two glassformers: boron and phosphorus as well as by the possibility to form P-O-B 
structural groupings. Simultaneously fluorine ion can take part both in the formation of common 
glass network and in the depolymerization process of borophosphate frame. Within the melting 
process fluorine moves from the boron coordination sphere in BF4 groups to the phosphorus 
coordination sphere in PO3F groups. The main glassforming groupings of FBP glasses prove to 
be B(III)-O, B(IV)-O, P-O-B, PO3F, or PO(4-x)Fx [3-6]. 
    The phase equilibrium set up in the region with F- content 25-35 mas.% and the ratio B/P = 
2/1.2; and synthesized glasses have stabile operation properties, i.e., stabile to crystallization and 
resistant in air. 
    By variation of the ratio of borate to fluorphosphate groupings, the glass compositions with 
high fluorine content (up to 25-35 mas.%) reach the lowest values of the refractive index 
(nD=1.41-1.43). For all glass compositions under research, the value of the refractive index 
decreases as the total content of fluorine within compositions increases (Fig.1 a,b). 
 Figures 2 a,b show nD values of the particular cross-sections of the systems where content of 
BPO4 is constant. Generally, nD values of glasses in KBF4 system are lower than those in NaBF4 
system. Depending on composition, these values change from 1.498 to 1.420 in KBF4 system and 
from 1.512 to 1.448 in NaBF4 system. It is remarkable that nD is lower than 1.43 for the glass 
compositions where KBF4 initially introduced is  ≥ 65 mol.%. The tuming points in the curves 
nD=f(cF-) occur for compositions when the amount of RBF4 (R=Na, K) reaches 50 mol.%. Up to 
this, nD values decrease constantly with the amount of fluorine. Regarding structural 
investigations, these changes of physical properties appear because of significant structural 
changes of glasses. Up to 50 mol.% of RBF4 , it is assumed that fluorine is distributed within 
borophosphate frame without participation in forming of borophosphate groupings. When 
fluorine content exceeds some concentration, groupings containing fluorine were formed. 
Borophosphate frame become more open with shorter chains containing PO3F- (PO4-xFx) 
groupings. The formation of another fluorine containing groupings are possible as fluorine 
content raises. 
 



 3

 
 
Fig.1 The sample set of refractive indexes of glasses in system a - LiF-BPO4-KBF4  and b - LiF-

BPO4-NaBF4 depending on fluorine content. 
 
The values of the principal optical properties for same glasses of both tetraborate systems are 
shown in Table 1. The Refractive indexes have corresponds to wavelength of spectra as follow: ng 
- 435.8 nm, nF’ - 480.0 nm, ne - 546.1 nm, nd - 587.6 nm, and nc’ - 643.8 nm. The principal 
dispersion nF-nc and Abbe values √D were calculated. 
    As follows from Table 1, the glasses in KBF4 and NaBF4 systems have particular optical 
constants. These characteristics combine low refractive index, principal dispersion nF-
nc=0,0038÷0,0070, and high dispersion coefficient νD=68÷123. The Abbe values obtained glasses 
may exceed conventional values of optical glasses ∆νD ~30. These glasses should be found in the 
left light crown region of Abbe diagram. Besides, like fluorphosphate crown glasses the low 
particular dispersion within blue region of spectra have been founded for these glasses γg-F’=0, 
0049÷0, 0107. 
    The glasses of RBF4 (Na,K) systems have start of UV transmitance (λ0) in the region from 220 
to 260 nm. The transmission for all glasses at 300 nm have the values 20%<T<67%. the maximal 
values of UV transmission are 80÷90%, generally starting from 320 nm. λ0 for some glasses in 
KBF4 system is shifted to the lower frequency region and reaches even 30 % transmission at 200 
nm (Fig.3) [7-11 ]. 

 
 
 
 
 
 
 
 
 



 4

 

 
 

 Fig. 2 The dependence of refractive index in the system KBF4 (a) and NaBF4 (b)  glasses upon 
fluorine introduced for the cross-sections with the constant  amount of BPO4 
 
 
In order to estimate a mechanism of coupling, microanalysis of the contact zone between FBP 
glass layer and quartz was carried out [12,13]. Formation of the reaction zone in depth of 2 µm 
was observed after the thermal treatment at temperature 6000C (the temperature that corresponds 
to temperature of assembling of optical quartz fiber into connector). The reaction zone, which is 
responsible for the strength of coupling, was formed by mutual diffusion of chemical elements of 
FBP glass and quartz glass. 
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Table 1. Compositions, principal optical properties of glasses 

 
 

 
Fig. 3 UV transmission for some glasses investigated. 

 
Fig. 4 shows that at the border of quartz glass (point 1 ) the distribution of Si, P, and K is regular, 
but microanalysis of quartz glass within the depth of 1 µm from contact surface (point 2) 
indicates only the presence of silicium. The diffusion of Si from quartz glass at the border of FBP 
glass and reaction zone (point 3) does not exceed the amount of 10 %. The results well agreed 
with the results of corrosion of quartz glass within fluorine containing glass melts [14]. To use 
FBP glasses as the optical glues for connectors of optical quartz glass fiber, it is important that 
the diffusion of chemical components and corrosion of quartz glass occurs within the contact 
layer of 2µm. 
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Fig. 4 Distribution of chemical elements  in situ points: 1- quartz glass - reaction zone,    2 - 
quartz glass 1 µm depth,  3 - reaction zone-FBP glass 
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Abstract 
 

 Results of glass nature investigation by means of Rayleigh and 
Mandel'shtam-Brillouin scattering (RMBS) spectroscopy have been 
generalized. Joint analysis of RMBS, acoustic and Raman scattering data 
for glasses of simple and complex compositions showed that the major 
part of Rayleigh scattering in glasses was due to "frozen-in" concentration 
fluctuations. The latter consist of constant composition groupings which 
can be determined from Raman scattering spectra. Doped ions presumably 
enter into concentration fluctuations of a matrix. Ion-ion interactions can 
be controlled by alteration of glass former/modifier ratio in a glass matrix. 

 
 
1. INTRODUCTION 
 
 As is well-known, glass microinhomogeneity determines such properties of glasses 
as light scattering losses, optical breakdown threshold, spatial distribution of doped 
ions in a glassy matrix, etc. (1) 
 Therefore, the development of a direct structure sensitive method seems to be 
necessary to study the alteration of glass structure microinhomogeneities as a function 
of glass composition. 
 Taking into account that Rayleigh and Mandel'shtam-Brillouin scattering (RMBS) 
spectroscopy was developed for liquids and crystals earlier we can hope to resolve the 
problem of relationship between glass inhomogeneities and properties of a glass 
significant for its application. 
 It should be emphasized that Rayleigh scattering in glasses is more intensive than 
that in liquids and crystals. It seems to be an obstacle not only to glass structure 
investigation but to the development of low-scattering optical media for fiber optics. 
 The paper is aimed at consideration of RMBS spectroscopy data for both simple 
glasses and multicomponent commercial ones jointly with the data of high 
temperature acoustics and Raman scattering spectroscopy. 
 The sources of Rayleigh scattering losses in glasses and dependences of glass 
microstructure as a function of glass composition, impurity concentration and outer 
conditions may be studied by RMBS spectroscopy. As a result, the rating of glass 
systems and glass composition areas based on RMBS data may be established. 
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2. THEORETICAL BACKGROUND 
 
 As is well-known, Rayleigh scattering follows the Eq.(1): 

                 (1) 
 
where Isc, Iinc are the intensities of scattered and incident light, correspondingly, λ is 
the light wavelength, θ is the scattering angle, <∆n2> is the mean square index 
fluctuations which are caused both vibrational and translational motion of atoms. The 
latter causes elastic (Rayleigh) scattering -RS- while the former leads to modulation of 
light wave of ν=1/λ frequency with a longitudinal hypersonic wave and appearance of 
Mandelshtam-Brillouin scattering (RMBS) doublet at ν±∆νl  frequencies. 
 In the case of isotropic solids there are two doublets in a spectrum of Rayleigh and 
Mandelshtam-Brillouin scattering (RMBS) because of non-zero shear modulus in 
solids. The shifts may be found from Eq.(2,3): 
 

                  (2) 
 

                  (3) 
 
where νl, νt are the velocities of longitudinal and transverse hypersonic waves, 
correspondingly, c is the light velocity. 
 As a result, the ratio of RS and MBS components (the so-called Landau-Placzek 
ratio) may be expressed from medium parameters as follows: 
 

                   (4) 
 
where βT and βS are the isothermal and adiabatic compressibilities[2]. 
 Eq. (4) works poorly for liquids because relaxation properties of a liquid should be 
taken into account. 
 It should be emphasized that RL-P of a glass exceeds that of a liquid or a crystal 
significantly. This fact was explained in terms of "freezing-in" fluctuations theory in 
accordance of which the index fluctuations determining RS intensity correspond the 
temperatures close to the glass transition temperature Tg[3,4]. 
 It means 
  

              (5) 
 
where Rρ, RC, Ran, Iρ, IC, Ian are the contributions into RL-P from "frozen-in" density, 
concentration, and anisotropy fluctuations. 
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 Ran may be estimated from depolarization coefficients with typical values of 0.02-
0.10. Rρ may be calculated from high-temperature acoustic data by means of Eq(5): 

                  (6) 
 
where βTg° = ( ρν0

2)-1 is the static isothermal compressibility at Tg, νi and νTgºare the 
high frequency and static sound velocities at T and Tg, correspondingly. 
 Hence, a RMBS spectrum gives us an opportunity to separately estimate 
contributions into RS losses, αs and study of chemical inhomogeneity of glasses. 
 
3. RESULTS AND DISCUSSION 
 
3.1. LOW-SCATTERING GLASSES 
 As follows from RMBS spectra and results of high-temperature acoustic studies, 
sodium-silicate and sodium-borate glasses are characterized by the contribution of 
"frozen-in" concentration fluctuations into Rayleigh scattering losses not less than 
50%. 
 Fig.1 shows multicomponent commercial glasses which are more scattering than a 
silica glass. As shown in Table 1, it is caused by the contribution of concentration 
fluctuations Rc as high as 93%. 
 

 
Fig.1. Relative scattering losses, αs/αs

SiO2, of commercial glasses as a 
function of their indices. 

 
 
 



 4

Table.1. Landau-Placzek ratios and the contributions of 
frozen in" density and concentration fluctuations for some 

Russian commercial glasses. 
Glass Rρ* RL-P RC RC/RL-P 

F1 9±2 130±10 120±10 0.92 

K15 8±1 30.0±0.5 22±1 0.73 

K8 15±3 50±1 35±4 0.70 

TF1 7±1 150±10 140±10 0.93 

    *Note: Calculated from the data of Dr.V.Bogdanov. 
 
 If Rρ is negligible,  
 

  
 
It means that low-scattering glass compositions should be sought among highly 
chemically homogeneous glasses or in the vicinity of extreme points of n-C curves. 
Indeed, the latter path may be followed in phosphate glass systems and low-scattering 
glass compositions have been found in alkalialuminaphosphate systems. RS losses of 
phosphate glasses may be reduced to 60% of that of silicate glass [5]. 
 In the case of Na2O-B2O3, Na2O-SiO2, Na2O-GeO2, K2O-GeO2, NaF-GeO2, KF-
GeO2 glassy systems we showed that "frozen-in" concentration fluctuations are the 
fluctuations not of oxides or atoms, but of constant composition groupings (CCGs) 
which play a role of actual components of glass forming systems and may be 
determined from Raman scattering spectra. Therefore, low values of <∆C2> 
characterize glasses consisting of CCGs of a single type without or with a minor 
amount of CCGs of another type. On the contrary, glasses containing CCG of two 
types of comparable contents are characterized by high Rayleigh scattering intensity 
[1]. Such behavior of Rayleigh scattering is similar to that in two component solutions 
[6]. 
 
3.2. DOPED IONS SEGREGATION 
 In 60s G. Karapetyan put forward the idea of non-random distribution of rare-earth 
ions in glassy matrices (activator segregation phenomenon). As a result, the glass 
composition dependencies of quantum yield of luminescence, life time of excited 
states, efficiency of ion-ion interaction, etc. have been explained by selective entering 
of doped ions into glass matrix inhomogeneities [7]. If so, we can expect correlation 
between RMBS and luminescence spectroscopy data. 
 As shown in Fig.2, segregation of rare-earths leads to an increase in RL-P as 
compared to undoped glasses ("decoration" of microinhomogeneities) because of the 
growth of index difference between a microinhomogeneity and its surrounding. 
Meanwhile, the segregation causes concentration quenching of Yb3+ luminescence 
and enhance of cooperative interaction between Yb3+ and Tb3+ ions [8]. 



 5

 
 

Fig.2. Composition dependencies of potassium-germanate glasses doped 
by 1 mol% Tb2O3   and 1 mol% Yb2O3: (a) efficiency of cooperative 
sensibilization of Tb3+ ions by Yb3+ ions  (1), decay time of Yb3+ 
luminescence (2) [8]; (b)  Landau-Placzek ratio for doped (1) and 
undoped (2) glasses. 

 
 Segregation of lead into potassium silicate microinhomogeneities of K2O-PbO-
SiO2 glasses explains RS losses as a function of potassium oxide on flint glasses [9]. 
Segregation of niobium into alkali borate microinhomogeneities of alkaliborosilicate  
glasses leads to their "decoration" that is an increase in both Landau-Placzek ratio and 
light scattering losses [7]. Accumulation of niobium ions into alkali enriched 
microinhomogeneities of alkali silicate glassy matrix causes the growth of 
segnetoelectric microcrystals under the influence of heat treatment [10]. 
 
4. CONCLUSIONS 
 
1. Analysis of RMBS spectroscopy results and high-temperature acoustics data makes     
 it  possible to separate the contributions into Rayleigh scattering intensity by 
 glasses from those “frozen-in” density, concentration, and anisotropy  
 fluctuations. 
2. Low scattering glass compositions may be found on the basis of RMBS data. 
3. Being controlled by RMBS spectroscopy the spatial distribution of doped ions are 

varied by alteration of glass matrix composition. 
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 Abstract 
 

 The typical turquoise colour of a commercial glass is due to cupric  ions. The hue 
of the colour depends on the melting temperature of the  glass, the concentration of 
copper and the content of minor ingredients  such as iron oxide and refining agent in 
the glass. The influence of  these factors on the colour intensity and hue was tested by 
melting a  soda-lime glass in an electric laboratory furnace. Decreasing the   melting 
temperature changes the hue slightly towards the blue region of the visible spectrum. 
The intensity of the colour fades with an increased melting temperature. The blue hue 
of the colour fades also with increased iron as well as antimony oxide content of the 
batch. Thus, changes in the thermal history of the glass or in content of refining agent 
or other minor components like impurities in the raw materials affect the colour 
intensity and hue. 

 
 
1. BACKGROUND 
 
 Calculating a batch to give a glass with a desired colour still requires experiments performed 
according to the laborious trial and error method. On the other hand, modelling the colour 
generation in commercial systems containing several components is a tremendous task as the 
factors influencing the colour intensity and hue depend on many different variables. Fortunately, 
the overall trends for colouring are well known and applied in glass melting practice. The most 
important colouring factor states that the colour intensity and hue depend on the amount and 
properties of the colouring agents, often transition metal ions, added to the glass. Changes in base 
glass composition or melting parameters like furnace atmosphere and temperature are known to 
affect the colour. Most colouring agents also interact with reducing or oxidizing agents, i.e. other 
minor components, in the melt. However, the effect of some minor changes on a specific colour is 
not explicitly given in literature. 
 The goal of this work is study how the blue copper colour a particular commercial base glass is 
affected by changes in the melting parameters like temperature or by other redox ions present in 
the glass. The results are reported both as the absorption caused by the cupric ion and the colour 
sensation observed. Some of the absorbance values measured can be used to calculate the 
extinction coefficient of the cupric ion and the cuprous-cupric equilibrium in the base glass 
according to an optical method recently published by Cable et al (1989,1992,1992). However, 
their model is valid for glasses containing only one redox ion. This condition is seldom satisfied 
by commercial glasses. 
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2. EXPERIMENTAL 
 
 The experimental glass used was a commercial soda-lime pelletized batch available as Philips 
Brilliant 2500. For the colouring experiments the pellets were ground and the colouring oxide 
added to this pulverized mixture before melting. The chemical composition for the glass is given 
in Table 1 both as reported by the manufacturer and as analysed. 
 
 
   Table 1.  The chemical composition of the base glass in weight-%. 
                   A) according to the manufacturer,  B) analysed. 
 

Oxide A B 

Si02      
B203    
Al203   
Li20    
Na20   
K20     
Mg0    
Ca0     
Zn0     
Ba0     

Fe203  
Sb203  

 

65  
- 
1 
- 

12 
4 
2 
6 
1 
7 
- 

0.9     

64.50 
  0.30 
  1.43 
  0.46 
11.70 
  3.80 
  1.94 
  5.00 
  2.81 
  6.40 

    0.038 
  0.60 

 
 
 The commercial batch with different additions of copper oxide was melted in an electric 
laboratory furnace. The size of the melts was about 250 g and the melting time 4 hours. The 
commercial batch was melted at three different temperatures, 1353, 1400 and 1450oC. The 
temperatures were chosen according to the experiments by Cable et al in order to enable a 
comparison between different glass systems if desired. The glasses were poured into a graphite 
mould to form rectangular samples of a thickness of roughly 1 cm. In order to estimate the effect 
of antimony oxide on the colour a batch based on the theoretical composition but without 
antimony oxide was mixed using commercial raw materials. The influence of iron oxide on the 
copper colour was studied by glasses with more iron but no antimony oxide. All antimony-free 
glasses were melted at 1400 oC. 
 The absorbance of the carefully annealed glass disks was analysed spectrophotometerically 
(Perkin Elmer Lambda 2 UV/NIS Spectrometer) using an integrating sphere (RSA-PE-20). All 
the measured values are calculated to correspond to 1 cm glass thickness. The glass colours were 
compared both photometrically in terms of colour coordinates and visually. The photometeric 
determination was done from the transmission spectrum for 1 cm thick glasses. The colour 
coordinates were measured according to the CIE system using illuminant D6500 corresponding 
the average daylight conditions. These data were drawn in a CIE (x,y) -chromaticity diagram, 
from which the dominating wavelength of the colour for each glass was determined graphically. 
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3. RESULTS AND DISCUSSION 
 
I. Cupric  absorption 
 
 The typical turquoise colour of glasses containing copper is due to the cupric ion absorbing 
visible wavelength with a maximum value at roughly 780 nm. Also in oxidized glasses copper 
can exist as cuprous ions having no visible absorption. The colour intensity of the glass depends 
on the total copper content and the ratio between the two copper ions in the glass. The influence 
of the melting temperature as well as the total copper content on the cupric absorption for the 
glass melted from the commercial pellets is given in Figure 1. The figure shows that the intensity 
increases with decreasing melting temperature at a specified total copper content. This same trend 
was observed also by Cable et al when using three component systems. However, for the 
commercial batch the increase in the maximum absorbance is not linear like was found for the 
ternary systems by Cable. This difference probably depends on the effect of the other redox ions 
present in the commercial batch, i.e. the refining agent antimony oxide and the iron impurity in 
the batch materials used. 
 Eliminating antimony oxide from the glasses drastically increases the cupric absorption at a 
specified total copper content, cf. Figure 2. The maximum absorption increases roughly by a 
factor of four when the refining agent is eliminated. In other words, four times more copper oxide 
is needed to achieve the same colour strength when the glass contains 0.6 per cent antimony 
oxide. Naturally this result is valid only at 1400 oC for the glass composition used. 
 The difference in the cupric absorption between the two glasses in Figure 2 is due to the 
reaction of antimony oxide with copper oxide. All other possible factors like glass basicity and 
structure were equal but for minor additions. The reaction between the two redox ions can be 
described as 
 
                   2 Cu2+ + Sb3+ = 2 Cu+ + Sb5+                (1 ) 
 
giving that one mole antimony (III) ions is needed to reduce two moles cupric ions. A 
stoichiometric calculation for a complete reduction of cupric to cuprous by antimony oxide gives 
that the amount available, 0.60 weight-% Sb203, is capable to reduce 0.66 weight-% CuO. 
However, Figure 2 shows that the cupric absorbance increases also at lower total copper contents 
than 0.66 %. This means that reaction (1) is an equilibrium reaction. At higher copper contents all 
the antimony oxide is used up meaning that the cupric absorbance should increase with the total 
copper content analogously to the base glass. So far compositions with higher total copper 
contents have not been tested. However, the supposed trends in cupric absorbance will be limited 
to a certain total copper range. 
 Figures 2 also shows that glasses with no copper oxide have a relative absorbance value of 
about 0.1. This value depends on the bulk glass absorbance and the surface reflection losses at the 
glass-air interfaces. According to Cable (1992) surface reflection losses made the main 
contribution in three component soda-lime-silica glasses. The absorbances for the commercial 
glass systems both with and without antimony oxide increase with the copper content at roughly 
the same manner up to some 0.12 % CuO. At greater total copper the glass without antimony 
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oxide shows a steep and roughly linear increase in the maximum absorbance. The delayed onset 
of the cupric absorbance is assumed to depend on the iron impurities in the raw materials. 
 The effect of iron was examined by different copper-iron combinations in a batch without 
antimony oxide. Some results from these experiments are given in Figure 3. The figure also gives 
the absorbance maximum for the glass containing antimony oxide and different copper oxide 
additions. 
 Iron oxide clearly depresses the cupric absorption peak. At a total copper content of 0.1 
weight-% the two lower iron contents used, 0.038 and 0.098 weight-% are already sufficient to 
reduce all cupric to cuprous according to reaction (2). 
 
                    Cu2+ + Fe2+ = Cu+ + Fe3+                  (2) 
 
 At higher copper contents the maximum absorbance is likely to increase for both glasses 
linearly with the total copper content. The glass containing a higher iron content, 0.63 % Fe203, 
has somewhat smaller maximum absorption than the antimony glass containing the same amount 
of copper oxide. When stoichiometrically compared to each other, this iron content is found to be 
about 4 % less than the antimony content of the commercial batch. Thus the iron can be assumed 
to have a slightly higher reducing power than antimony in the glass examined. This result agrees 
with the series for the metals in order of increasing ease of oxidation where antimony is located 
just below iron (Bamford 1977). In the series referred copper oxide is located below the two other 
redox ions, which means that it is easily reduced by them. 
 It should be pointed out that for none of the examined glasses the maximum absorption for 
cupric ion was overlapped by the absorption of ferrous iron in the near infra-red region of the 
spectrum. Thus, the measured absorption maximum is a direct measure of the relative amount of 
cupric ion present in the glass. However, the total sensation of the colour is the result from the 
interaction between the glass and light within the whole visible spectrum together with near UV 
and IR. 
 
II. Glass colour 
 
 Despite the fact that the cupric maximum absorbance at a certain total copper content hardly 
shifted the colour of the glass is clearly different for glasses containing either antimony or iron 
oxide. The location of the experimental glasses in a CIE-Chromaticity Diagram are given in 
Figure 4. At a first glance all but the glass with the highest iron content have roughly the same 
colour albeit a different colour intensity. However a more careful examination of the colour 
coordinates and also a bare visual subjective sensation of the glasses states that there are clear 
differences between the glass colours. 
 The glass with the lowest iron content and no antimony has the bluest colour of all 
corresponding to 485-480 nm in terms of dominating wavelength. The colour changes towards 
the shorter wavelengths, i.e. more blue region, when the total copper is increased. This change is 
likely to depend on a slight shift of the cupric absorption towards shorter wavelengths. The colour 
of these glasses is clearly stronger than of the glasses containing a corresponding amount of 
copper together with antimony or iron. Antimony containing glasses are blue-green with a 
dominating wavelength of roughly 485-488 nm. The shorter wavelengths are typical for glasses 
melted at a lower temperature and with a higher total copper content. Small amounts of iron only 
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slightly change the dominating wavelength of the colour compared to antimony glasses. A value 
of 488-489 nm is typical for the glasses studied. However, the colour of the glass with the highest 
iron content has a clear green hue typical to iron but still with a slight trace of copper blue in it. 
The dominating wavelength of the colour is just below 520 nm, i.e. in the green region of the 
visible spectrum. 
 
4. CONCLUSIONS 
 
 The maximum absorption of cupric ion giving the typical blue-green colour in a commercial 
soda-lime glass depends on the amount of total copper in the glass, but also on the other redox 
ions simultaneously present. The maximum absorption caused by a given total copper content 
decreases when the glass also contains antimony or iron oxide. Also the hue of the colour changes 
towards more turquoise from the original bluer one in glasses with antimony or iron present 
simultaneously. At higher iron contents the cupric absorption still is close to the values typical for 
the other glasses with two redox ions but the colour is drastically changed. 
 
 
REFERENCES 
 
Bamford, C. R. (1977) Colour Generation and Control in Glass, Glass Science 
and Technology 2, Elsevier, Amsterdam. 
Cable, M. and Xiang, Z. (1989) Glastech. Ber. 62,11, 382-388. 
Cable, M. and Xiang, Z. (1992) Phys. Chem. Glasses, 33, 4,154-160. 
Cable, M. and Meghirditchian, J. J. (1992) Bol. Soc. Esp. Ceram. Vid. 31-C, 4, 
175-180. 
 

 
 
      Figure 1. Cupric absorbance vs. total Cu0 for glasses  
         containing 0.60 wt-% Sb203. 
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Figure 2. Cupric absorption vs. total 
copper for glasses melted at 1400 oC. 
 
 

Figure 3. Cupric absorption  vs.  total 
copper for glasses containing antimony or 
iron oxide as specified. Melting at 1400 oC. 

 
 

 
    Figure 4. Colour coordinates for the experimental glasses. 
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 Abstract 
 

 The physical and chemical properties of glass are to a great extent determined by 
composition, method of forming and the condition of the glass surface. During 
manufacturing  processes, chemical reactions will occur on the freshly formed glass 
surface through interaction with the environment and by contact with forming 
equipment and process related aids. During secondary glass treatments and processes 
for improvements in  mechanical, optical or chemical properties, chemical reactions 
at the glass surface as well as diffusion and ion exchange processes in the surface 
layer of the glass will take place. Reaction mechanism and methods for prevention of 
surface defects, protection of glass surfaces and modification of glass surface 
properties through applied surface chemistry will be discussed. 

 
 
I. INTRODUCTION 
 
 The physical and chemical properties of glass are to a great extent determined by composition, 
method of forming and the condition of the glass surface. In all four major sectors of commercial 
glass products, i.e. flat glass, container glass, fiberglass and specialty glass, the condition of the 
glass surface will be a decisive factor for the quality and performance of the glass product with 
regard to optical transparency, mechanical strength and chemical durability. During 
manufacturing processes, chemical reactions will occur on the freshly formed glass surface 
through interaction with the environment and by contact with forming equipment and process 
related aids. During secondary glass treatments and processes for modifications or for 
improvements in mechanical, optical or chemical properties, chemical reactions at the glass 
surface as well as diffusion and ion exchange processes in the surface layer of the glass will take 
place. Large scale technologies have been developed for reduction of surface defects and 
protection of the glass surface as well as for surface modification by chemical reaction or thin 
film deposition [1]. 
 
II. SURFACE REACTIONS ON GLASS. 
 
1. Float Glass - Hot End Reactions 
 In the float process, a continuous ribbon of glass is being formed on a bath of molten tin [2]. A 
reducing atmosphere must be maintained in the bath to protect the metallic tin against oxidation. 
Schematically the float bath can be described as a chemical reactor consisting of four stratified 
layers of materials or reaction zones in the following order from top to bottom: 
Zone I  : Reducing - bath atmosphere hydrogen/nitrogen. 
Zone II  : Oxidizing - molten glass in an oxidized state from melting. 



 2

Zone III : Reducing - molten tin metal in contact with hydrogen. 
Zone IV : Oxidizing - refractory oxides in contact with outside air. 
 In the horizontal dimension, the temperature decreases gradually from approximately 1100oC 
at the bath entry to 600oC at the bath exit. The decrease in temperature is associated with an 
increase in viscosity of the glass by several orders of magnitude, which will slow down diffusion 
and ion exchange processes in the glass. 
 The formation of a continuous ribbon of molten glass in the hot end sector of the float bath is 
associated with a drastic change in redox conditions [3]. Entering the bath from oxidizing 
conditions in melting and refining, the glass suddenly gets exposed to strong reducing conditions 
both from the hydrogen in the bath atmosphere and the molten tin metal in contact with the 
bottom surface of the glass. Consequently, a number of ion exchange and redox reaction will take 
place, particularly at the glass/ molten tin interface, which can lead to significant changes in 
composition and condition of the glass surface [4]. 
 In the first stage of reactions at the hot end section of the bath, iron oxide migrating from the 
interior of the glass to the bottom surface will be reduced at the glass / tin interface to metallic 
FeO, thereby oxidizing metallic SnO to SnO. Assuming that molten metals are insoluble in oxides 
and vica versa, oxides are insoluble in molten metals, it follows that the reduced iron will 
dissolve in the tin bath, and the oxidized tin will be 
picked up by the molten glass: 
 
FeO[Glass] + Sno

[Molten Tin] →Feo
[Molten Tin] + SnO[Glass]            (1) 

 
As the tin bath containing dissolved iron moves downstream with the flow of the glass ribbon, it 
will react with ingressing oxygen: 
 
Feo/Sno

[Molten Tin] + O2 →FeO/SnO[Glass]                (2) 
 
Iron has a lower oxidation potential than tin and therefore will act as a ,scavenger for oxygen. The 
oxidation products FeO and SnO are insoluble in the molten metal, but will dissolve readily in the 
glass surface, where they can enter the soda-lime-silica structure either as silica network 
modifiers or in an ion exchange reaction with calcium: 
 
(Fe/Sn)2+

[Surf] + Ca2+
[Struct] → (Fe/Sn)2+

[Struct] + Ca2+
[Surf]            (3) 

 
In the divalent ion exchange process depicted in Equation (3), calcium oxide will be displaced 
from its network modifier position and will be forced to the surface. Since CaO is insoluble in the 
molten tin, it will be trapped at the glass/tin interface as a deposit on the bottom surface of the 
float ribbon. As the glass is leaving the protective atmosphere of the bath, CaO will react 
immediately with the environment, especially with CO2, SO3 and H2O, to form a hazy film 
commonly referred to as "calcium scum". Removal of the calcium scum, consisting mainly of 
crystalline CaCO3, requires the addition of an acid, typically acetic acid, to the line washer. 
 Removal of the "bottom surface haze or scum" by acidic washing is only a corrective and 
somewhat costly procedure. Prevention of that defect must begin with the control of oxygen 
infiltrating the float bath atmosphere, causing oxidation of molten tin/iron to the respective 
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oxides, by providing tight seals and sufficient hydrogen levels in the atmosphere to maintain 
reducing conditions throughout the float bath. 
 
2. Corrosion and Protection of Flat Glass Surfaces 
 Corrosion of flat glass is to a large extent a function of the environment to which it is exposed 
[5]. At the installation site, flat glass will usually face dynamic rain or condensation run-off or 
evaporation conditions. As a result, a rather uniform dealkalized surface layer will develop which 
will protect the glass against severe corrosion. In package, however, i.e. from wareroom through 
transit and storage, static conditions prevail in which condensate trapped in capillary spaces 
between adjacent glass surfaces can reach high pH levels and consequently will cause severe 
corrosion. 
 In alkaline media with pH above 9.0, the glass corrosion will proceed by hydroxyl ion attack 
on siloxane bonds, leading to a breakdown of the silicate network and extraction of silica: 
 
≡Si-O-Si≡  + OH-  → ≡Si-OH  +  ≡SiO-                                   (4) 
 
The key to prevention of flat glass corrosion in package is the neutralization of extracted alkali to 
keep the condensate between glass sheets below the critical pH of 9. At higher pH, alkaline attack 
on the silicate structure (Eqn.4) will cause severe corrosion and permanent damage to the glass 
surface known as "stain". Uniform coverage of the glass surface with the neutralizer for extracted 
alkali is another critical requirement for stain prevention. Condensation accumulating in an area 
without coverage, particularly around particles applied for mechanical separation, will cause a 
spotty corrosion pattern known as "measles". 
 The PPG W-Interleaving system provides superior stain protection for flat glass in package 
through a uniform coverage of the more vulnerable top surface with a layer of crystallized mixed 
organic   acids with a buffering range between pH 3 and 7 [6]. 
 
3. Non-Wetting Coatings on Glass 
 Clean glass is wetted by water due to the hydrophilic character of the oxide glass surface. In 
order to make the glass surface water repellent, the surface energy of the glass substrate must be 
reduced by blocking reactive sites at the surface with molecular layers of paraffinic, olefinic or 
fluorinated hydrocarbons, or by deposition of thin films of hydrophobic substances such as waxes 
or organic polymers or organopolysiloxanes. 
    The most critical factor for the efficiency of water repellent surface treatments by molecular or 
polymeric films is the development of durable bonding to the glass substrate. The main reactive 
sites on the glass surface are silanol groups, single bonded negatively charged oxygens and, to a 
lesser degree, double bonded network forming oxygens. Due to the partial negative charge of the 
surface, cationic surfactants are known for relatively strong adsorption on the glass surface. More 
durable bonding can be achieved by adsorbing multivalent cations such as chromium or tin on the 
glass surface, then treating the surface with aqueous solutions of water soluble stearates, oleates 
or fluorosurfactants which develop chemical bonding with the adsorbed multivalent cations and 
form water-insoluble films at the surface [7]. 
    Organosilicone or siloxanes, organotin and organotitania compounds with reactive or 
hydrolyzable groups (-Cl, -OR) do not require adsorbed cationic "anchors" but attach directly to 
the glass surface through hydrogen bonding and condensation with surface silanol groups. These 
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films can provide long lasting repellency and lubricity to the glass surface for protection against 
scratches and other mechanical damage. 
    The most durable water repellent glass surface can be produced by treatment with reactive 
fluorinated silanes [8]. Whereas adhesion of silicone coatings depends on weak chemical bonding 
of a highly cross-linked polymer film to the glass substrate, the strong adhesion of these repellent 
coatings on glass is the result of strong reaction bonding of monomeric fluorinated silanes. The 
high contact angle (115o) of water on the treated surface indicates an outward orientation of the 
perfluoro-chain so that the most repellent -CF3 groups are lined up in the outmost layer facing the 
water. Surface preparation of the glass substrate is very critical, because any contamination would 
reduce bond density and with it not only efficiency but also the durability of the repellent coating. 
 In addition to weather resistance, rain repellency and soil release properties, the treated glass 
exhibits a smooth surface finish that will improve scratch resistance and chemical durability of 
the glass without affecting hardness, strength, color or other optical properties. 
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Abstract 
 

EMF investigation of Na2O-RaOb (R=P, Si, B, Ge) and Na2O-Q2O3-SiO2 (Q=B, 
Al) melts is carried out over a glassforming range. Temperature range under study is 
800-1400 K. A complete set of thermodynamic properties, both partial and integral, 
is calculated being referred to the corresponding properties of the pure oxides. The 
results is discussed in terms of acid-base interaction in melt. Chemical structure of 
the melts is simulated from the ideal associated mixture model. On this basis an 
account for "germanate" and "borate anomalies" is proposed. 

 
 
1. INTRODUCTION 
 
 During last several years we have been performing a systematic thermodynamic investigation 
of a great variety of slag and glassforming melts. We have summarised a valuable experimental 
information about electrochemical processes and thermodynamic properties of alkali-borate, -
silicate, -germanate, -phosphate, -borosilicate and-alumosilicate melts. The comprehensive 
thermodynamic and acid-base information is very important both in theoretical and practical 
terms. The results obtained being interpreted from the acid-base interaction theory is the basis to 
describe such an important aspects of properties and structure of melts, as chemical properties, 
association phenomena, polymerisation and Red-Ox equilibrium. Reliable information is reached 
from the experiments by EMF technique over the temperature range 800 -1400 K: 
- a complete set of the thermodynamic properties, both partial and integral, for the melt of the 
following systems: M2O-SiO2 (M=Li, Na, K, Cs), M2O-GeO2 (M=Li, Na), M2O-B2O3 (M=Li,Na, 
Cs), M2O-B2O3-SiO2 (M= Li,Na, Cs), M2O- Al2O3-SiO2 (M=Li, Na), Na2O-P2O5 
- identification of a devitrification phenomena and an evaluation of its area for the metastable 
oxide melts 
- identification of the melt crystallisation raising and evaluation of the crystal phase amount. 
 On practical term these results contribute a lot to an extension of the Thermodynamic Data 
Bank. Moreover, the results discussed in terms of acid-base interaction conception enable us to 
develop the theory of melt mixture structure. On the other hand these data allow us to evaluate 
conditions of glass, ceramic and glass-ceramic manufacture from raw materials for the 
construction of buildings. 
GeO2 - and P2O5-containing glasses seem to be very promising to develop new materials using 
for non-linear optic, computers, fibers and waveguides. Employment of natural sodium products 
is of importance for a cleaner environment. 
 
2.EXPERIMENTAL 
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 The aim of this paper is to collate the results of the thermodynamic study of Na2O-RaOb (R=P, 
Si, B, Ge) [1-5] and Na2O-Q2O3-SiO2 (Q=B, Al) [6] melts which we have done by electro-motive 
force technique over a glass-forming range. An unconventional variant of a concentration 
galvanic cell with a transfer has been worked out, two air platinum electrodes and direct contact 
between the reference melt and the melt under study being employed: 
 
 (O2) Pt|  test melt : reference melt| Pt (O2) 
 
As a reference system, 31.95Na2O ·16.82Al2O3·51.23SiO2 precrystallized glass has been used for 
all the experiments in order to results for various melts could be easily comparable. 
 Taking into account a reversibility of the platinum electrode with respect to oxygen according 
to the reaction: 
 
 O2- =1/2O2 + 2e 
 
and a conductivity due to the only alkali cation, the EMF values of the cell is given by: 
 
 E= R T/2F (a Na2O′- a Na2O′′) = 1/2 ξ (µNa2O′-µNa2O′′) 
 
From the temperature dependencies of the EMF values relative partial properties of sodium oxide 
has been calculated. Using Gibbs-Duhem's equation a complete set of the thermodynamic 
properties (partial properties of a glass-forming oxide and integral ones) has been calculated as 
well. 
 We have developed an unconventional way to normalise these thermodynamic data to the 
corresponding properties of pure oxides, while the common way is the only comparison to a 
reference melt [7-9]. A good agreement is noted between our normalised data and that of [7-9] 
recalculated according a schema proposed by us [1-5]. To normalise the data for Na2O-SiO2 and 
Na2O-B2O3 melts the thermodynamic properties of sodium metasilicate and sodium metaborate 
have been used, which are known from a current reference literature. Thermodynamic properties 
for any compound of other above Na2O-containing melts not being available in the literature, we 
have transformed the data obtained to the pure oxides according to formula cited in [3,4]. The 
accuracy of the chemical potentials, partial entropies and enthalpies of the components 
determined has not been worse than ±0.6 kcal/mol,  ±1.3cal/(K· mol)  and  ±2.0 kcal/mol, 
respectively. Figures 1-3 compare the chemical potentials and partial entropies values for various 
melts. 
 
3. RESULTS and DISCUSSION 
 
 It is established that the formation of all above melts from the initial oxides is accompanied by 
a considerable negative deviation from the ideal behaviour of Gibbs free energies and enthalpies. 
Table compares Gibbs free energies and enthalpies of various sodium-containing oxide melt 
formation. 
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Figure 1. Chemical potentials of Na2O in various oxide melts at 1300 K. 
1- Na2O - SiO2 2-Na2O - GeO2 3-Na2O - B2O3 4-Na2O - P2O5 (1073K) 

 
This gives evidence for a strong chemical interaction between Na2O and above acid oxides, 
which being considerably different in their chemical nature follows the patterns seen in acid-base 
interaction. This negative deviation is found to increase in order: sodium- silicates <germanates < 
alumosilicates < borosilicates < borates< phosphates. This is due to the strong chemical 
interaction between initial oxides resulting in the formation of salt-like groupings constituting the 
melt. The latter are most likely similar in their stoichiometry and thermal effects of formation and 
to some extent in structure to those of the crystalline compounds available in the system 
according to the phase diagram. The experimental data show that sodium oxide is almost entirely 
bound into compounds even at high temperature(800-1400K). For example, in the sodium 
metagermanate melt the Na2O activity is found to be less than 10-8, and in sodium metaphosphate 
melt this value does not exceed 10-21. So, chemical structure of the melts is suggested to be 
determined by equilibrium coexistence of the compounds which formation is most relevant in the 
melt at given composition. These are the reasons for choosing the ideal associated mixture model 
to simulate the thermodynamic properties and chemical structure of above melts. On the basis of 
extensive results accumulated in our earlier studies [1-6] we have concluded that this model 
provides the most adequate description of the thermodynamic behaviour of the systems formed by 
components which are different in their nature, remaining rather simple in computation without 
the adjustable parameters. According to an assumption made in this model the melts of such 
systems can be considered as ideal solutions of the above mentioned compounds. 
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Figure 2. Chemical potential of Na2O in borosilicate (1,2) and alumosilicate (3,4) melts. 

X(Na2O):1-0.33, 2-0.15, 3-0.20, 4-0.30. T=1300 K. 
 

Table. Enthapy of formation of sodium-containing melts at 1300 K in kcal/mol 
X (Na2O) Na - Si Na - B Na - Ge Na - P (1073K) 

0.1 -4.4 -9.3 -6.6  
0.2 -10.3 -18.2 -13.3  
0.3 -17.5 -23.6 -19.5  
0.4 -23.7 -26.3 -25.6 -44.6 
0.5 -28.8 -27.2 -31.0 -53.7 
0.6   -32.8 -60.6 
0.7    -64.7 

 
 
We have applied to each of reactions of any compound formation in all above melts both the 
mass action law and equations of material balance for given composition of the melts. It yields to 
the  
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Figure 3. Partial molar entropy of Na2O in { x Na2O + (1-x) RaOb }. 

 1- 3 at 1300 K, 4 - at 1073 K. R:1- Si; 2 - B; 3 - Ge; 4 - P. 
 
system of equations for each oxide melt, which solution using the data on the equilibrium 
constants of reactions permitted "the true molar fractions" of reaction participants to be 
calculated. For each compound a range of existence and maximal content within the limits of the 
range are estimated. Figure 4 shows the abundance of various compounds at given composition in 
the melt. The good agreement between the experimental data and simulated ones confirms a 
relevancy of the model to describe adequately melt chemical structure and properties. Moreover, 
computer simulated data correspond well to that calculated from NMR and Raman spectroscopy 
data [10]. 
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Figure 4. Simulation of the chemical structure of { x Na2O+(1-x) P2O5} 

-T=1073K; - - - T=873K ; •, ◊, ♥- results from reference [10] at T=298K: 
 • - x=0.5;  ◊ - x=0.666;  ♥ - x=0.75. 

 
 
 In Na2O-B2O3-SiO2 melts an equilibrium between sodium borate and sodium silicate structural 
units is observed. But the equilibrium is shifted to sodium borates formation. It is due to more 
negative meanings of  ∆Gform values for sodium borate compounds than for silicate ones. Taking 
into consideration the differences in Na2O chemical potential and Gibbs free energy values for 
silicate and borate subnetwork (Fig.2, Table), one may propose, that the first step of the process is 
the sodium tetraborate grouping's formation. Di-, metaborates and di- and metasilicates are 
formed when Na2O content increases. By contrast, in Na2O-Al2O3-SiO2 melts the equilibrium 
between sodium aluminates and sodium borates is dramatically shifted to the formation of latter 
ones. Some decrease in chemical potential values when Al2O3 substitutes B2O3 (Fig.2) results 
from the equilibrium shift of the reaction occurring in the melt towards the formation of more 
stable compound. In a given composition range it is a ternary compound Na2O·Al2O3 nSiO2. 
 A complicated character of the entropies concentration dependencies is noted for binary 
sodium oxide systems, as seen in Fig.3. We have attempted to account for this non-monotone 
behaviour by the change in relative content of compounds, available in the melts. As seen from 
Fig.4, the chemical structure of sodium phosphate melt changes with Na2O content increase. It 
varies from the chains of PO4 tetrahedra in pure P2O5 to metaphosphates (tetrahedra with one 
non-bridging oxygen atoms) and than to pyro- and orthophosphates (two and three non-bridging 
oxygen, respectively). The contributions from different compounds to the chemical constituents 
of partial and integral entropies are in accordance with the above structural changes in melts. We 
have derived in [3] an equation for the partial entropy of the components, the number of moles of 
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arisen compounds and the entropies of their formation from oxides being involved. In sodium-
borate and -germanate melts the occurrence is established of the compounds in which the co-
ordination numbers of boron and germanium atoms vary as follows: B3→B4, Ge4→Ge6. These 
compounds provide a considerable negative contribution to partial entropies of alkali oxides. This 
fact accounts for availability of minima in the curves of the dependencies  ∆(Na2O) = 
f(X(Na2O)) in the low alkali regions where the number of such groupings is large. Such a non-
monotone behaviour of a number of physical and chemical properties appropriate to alkali-borate 
and alkali-germanate systems is called "borate" and "germanate anomaly". 
 The same idea outlines the consideration of the chemical potential values dependencies seen in 
Fig.1. Bends of the curves are obsenred which fall out the limits of error. These data present 
evidence for a concentration fluctuation. There is no reason to relate this to miscibility gap. They 
are most probably due to the change in chemical structure of the melts. The curve is 
comparatively flat in the region where any compound just arises. But it becomes steeper when the 
greatest amount of the given compound is reached. 
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 Abstract 
 

 Many macroscopic properties of glasses are strongly influenced by the 
microstructures. To use these structure-property correlations for quality 
control and the development of new glasses, powerful analytical methods are 
needed. The investigation of industrial glasses has shown that electron spin 
resonance (ESR) is a sensitive tool to detect oxidation states and defects 
including the corresponding microstructures in glass products. First 
comparisons between ESR parameters and chemical analysis of glasses 
containing chromium and iron in different oxidation states confirm the 
chemical analysis and show the potential of a quantitative species 
determination by ESR. 

 
 
1. Introduction 
 
 Macroscopic properties of glasses not only depend on their main chemical 

     
Fig.1 Structure-property correlation 

 
composition but also on the minor components, oxidation states (species), defects and 
related microstructures. This is called structure-property correlation (Fig.1). At the 
moment routine characterization of glasses concentrates on the analysis of the elements. 
To benefit from the structure-property correlation new analytical methods focusing on the 
species and microstructures have to be introduced. 
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Table 1 shows the potential of several important methods that can be used for analyzing 
transition metals and microstructures in glasses. 
 

Table 1: Overview of some important characterization methods and their power for the 
analysis of oxidation states; - poor, 0 fair, + good, ++ excellent  

 
Method Species Defects Structure Sensitivity 
NMR - - + - 
Mössbauer + - + - 
ESCA + - 0 - 
Optical ++ + + ++ 
ESR ++ ++ + ++ 

 
 
 Optical spectroscopy and ESR are very important methods due to their  wide 
application range and sensitivity. Fig 2 shows the possible applications of ESR for 
analyzing glasses. All glass products, ceramics, advanced ceramics and raw materials can 
be analyzed by ESR if they have relevant paramagnetic centers like transition metals [1-3] 
and defects [4,5]. Carbon and its modifications usually contain unpaired electrons. We 
use these centers as so-called structural probes for the analysis of carbon phases in SiOC-
glasses [6]. If a product does not naturally contain such paramagnetic centers, radiation 
treatment or doping with transition metals is necessary to obtain structural probes. Main 
group species such as Sb5+ and Pb4+ can be detected after radiation treatment. Surface 
analysis are performed by ESR with spin labels,  i.e. paramagnetic molecules interacting 
with the surface of a material. 
 
 

  
Fig 2 Application of ESR in glass analysis 
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 As transition metals are present in most industrial glasses, this paper focuses on the 
analysis of these species. Fig. 3 summarizes the most important oxidation states that can 
be detected by ESR. They are introduced as impurities with the raw materials or added to 
obtain specific properties. In the past chemical methods have already been developed for 
the analysis of polyvalent elements [7,8]. At the moment research activities concentrate 
on improving these methods [9]. Major disadvantage of these chemical methods is that all 
structural information is lost during the analysis. In addition to that, the analysis of 
species by chemical methods are uncertain due to possible redox reactions during the 
decomposition. Therefore physical methods which can directly detect species in the glass 
get more and more important to confirm, improve or even substitute chemical methods. It 
is important to keep in mind that the widely used optical routine measurements must be 
calibrated by chemical methods and therefore needs confirmation, as well. 
 
Ti3+ V4+ Cr3+/5+ Mn2+ Fe3+ Co2+ Ni2+ Cu2+ 
Zr3+ Nb Mo3+/5+ Tc Ru Rh Pd Ag 
Hf Ta W3+/5+ Re Os Ir Pt Au 
 
Ce3+ Pr3+ Nd3+ Pm3+ Sm3+ Eu2+ Gd3+ Tb3+ 
 
Fig.3. Important oxidation states that can be analyzed by ESR. The dark-shaded species 
can usually be detected at room temperature. For analyzing the grey marked elements 
low temperature measurements have to be conducted. 
 
 Although many ESR analyses have been carried out on laboratory melts [1-3, 10-16], 
only few industrial glasses have yet been analyzed [17, 18]. Concerning quantitative 
measurements no comparison between ESR results and chemical analysis of species have 
been published. This paper discusses the possible application of ESR in glass industry 
focusing on routine interpretation, the correlation to chemical procedures and quantitative 
analysis. 

  
                           Comparison with standards; 
                       integration, simulation + peak fitting 
 

Fig. 4 Flow chart for interpretation of ESR-spectra 
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2. Measurement and interpretation 
 Applying the common X-band spectrometer bulk or powdered samples up to a 
diameter of 10 mm can be measured. Since ESR is a very sensitive method, results can be 
obtained from samples weighting only a few milligrams. The detection limit of V4+ for 
example, is below 1 ppm. Routine measurements can be done very quickly (~30-300s). 
Most ESR spectra are performed at room temperature. Low temperature measurements 
have to be used for analyzing rare earth elements (Fig. 3) and profound characterization 
of certain centers [16]. For some analysis, e.g. cooling of melts [12], high temperature 
measurements are done. Major advantage of the method compared to optical methods, is 
the simple preparation of glass samples. At the moment, no interpretation routines or data 
bases are available for the interpretation of ESR spectra of glasses. The reason for this is 
lack of demand as well as the problem that some glass spectra are still not completely 
understood. Industrial glasses usually contain several species, sometimes even in different 
environments. To simplify the interpretation of the resulting complicated spectra (Fig. 6) 
we propose to structurize the interpretation as shown in the flow chart (Fig. 4). 
 The two main groups can be separated mathematically by applying a fourier 
transformation technique. After that the spectrum of frequencies is divided in a low and 
high frequency part. These two parts are each transformed back. One back transformed 
spectrum contains the narrow, the other the broad signals. In many cases the resulting 
spectra of the significant narrow signals resulting from the d1, d9 elements and defects can 
be characterized by the line position and the hyperfine interaction. For the broad signals 
and many superimposed narrow signals further deconvolution, peak fitting and simulation 
of the integrated spectra is necessary. It is important to note that the d5 element Fe3+ not 
only contains broad but also a characteristic narrow signal. 
 
3. Quantification of paramagnetic centers 
 
ESR-spectroscopy for quality control and development of new glasses needs quantitative 
measurements. For practical reasons, quantitative ESR spectroscopy is done by 
comparing an ESR signal with an appropriate standard [1,19]. At the moment ESR-
researchers carry out first interlaboratory comparisons on simple paramagnetic centers 
[20]. Castner [1] tried already at the beginning of ESR investigations in glasses to apply 
this technique for the quantification of the characteristic Fe3+ signal at g~4,3. However, it 
has to be considered that this signal only represents a part of Fe3+. Furthermore several 
workers showed that the ESR parameters line width and intensity depend in a 
complicated way on the matrix [10,11 ] as well as the total iron content [13-15]. As the 
redox ratio can change with composition [21, 22] ESR-parameters are better correlated 
with the species. That is the reason why we melted several glasses containing Fe3+and 
compared the chemical analyzed Fe3+ concentration with the ESR parameters. The 
chemical analysis were done by our inhouse method [21]. These analysis exhibited, that 
the ESR parameters are also a difficult function of Fe3+ content. However, the comparison 
with the chemical analysis confirmed that within small concentration ranges the linewidth 
and intensity of this significant signal can be used as an indicator for changes in redox 
states and microtructures. An accurate correlation between the ESR and chemical analysis 
of d5 element need a complete understanding of spectra. 
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Fig. 5 Correlation between ESR of Cr5+ and chemical  analysis of Cr6+ 

 
 As examples for species giving narrow signals we chose Cr5+ (d1) for comparison with 
the chemical analysis. The chromium species are important for the colouring of glass and 
for health reasons. As packaging glass is in contact with food it is necessary to make sure 
that these glasses do not loose Cr6+ or better do not contain Cr6+.ESR is the only method 
that detects the unusual oxidation state Cr5+ . We melted several glasses containing 
chromium and analyzed them by ESR and a chemical method [23]. All glasses contain 
Cr5+ and Cr6+. This is in accordance with literature [24]. Fig 5 shows the excellent 
correlation between the intensity of the ESR signal of Cr5+ and the chemical determined 
Cr6+ amount. 
 These indicates that ESR can be applied together with chemical methods for the 
analysis of d1 and d9 species i.e. Ti3+ , Zr3+ , V4+ , Cr5+ , Mo5+ ,W5+ and Cu2+ . In limited 
ranges the narrow Fe3+ signal can be used as indicator for the Fe3+ content. Our further 
work will focus on the improvement of the method for the d1 and d9 elements and an 
enlargement to the d3 and d5 elements. Last but not least we plan quantitative 
measurement independent of chemical analysis of glass. 
 
4. ESR-spectra of some industrial glass products 
 
 All spectra are recorded at room temperature on 100 mg powdered samples with an X-
band spectrometer ( ESP 300 Bruker, Rheinstetten, Germany). Fig. 6 shows the ESR 
spectrum of an olive container glass. The broad signals at 1500 and 3450 G are due to 
Cr3+ that can also be detected by optical spectroscopy. In addition the characteristic 
narrow Fe3+ signal at 1610 G and a hyperfine structure at 3450 G due to V4+ is visible. 
These narrow signals are very sensitive probes to changes of redox state and 
microstructures. 
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 Fig 6. ESR Spectrum of olive container   Fig 7. ESR Spectra of green flat glasses 
glass 
                         
 
Fig. 7 shows two green flat glasses, one of them melted under strong oxidizing condition 
(full line). This glass contains besides a large Cu2+amount also Cr5+ and Cr6+ . In contrast 
to that the analysis of several container glasses from the European market showed neither 
Cr5+ nor Cr6+ . This can be explained by redox reactions between Cr5+/6+ and oxidable 
species like Fe2+ during the production. 

 

 
Fig 8. Silica glasses doped with Al, Ce and Ti 

    
 
Fig. 8 shows the ESR spectra of two silica glasses doped with Al, Ti and Ce. The full line 
represents the raw glass showing a lot of defects at g>2. Heat treatment of this sample 
leads to the dotted spectrum. The amount of defects decreases drastically and a 
characteristic signal at g<2 arises. It can be attributed to a Ti3+ center. These defects are 
associated with the interesting fluorescence behaviour of such glasses. 
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5. Conclusion: 
 
 The analysis of several laboratory and industrial glasses showed that ESR spectroscopy 
is a powerful method to analyze species, defects and the corresponding microstructures. 
In cooperation with chemical methods it allows reliable quantitative analysis of many 
oxidation states. 
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Abstract 
 

 The chemical durability of tin (bottom) and top side of float glass was 
tested in three different aqueous solutions: HCl (pH=3), distilled water 
(pH=5.2) and NaOH (pH=12). The tin side was found to be more durable 
against all three solutions. The corrosion of both tin and top side was minimal 
in distilled water. A comparison of the experimental results with a 
mathematical model shows that surface structure changes play an important 
role in the case of acid corrosion. The creation of secondary layers on the 
glass surface has to be taken into account in the case of NaOH corrosion. 

 
 
I. INTRODUCTION 
 
 The chemical composition of float glass surface differs on the tin (bottom) and on the 
top side. This difference is considered to be responsible for increased chemical durability 
of tin side [1-3]. 
 The glass corrosion generally consists of three simultaneous processes: 
1. SiO2-matrix dissolution involving surface reaction and eventually transport of 
 reaction products through the precipitated layer. 
2. SiO2 back precipitation in the form of silica and/or silicates. 
3. Na+-H3O+ interdiffusion in glass. 
These processes are usually strongly influenced by the pH-value of corrosion solution. 
The glass matrix dissolution could be often neglected in acid solutions especially for the 
glasses with high content of SiO2 [4-7]. This opinion is supported by the constant silica 
solubility in the acid region. Also the precipitation of silicates is small in this region due 
to the low activity of silicate anions [8]. Then, only moveable ions leaching takes place in 
acid solutions. However, many authors reported that the glass matrix dissolution can 
influence the corrosion results in broad extent of solution pH. Perera and Doremus [9] 
found the increasing rate of dissolution of Pyrex glass from pHÕ0 to pH=13.9. Other 
authors [10-14] have found the minimum of dissolution and leaching rates in the neutral 
and weak acid region. 
 The aim of this work is to compare the corrosion behaviour of tin and top side of float 
glass in solutions with different pH and to discuss the experimental results using a 
mathematical model of corrosion. 
 
 
 
 



 2

II. EXPERIMENTAL 
 
 The two float glass samples of the dimension 3 cmx2 cm and the thickness of 4 mm 
were glued together with tin or top side and hung into the polyethylene bottle with 
corroding solution. The corrosion experiments were performed at 96°C in three different 
solutions: HCl (pH=3), distilled water (pH=5.2) and NaOH (pH=12). Glass surface to 
solution volume ratio S/V was be the same in all experiments and amounted 60 m-1. The 
time dependence of SiO2 and Na+ concentration in the solution was determined using 
spectrophotometry and flame photometry respectively. The pH values were constant 
during the experiments and did not differ more then ±0.02. The experimental procedures 
were described in detail in [15]. 
 
III. RESULTS AND DISCUSSION 
 
     The experimental results are depicted in figures 1-3 in the form of time dependence of 
SiO2 and Na+ amounts transferred into the solution through the glass surface unit (QSÝ, 
QA). The mathematical model considering the glass matrix dissolution, back precipitation 
and interdiffusion was used to describe the experimental results. This model was 
discussed in detail in our previous work [16]. 
 The first process i.e. the glass matrix dissolution is described using the parameter a, 
i.e. the rate at which the boundary between the glass and solution moves toward the bulk 
glass (m.s-1). This rate is generally time dependent. The value of a can decrease as the 
consequence of the saturation of corrosion solution by SiO2 or due to the growth of the 
precipitated secondary layers on the glass surface. The products of the surface reaction 
diffuse through this layer. Thus the overall rate of glass matrix dissolution becomes 
lower. This process is characterised by the ratio D/I, where D is the diffusion coefficient 
of surface reaction products in the precipitated layer (m2s-1) and l is the layer thickness 
(m). The rate of dissolution could be also influenced by the rate of surface reaction e.g. if 
structure changes occurs in the glass surface or if the pH-value increases or decreases 
during the interaction. 
 The second process i.e. the back precipitation is in the model characterised by the 
dimensionless parameter k-. This parameter represents the ratio of precipitated SiO2 (in 
the form of SiO2 and/or silicates) to the SiO2 dissolved. 
 The third process i.e. the Na+-H3O+ interdiffusion is characterised by the interdiffusion 
coefficient DA (m2s-1). This coefficient could be concentration or time dependent. The 
initial sodium concentration profile which is needed as the initial condition in the model 
was obtained experimentally by X-ray microanalysis of uncorroded glass. This profile 
was fitted by the empirical equation  
 
(XA)t=0 =9[1-exp(-kAy)]                                  (1) 
 
where xA is the Na+ concentration in weight %, y is the perpendicular distance from the 
glass surface. The value of constant kA was 0.5 µm-1 for the tin side and 0.9µm-1 for the 
top side (fig.1 ). 
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     The output of the model are the time dependencies of Qsi and QA which are calculated 
numerically using finite difference method. 
 
Corrosion in distilled water (pH=5.2) 
   
 The comparison of experimental results with the model is depicted in fig.2. The 
constant rate of glass matrix dissolution was be used in modelling. This rate is slightly 
higher in the case of top side corrosion in comparison with the tin side corrosion (fig.5). 
The linear time dependence of Qsi means that no retardation of glass matrix dissolution 
occurs and therefore the back precipitation could be neglected in the modelling of an 
interaction in distilled water. However, after longer time of interaction or if the value of 
S/V ratio would be higher, the decrease of a due to the solution saturation takes place. 
 The Na+-H3O+ interdiffusion can be described mathematically by using constant 
interdiffusion coefficient. The DA value was found to be the same for both tin and top 
side according to the model calculation. 
 
Corrosion in HCl (pH=3) 
 
 The experimental results and the results of the model are compared in fig.3. The glass 
matrix dissolution rate decreases with time in the case of HCl corrosion. As follows from 
the model, this decrease cannot be explained by the solution saturation only (fig.3). The 
precipitation of silicates is also not probable in the case of strong acid. The figure 2 
shows a good agreement with the model assuming the exponential decrease of the rate of 
surface reaction between the solution and SiO2 matrix. This time dependence of surface 
reaction can be explained due to the reactions 
 
Si-O-Na  +  H+ = Si-O-H  +  Na+ 
 
Si-O-H  +  H-O-Si = Si-O-Si  + H2O 
 
indicating that the surface layer with higher durability could be created during the 
corrosion. The rate of dissolution is again slightly higher in the case of top side (figs.3,5). 
 The time dependence of interdiffusion coefficient must be considered in the case of 
leaching in HCl (fig.5). This fact can be explained by the structure changes of glass 
surface layer during the interaction as mentioned above. The value of DA was found to be 
slightly higher for the top side. 
 
Corrosion in NaOH (pH=12) 
 
 The results of interaction between float glass and NaOH are summarised in fig.4 
indicating that the rate of glass dissolution decreases with time. Also this decrease cannot 
be explained by the solution saturation, because the silica solubility rapidly increases at 
pH>9. The possible explanation could be the protective function of the precipitated 
silicates layer. The products of the surface reaction must be transported through this layer 
which grows and/or is less permeable with increasing time of interaction. In such a case 
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the D/I ratio decreases with time. The differences between the tin and top side durability 
against NaOH are more important than in previous cases. Although the rates of the SiO2 
dissolution are almost the same in the initial state of the interaction, the time dependence 
of a is different (fig.5). This difference could be explained by precipitation of hardly 
soluble tin compound (e.g. tin hydroxides)in a layer which is formed on tin side and 
retards SiO2 dissolution. 
 The back precipitation plays an important role during the interaction with NaOH and 
cannot be neglected in the model. This fact is in agreement with the higher activity of 
SiO3

-2 at higher pH. The value of k- used in the model was 0.4 for tin side and 0.3 for top 
side. 
 The interdiffusion can be neglected during the interaction between glass and NaOH. In 
this case the glass matrix dissolution is very fast and the sodium amount transferred into 
the solution by diffusion is negligible in comparison with the amount transferred by 
dissolution. 
 
Influence of pH 
 
 The initial rate of SiO2 dissolution ao decreases in order NaOH>HCl>distilled water 
for both tin and top side. The rate of matrix dissolution changed during the interaction 
due to the changes described above so that this rate at steady state decreases in order 
NaOH>distilled water>HCl (fig.5). 
 The Na+-H3O+ interdiffusion coefficient is higher in the case of corrosion in HCl 
solution then in the case of corrosion in distilled water. This fact can be explained by the 
higher activity of H3O+ ions in strong acid. During the interaction the values of DA for 
HCl corrosion decreases and after 21 days are close to the ones for distilled water 
corrosion (fig.5). The interdiffusion is negligible in the case of NaOH corrosion. 
 
IV. CONCLUSIONS 
 
 The durability again distilled water, HCl and NaOH is higher on the tin side of float 
glass in comparison with the top one. This effect is most pronounced in the case of NaOH 
corrosion. The comparison of the model and experimental results allows to explain the 
decreasing rate of glass matrix dissolution in HCl and in NaOH. The surface structural 
changes must be taken into account by modelling the corrosion in HCl. The protective 
secondary layers on the glass surface are to be expected during the corrosion in NaOH. 
The initial glass matrix dissolution decrease in order NaOH>HCl>distilled water. In 
steady state the rate of dissolution in HCl is lower than the one in distilled water. 
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Fig.1. The sodium concentration profiles in tin and top side of uncorroded float glass. 
The lines represents the best fit of experimental data according to equation (1). 
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Fig.2. Comparison of the model solution with the experimental data.  

Corrosion in distilled water (pH=5.2) 
 
 

 
Fig.3. Comparison of the model solution with the experimental data. Corrosion in HCl 
(pH=3). Curves 1 and 2 represents calculated time dependencies of QSÝ for top and tin 

side, respectively, if only saturation effect is considered. 
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Fig.4. Comparison of the model solution with the experimental data.  
Corrosion in NaOH (pH=12) 

 
 
 
 

 
 

Fig.5. The time dependencies of the rate of glass matrix dissolution a  
and interdiffusion coefficient DA used in the model. 
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Abstract 
 

 Some oxychloride glasses based on the TeO2-ZnO-ZnCl2 has been 
prepared and their corrosion mechanism was studied. It was observed  that the 
corrosion is a diffusion controlled process which is strongly dependent on the 
acidity of the environment. 

 
 
1.0 INTRODUCTION 
 
   It has been reported earlier that the TeO2 -based oxychloride glass exhibits interesting 
physical, thermal and optical properties which can be use for a longer wavelength 
applications [1,2]. The introduction of metal halides has improved their stability [3], a 
factor which is very important in fibre production route. However, their corrosion 
mechanism is not well describe. In the present work, the current information on the 
corrosion mechanism of TeO2-ZnO-ZnCl2 glass will be reported. 
 
2.0 EXPERIMENTAL  
 
2.1 Sample preparation 
 
    Glasses were prepared from approximately 20 g batches using reagent grade TeO2 
(purity 99.99%), ZnO (99.99 %) and ZnCl2 (99.8%). Detail on the glass preparation 
method has been described elsewhere [1]. EDAX (energy dispersive x-ray analysis) 
technique has been applied to analyse the glass composition. 
 
2.2 Corrosion rates 
 
    The well polished flat surface of the cylindrical glass samples with known surface area 
are weighed before and after an immersion in 100 ml of distilled water, pH = 5.3 at 25oC 
for 7 days. Samples were dried at 80 oC in the oven before being re-weighed. The 
corrosion rate was then determined using a relation 
 
                  Corrosion rate =  ∆W/tA   gd-1 cm-2 
 
where W is the weight loss(g), t is the exposed time and A is the known surface area. The 
corrosion rates were then plotted against the ZnCl2 content. 
 
 



 5

2.3 Leaching rate 
    A portion of glass sample was crushed into a powder form with a particle size of about 
500 micron. About 1 g of the powder was then immersed in 100 ml of distilled water, pH 
5.3 at 25 oC. The concentration of Zn2+ ions in a solution was determined using a 
camplexometric titration method [4]. The reading was taken for every 24 hrs up to 164 
hrs. The values of Zn2+ concentrations were then plotted against the time taken (hours). 
 
2.4 Effect of solution pH 
 Some of the glass sample as in (2.1) were put in solution pH of 1, 2, 4, 7 and 10 at 
25oC. The effect of solution pH was measured after 7 days. The corrosion rates were then 
plotted against the solution pH. 
 
2.5 IR spectroscopy 
 The IR spectra for some of the corroded glasses as in (2.4) were carried out using a 
Perkin-Elmer IR Spectrophotometer. This method enable us to measured the relative 
quantitative amount of OH bonds that exist in the glass. 
 
3.0 RESULTS 
 

         Table 1: The composition of nominal and analysed samples. 
Sample 

No: 
Composition 

 Nominal    Analyzed by EDAX 

 
         s1 
         s2 
         s3 
         s4 
         s5 
         s6 

TeO2           ZnO           ZnCl2 

    50             40              10 
   50             30              20 
   50             20              30 
   50             10              40 
   60             20              20 
   70             20              10 

TeO2            ZnO             ZnCl2 
51.16          43.60              5.24 
50.49          43.80              5.71 
58.13          33.54              8.33 
56.86          38.08              5.06 
57.87          34.39              7.74 
71.39          24.87              3.74 

 
         
     Table 1 shows the nominal and analysed (by EDAX) composition of the experimental 
glasses (mol %) while Figure 1 represents the dependence of corrosion rates of the glass 
in distilled water with ZnCl2.. An almost linear relationship between corrosion rate an 
ZnCl2 can be observed.. When a glass powder sample was immersed in distilled water, 
the variation in an amount of Zn2+which leached from the sample with time can be seen 
in Figure 2. It can be seen that the Zn2+ leached almost linearly at the early stages before 
becomes constant  after a certain period of time. 
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Figure 1: Corrosion rate against ZnCl2 content 

 

 
 Figure 2: Amount of Zn2+ leached against time(h) 

 
 

The effect of solution pH for some glasses are presented in Figure 3 while Figure 4 shows 
the IR spectra for the corroded glass sample (S4). 

 

 
Figure 3 : Corrosion rate against the solution pH 
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Figure 4: IR spectra for the corroded glass sample (S4). 

 
 
4.0 DISCUSSION 
 
    From table 1, it can clearly be seen that there are a significant loss of chorines during 
the melting process thus increasing the percentage amount of TeO2 and ZnO. This is quite 
understandable because of the low melting point of the halide compounds. However, this 
losses might be suppressed by preparing the sample in nitrogen environment or in dried 
air. 
 
 4.1 Corrosion rate 
    Results from Figure 1 indicate, that most of the samples experienced weight loss in the 
presence of water. The higher the chlorine content, the faster the reactivity occurs. This is 
true since most of the metal halides containing ZnCl2 always exhibits higher solubility in 
water [5]. 
 
 4.2 Leaching rate 
    Results from Figure 2 indicate that the concentration of Zn2+ that leached from the 
sample into the solution increases as the time increases. However, after about 60 hours of 
an immersion time, the rates become almost constant. If this concentrations were plotted 
against t1/2, then a result as shown in Figure 5 may be obtained. 
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Figure 5: Zinc concentration leached against t1/2 

 
 
A linear relationship between concentration and t1/2 strongly suggest that the corrosion is 
a diffusion control process. Such process would promotes further corrosion activity an 
will only be delayed by a creation of a diffusion barrier on front of a glass surface. 
 
 4. 3 Effect of solution pH 
    Results from Figure 3 show that most glasses are more effectively corroded in an 
acidic solution rather than in the alkaline. This might be due to the ion exchange process 
between the proton H+ in the solution and cation (most probably Zn2+ ions) in the glass 
matrix [6]. This argument is also supported by the result shown in Figure 2 which 
indicates that the Zn2+ ions do leached from the sample. 
 
4.4 lR spectroscopy 
    Results from Figure 4 indicate that the absorption peaks occurs around 3.2 µm which 
correspond to the vibration of OH bonds [6]. It should however important to be noted that 
the OH peaks in this area is becoming larger when the samples were put in acidic 
solution. This results indeed in agreement with the above argument. 
 
4.5 Corrosion mechanism 
     It has been shown by previous work that the TeO2-ZnO-ZnCl2 oxychloride glasses 
were dominated by the presence of TeO3 trigonal pyramid of ZnTeO3 [1 ]. It could then 
be suggested that the corrosion process must involves the destruction of those units. 
Based on the experimental evidence that has been discussed above, the schematic 
corrosion mechanism may be expressed as, 

 
For glasses containing higher amount of chlorides, an additional equation may be 
required i.e. 
 

 

 



 9

 
The existence of bonded OH is well observed in the IR spectra. However the exact 
corrosion mechanism needs the data on the qualitative ratio of Zn+ : CI-  : H+ and this 
surely needs more experiments to carried out. 
 
5.0 CONCLUSION 
 
    The corrosion mechanism of oxychloride glasses based on TeO2-ZnO-ZnCl2 were 
shown to be a diffusion control process, which strongly dependent on the acidity of the 
environment. 
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Abstract 
 
 In a recent presentation (*), we have reported about the improvements that 
have been achieved in lead release levels of crystal glassware by altering the chemical 
composition of the basic glass. However, the PbO content of the glass obtained in the 
first industrial trials did not fulfill the requirements of the EEC Directive (69/493-
EEC). Therefore, further studies were required. 
 The work persented here is the report of factory trials where the PbO content 
of the glass is slightly greater than 24%. The glass articles obtained in these trials 
were tested for their lead release characteristics, both before and after surface 
treatment. The physical properties of the glass which affect the melting-forming-
annealing characteristics and which are cited in the EEC directive are also reported. 

 
 
1. INTRODUCTION 
 
 Lead leaching from crystal glassware is an ion exchange process, largely determined by 
the basic glass composition, surface chemistry, nature of the liquid in contact with glass and the 
ratio of the interior surface of the glass item to the volume of the liquid contained by it.  
 The previous studies on basic glass composition revealed that decreasing the PbO content 
to a limiting value, reducing the alkali oxides (Na2O, K2O), adjusting the weight percent ratio 
Na2O/K2O and addition and/or removal of certain oxides (ZnO, Li2O, etc.) significantly improve 
the chemical durability of lead crystal glass (1). 
 
Application of surface treatments such as acid polishing, ammonium sulphate fuming, rinse 
treatment, sol-gel coating, ion exchange and polymer coating, all of which aim to reduce the lead 
content of the surface getting into contact with the liquid, have also proved to be methods that 
resulted in reduced lead migration. 
 Under the light of this basic information and due to the growing public interest, in lead 
release from lead crystal glassware since 1991, ÞÝÞECAM conducted a series  of   
laboratory scale experimental studies and pioneering industrial trials, the results of which were 
reported elsewhere (2). The present work reports the results of the industrial trials of decisive 
importance 
 
 
(*) Proceedings of the Seventh Technical Exchange Conference of International Crystal Federation. . 
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2. REVIEW OF THE PREVIOUS WORK 
 
 As reported in(2), the previous work on this subject covered the following topics:  
- The chemical compositions, physical properties and lead release characteristics (as determined 

by ISO 7086) of our previous lead crystal glass (SC-1) and samples of imported crystal 
glassware, which have considerable shares in the domestic market, were investigated. 

- An industrial trial  melt of 800 kg, which has a chemical composition similar to that of one of 
the imported glasses (SC-2), has been prepared, and from this melt, two types of glass item and 
a decanter were formed, annealed, cut and acid polished under the same conditions as those 
applied to SC-1. These items were then examined for their lead release characteristics and 
some physical properties. 

 The results obtained in the above-mentioned studies are summarized in Table 1 and Table 
2. As can be seen from Table 2, the wine and champagne glasses made from SC-2 composition 
demonstrated far superior lead release characteristics, both in the polished and unpolished 
samples, when compared with the results of SC-1 glass. For decanters, (NH4)2SO4 treatment 
improved this characteristic even more. 
 Table 1, shows the chemical compositions and some physical properties of the said 
glasses. It can be seen that SC-2 glass, although superior in lead release characteristics, did not 
comply with the requirements for lead crystal glass, as described by the EEC Directive (69/493-
EEC). 
 
 

Table 1  
The chemical compositions and physical properties of SC-1 and SC-2 glasses,  

and the definition of lead crystal glass as given by EEC Directive (69/493-EEC) 
Glass Type 

 
Property 

 
SC-1 

 
SC-2 

EEC Directive (69/493-EEC) 

Chemical Composition* 
(% by weight): 
SiO2 
B2O3 
PbO 
ZnO 
Na2O 
K2O 

 
 

58.56 
0.28 
24.59 

- 
2.16 
13.58 

 
 

61.26 
1.19 

23.65 
0.17 
5.06 
7.78 

 
 
 
 

≥24 

Physical Properties: 
Density (g/cm3) 
Refractive index, nD 

 
2.9388 
1.5460 

 
2.9172 
1.5432 

 
 ≥2.90 

≥ 1.545 
* SiO2 and PbO were determined by gravimetry. The other constituents were analyzed by Inductively Coupled    
Plasma Emission Spectrometer (ICP). 
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Table 2 
The mean values of lead release (µg Pb/l) from SC-1 and SC-2 glasses and permissible limits 

according to ISO 7086 Standard and revision Draft No:2 of  ISO 7086 Standard 
 
 

Item 

 
SC-1 

 
SC-2 

ISO 
7086 
limits 

ISO 7086 
Draft No:2 

limits 
 Unpolished Polished Unpolished Polished (NH4)2SO4  

treated 
  

Wine glass 
(FV*= 150 ml) 
Champagne glass 
(FV*= 184 ml) 

1135 
 

790 

242 
 

210 

143 
 

139 

34 
 

16 

  
5000 

 
1500 

Whiskey decanter 
(FV*= 750 ml) 

  308 43 29  750 

* FV: Fill Volume 
 
 
3. REPORT ON THE PRESENT WORK 
 
 In an attempt to investigate the melting, forming characteristics and physical and chemical 
properties of a lead crystal glass which would comply with the EEC Directive (69/493-EEC), a 
second trial in industrial scale was conducted.  
 The theoretical glass composition of the second trial melt (SC-3) is given in Table 3. Note 
that in general, the chemical composition is the same as that of SC-2 glass, with the exception of 
the increased PbO content. 
 As in the previous trial, a melt of 800 kg SC-3 glass was prepared in an industrial  pot 
furnace. The melting process was conducted under  the same conditions as those applied to SC-1 
and SC-2 glasses. 
 Again, 3 different items, similar in shape and volume to those in the first industrial trial 
were formed, and from each, the following sets of samples were taken: 
 - Whiskey decanter (710 ml. capacity) 
   . 6 decanters, annealed 
   . 6 decanters, annealed, decorated an acid polished 
   . 6 decanters, (NH4)2SO4 treated before annealing 
 - Wine glass: 
   . 6 glasses, annealed, decorated and acid polished. 
 - Champagne glass: 
   . 6 glasses, annealed, decorated and acid polished. 
 The above-mentioned samples were examined for their lead release characteristics, and 
the results were compared with those obtained from the previous trial (Table 4). 
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Table 3 
The Chemical compositions and physical properties of SC-1 and SC-3 glasses and the values 

defining lead crystal glass as given in EEC Directive (69/493 EEC). 
 

Glass Type 
Property 

SC-1 
(analysis)(1) 

 
SC-3 

 
EEC Directive (69/493-

EEC) 
  Theoretical Analysis(1)  

Chemical Composition 
(% by weight): 
SiO2 
B2O3 
PbO 
ZnO 
Na2O 
K2O 

 
 

58.56 
0.28 
24.59 

- 
2.16 
13.58 

 
 

61.0 
1.0 

25.0 
0.20 
5.0 
8.0 

 
 

60.84 
0.97 

24.04 
0.21 
5.00 
8.04 

 
 
 
 

 ≥24 

Physical Properties:     
T, C 
log   = 2.5(2) 
=3.5(2) 
=4.5(2) 
=7.65(3) 
=13.0(4) 
= 14.5 

 
1353 
1180 
1051 
628 
447 
407 

 
 
 
 
- 
- 
- 

 
1336 
1171 
1049 
640 
456 
415 

 
 

Density (g/cm3)(5) 
Refractive index, nD

(6) 
Micro hardness (Vickers) 

2.9388 
1.5460 

399 

 2.9245 
1.5484 

486 

 ≥2.90 
 ≥1.545 

 
(1) SiO2 and PbO were determined by gravimetry. The other components were analyzed by ICP. 
(2) ISO 7884-2   1987 (E)  
(3) ASTM C338-73  (Reapproved 1983) 
(4) ASTM C336-71  (Reapproved 1986)  
(5) ASTM C693-84  (Reapproved 1986)  
(6) Determined by Abbe Refractometer 
 
 

Table 4: Mean values of lead release (µg Pb/l) from SC-1, SC-2 and SC-3 glasses 
 

Item 
 

SC-1 
 

SC-2 
 

SC-3** 
ISO 
7086 
Draft 
No:2 

 Un-
polished 

Polished Un-
polished 

Polished (NH4)SO4 
treated 

Un-
polished 

Polished (NH4)SO4 
treated  

Wine glass 
(FV*= 150 ml) 
Champagne glass 
(FV*= 184 ml) 
Whiskey decanter 
(FV*= 750 ml) 

1135 
 
 

790 

242 
 
 

210 

143 
 
 

139 
 

308 

34 
 
 

16 
 

43 

 
 
 
 
 

29 

 
 
 
 
 

270 

38 
 
 

40 
 

42 

 
 
 
 
 

18 

 
 

1500 
 
 

750 

 * FV = Fill volume 
** Fill volume of the decanter = 710 ml 
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The chemical composition and some physical properties of the glass, which are important for the 
melting, forming and annealing of the ware and for the quality of the finished glass article, were 
also determined experimentally with respect to those of the SC-1 glass   (Table 3). 
 When the data in Table 3 and 4 are examined, the following conclusions can be drawn: 
1. The PbO content of SC-3 glass is higher than that of SC-1 glass and is greater than 24%. The 

K2O content is also slighly higher. 
2. The high temperature viscosity of SC-3 (log  =2.0-4.0) is lower and the low temperature 

viscosity is higher (TS, TAnn) than those of SC-1; 
3. The density and the refractive index of SC-3 glass are lower than those of SC-1, but fulfill the 

requirements of EEC Directive given for 24% lead crystal glass; and 
4. The hardness SC-3 glass is higher than that of SC-1. 
5. The lead release levels given in Table 4 are far below the limits required by ISO 7086 (Draft 

2), which is expected to replace the existing ISO 7086 soon. Acid polishing and (NH4)2SO4 
application for decanters drastically improved the lead release characteristics of the ware. 

 The data obtained during the trial melting and forming in the industrial scale confirmed the 
following results, which were speculated after the previous industrial trial: 
1. As expected from the high temperature viscosity data, SC-3 glass was easier to refine than 

SC-1. Thus the inferior melting characteristics, as detemined experimentally in former 
laboratory studies, seems to be compensated by the ease in refining, resulting in comparable 
total "melting+fining" time for the SC-3 glass. 

2. SC-3 glass is "shorter" than the SC-1 glass. However, with slight adjustments in the forming 
conditions, there were no complaints from the forming department. 

3. The cutting and acid polishing conditions were kept unchanged, and the SC-3 glass items 
were cut and polished with the same success as SC-1 glass. 

 
4. CONCLUSION 
 
 In view of the growing public interest in lead release from lead crystal glassware, ÞÝÞECAM 
conducted a series of experimental and industrial trials, aiming to obtain a glass with superior 
lead release properties and which fulfill the requirements of the EEC Directive (69/493-EEC) for 
24% PbO, lead crystal glass. Among the many alternatives, we have chosen to modify the basic 
glass composition and to apply (NH4)2SO4 treatment to decanters to reduce lead release. The 
major modifications in the basic glass composition were: 
. reducing PbO to the lowest possible value (i.e. very close to 24%) 
. reducing the total R2O but adjusting the K2O/Na2O ratio, 
. increasing B2O3 to compensate for the reduction in total R2O, and 
. adding ZnO. 
 This modification in the basic glass composition resulted in decreasing the lead release to   40 
ppb, 1/5th of its original value, for acid polished wine and champagne glasses. This is far below 
the limiting values of any public discussion. 
 For decanters of 710 ml fill volume, the lead release results obtained after acid polishing were 
as low as 40 ppb, which is below the requirements of ISO 7086 Draft No: 2. (NH4)2SO4 treatment 
reduced this value even more.  
 From the above-mentioned results, it can be concluded that by applying SC-3 as the basic 
glass composition and by acid polishing the items, it is possible to obtain lead crystal glassware 
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which have satisfactory lead release characteristics and which fulfill the requirements for lead 
crystal glass, as defined in the EEC Directive (69/493-EEC). 
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Abstract 
 

 An array of problems associated with the migration of lead from lead 
crystal glass into the liquid is surveyed in the introductory part of the  paper. 
The effect on human beings as well as on the environment is assessed briefly. 
 Major attention is devoted to the possibility of substituting unleaded  
glasses based on various oxides (CaO, SrO, BaO, ZnO, Bi2O3, TiO2, ZrO2, 
etc.) for lead crystal glass. The importance of individual properties is 
analyzed from several viewpoints and the optimum values of such properties 
are assessed. 
 Some selected parameters of lead-containing and unleaded glasses are 
compared in the last part of the paper and the results obtained during  the 
practical trials aimed at producing lead-free glass on the basis of ZrO2 are 
given. 

 
 
I. INTRODUCTION 
 
 The publication of a paper by Graziano and Blum in 1991[1] dealing with the 
increased lead leaching in beverages kept for a long period of time in lead crystal glass 
articles started a new era for the crystal glass industry. 
 In particular, an intense investigation aimed at reducing the amount of lead leached 
from lead crystal was initiated and the results demonstrate that there are essentially two 
basic approaches : the surface treatment of finished glass articles and the change of the 
chemical composition of base glass. Using various techniques the amount of lead leached 
out of the glass can be brought below a very safe limit of 0.1 mg per liter with the aid of 
both processes. 
    All lead compounds are toxic and their effect on the environment and human living 
also became a major topic in addition to lead migrated into the beverages. The standards 
specifying the amount of lead in the air, effluents from industrial plants, drinking water 
and human blood, the standards indicating the categories of various types of waste and 
the possibilities of their disposal as well as the development trends focusing on the above 
standards show that it will be ever more difficult to meet the standards in the future and 
that more money will have to be expended in this field.  
 Under these circumstances a question arises whether it may not be easier and better to 
substitute toxic lead oxide in the crystal glass for less toxic or non-toxic components. Of 
course, the new lead-free crystal glass should possess the same properties as lead crystal 
glass produced so far. 
 



 
II. RESULTS AND DISCUSSION 
 
1. Possible alternatives of substitution of lead crystal glass 
 The directive of the European Union EC 1969 (Table I) divides the lead crystal glass 
into several categories in dependence on the PbO content, its density and refractive index. 
In addition to this definition, the lead crystal glass is also characterized by a variety of 
other properties : a high dispersion, suitable melting and glass forming temperatures, a 
wide glass forming range, a good chemical durability, etc. This type of glass can also be 
easily cut and polished by exposure to acids. 
 

Table 1 : Definition of crystal glass - EC Directive 1969 
Type of glass % oxides by weight Density [g/cm3]    Refractive index 
Full lead crystal 
Lead crystal 
Crystalline 
 

PbO≥30                   
PbO≥24            
ZnO+BaO+PbO           
+K2O≥10                                          

≥3.00                        
≥2.90                        
≥2.45 

≥1.545                      
≥1.545                       
≥1.520 

 
   The patents filed in this field (see Table II and III) show that major attention was 
primarily paid to the refractive index and the density whereas the mean dispersion and 
other properties were regarded as less important. 
 Except for Ba ion which is toxic in all soluble compounds, all the remaining 
compounds and components mentioned in patent applications possess a low toxicity or 
they are not toxic at all. It is obvious from the survey that PbO was most often substituted 
by MgO, CaO, SrO, BaO, ZnO, La2O3,Bi2O3, TiO2, ZrO2, HfO2, SnO2, Nb2O5 and Ta2O5. 
    The glass compositions aimed at achieving a density superior or equal to 2.7 g/cm3 and 
a refractive index superior or equal to 1.545 are listed in Table II. 
    The glasses mentioned in the patents filed by British Glass and Baccarat do not contain 
any toxic BaO. The glasses patented by British Glass are based on Bi2O3 , TiO2 and SrO 
whereas Baccarat developed a glass on the basis of ZnO, SrO and CaO. BaO-containing 
glasses are mentioned in the patent application of Toyo Glass as well as in two patents 
filed by Corning. The glass composition filed by Toyo Glass is based on BaO, TiO2  and 
ZnO, those filed by Corning contain BaO, SrO and ZnO. Furthermore, the Abbe number 
of the glasses developed by British Glass and Toyo Glass approaches the respective value 
of lead crystal glass in the best way. 
 The compositions of the glasses with a density superior or equal to 2.45 g/cm3 and a 
refractive index superior or equal to 1.52 are given in Table III. 
 The glasses mentioned in the patents filed by Inn Crystal, Schott and by the Prague 
Institute of Chemical Technology (VSCHT) do not contain toxic BaO. However, another 
patent filed by Schott refers to a BaO-containing glass. The glass patented by Inn Crystal 
is based on ZnO, ZrO2, and/or TiO2 and CaO. The glass developed by Schott is based on 
CaO, and further on TiO2 , ZrO2, Nb2O5  and Ta2O5 and their combinations. 
 The Prague Institute of Chemical Technology (VSCHT) patented a glass based on 
ZrO2, CaO, ZnO and HfO2. The BaO-containing glass patented by Schott was derived 
from the patent filed for BaO-free crystal glass.  



 For the sake of clarity, the tables do not include decolorizing and fining agents. 
 

Table 2 : Survey of glasses possessing a density ρ ≥ 2.7 g/cm3 and a refractive index 
                nD ≥ 1.545 

Oxide /Firm Brit.Glass[2] Baccarat[3] Toyo Gl. [4] Corning[5]c Corning[6]e 
    SiO2    50-65 53-58     50-60     54-64    51-63 
    Li2O  0-0.3      0-1b        0-3      0-3 
    Na2O M2O 12-23 4.5-7.5      3-10        0-6.5      0-8 
    K2O  6-10      5-13        0-7      0-12 
    MgO       - -       -        0-3d      0-3 
    CaO     0-15a 0-9       1-5        0-3d      0-5 
    SrO     1-20 0-12        -        8-13      0-<8 
    BaO       - -      10-15        8-13   >13-21 
    ZnO   0-15a  16-21       5-10        5.5-9       5-15 
    B2O3   0-15a    0-1.2       1-2b        0-3d       0-3 
   Al2O3   0-15a    0-1.5         -        0-3d       0-5 
   La2O3   0-15a    0-3         -          -       0-8 
   Bi2O3   1-20      -         -        0-3d        - 
   TiO2   1-15    0-2 5-8        0-3d       0-3 
   ZrO2   0-15a      - 0-2b       0-3d      0-6 
  HfO2     -      -       -         -          - 
  SnO2     -    0-2.5       -         -        - 
   Nb2O5     -     -       -         -       - 
   Ta2O5     -     -       -        -        - 
                                 Guaranteed  values of parameters  
  ρ[g/cm2]     ≥ 2.7    ≥ 2.9     ≥ 2.9     ≥ 2.75     ≥ 2.9 
     nD     ≥ 1.55   ≥ 1.545     ≥ 1.55         -      ≥1.545 
 Abbe num.    < 52       -     ≤ 47         -         - 

 a a glass additionally containing one or more ..., in total amount up to 15% by weight 
b a glass composition further comprising 
c  Li2O+Na2O+K2O = 8-15, BaO+SrO+ZnO = 22-33 
d a glass also containing up to 5% total at least one metal oxide from the group 
e Li2O+Na2O+K2O = 7-15, SrO+BaO+ZnO = 27-34, SiO2+Al2O3+ZrO2=55-66 
 
 
2.Criteria for the selection of some of the alternatives aimed at substituting lead 
crystal  glass 
 The selection of the glass from the survey of alternative compositions should be made 
by taking into consideration the following aspects. 
 
 1. Physical aspects 
 The new glass should meet the definition of crystal glass although even this definition 
will certainly be a subject of further evolution, i.e. especially the density and the 
refractive index. The latter property is closely associated with other optical parameters as 



the mean dispersion, respectively the Abbe number, and the transmittance; this group of 
parameters is usually understood as characterizing the glass brilliance. 
 
Table 3 : Survey of glasses possessing a density   ρ ≥ 2.45 g /cm3 and a refractive index 

                nD ≥ 1.52 
Oxide/ Firm InnCrystal [7] Schott [8] VSCHT [9]  Schott[10] 
  SiO2      65-70      50-75      50-75 50-75 
  Li2O          -      0-5   0.001-1.5b 0-5 
  Na2O        4-12      2-15        5-16 2-15 
  K2O        4-12      5-15     0.1-10 1-15 
  MgO          -      0-5   0.001-6 0-5 
  CaO        6-9      3-12        2-9 3-12 
  SrO          -      0-7           - 0-7 
  BaO          -        -    0.05-6b 1-10 
  ZnO       4-7     0-7     0.05-10 0-7 
  B2O3     0.5-5     0-10   0.001-5b 0-10 
  Al2O3        -     0-5    0.05-10 0-5 
  La2O3        -       -     0.05-2c - 
  Bi2O3        -      -     0.05-10c - 
  TiO2        1-6     0-8a  0.01-5 0-8d 
  ZrO2        1-6     0-5a      0.05-15 0-5d 
  HfO2        -     -     0.001-2.5 - 
  SnO2           -       -      0.005-5c - 
  Nb2O5            -    0-5a           - 0.5d 
 Ta2O5         -    0-5a          - 0.5d 
                               Guaranteed values of parameters 
   ρ [g/cm3]         -       ≥ 2.45         -      ≥ 2.45 
    nD      ≥ 1.52      > 1.52     >1.52     >1.52 

 
 a the sum of TiO2+ZrO2+Nb2O5+Ta2O5= 0.3-12  
 b a glass further with the content at least of one oxide from the group comprising Li 2O, 
 BaO, B2O5 and 0.001-1.5 P2O5 
 c a glass further with the content at least of one oxide from the group comprising La 2O3, 
Bi2O3, SnO2 and 0.001-0.1 MoO3 and 0.001-0.5 WO3

 

d the sum of TiO2+ZrO2+Nb2O5+Ta2O5 = 0.3-12 
 
 2. Technological aspects 
 The processes taking place before the shaping of the glass articles are of paramount 
importance, i.e. the glass melting temperature, the glass working temperature and the 
glass working range. Also the corrosion of the refractory by molten glass is of great 
importance because this parameter may affect the total yield. 
 Also the subsequent processes, i.e. the glass cutting and polishing, are important; this 
is particularly true in the manufacture of lead crystal glass. 
 



 3. Aspects associated with the use of glass articles 
 The chemical durability of the glass articles as well as their resistance to the corrosion 
by acids and alkalis, the resistance to thermal shocks and the sound emitted during the 
clinking of glass articles are of importance. 
 
 4. Economic aspects 
 The batch cost, the energy costs, the cost of cutting tools, the operating costs of the 
acid polishing plant, etc. are the most important cost items influencing the overall 
economy of the glass making process. 
 
3. Suggested values of individual parameters characterizing lead-free crystal glasses 
 
 1. Physical aspects 
 The density of the glass in which lead oxide has been replaced grows in the 
following sequence : 
 
 MgO < TiO2 < CaO < ZrO2 < ZnO < SrO < BaO < La2O3 < Bi2O3. 
 
In the writer's opinion, however, the glass density is not important because "the feel" of 
article heaviness can also be obtained by changing the wall thickness. In this case, the 
density would not restrict the range of solutions of other problems which could be tackled 
technically or technologically in a much more difficult way. 
 The refractive index drops in the following sequence : 
 
 TiO2 > ZrO2 > CaO > Bi2O3 > La2O3 > SnO2 > SrO > BaO > ZnO > MgO > HfO2. 
 
 The mean dispersion diminishes in the following sequence : 
 
 TiO2 >Bi2O3 > ZrO2 > CaO >La2O3 > ZnO >SnO2 > SrO >HfO2> BaO > MgO. 
 
 It seems that the refractive index of 1.52 would probably be quite acceptable for plain 
glass articles which are not subjected to further decorating. However, the refractive index 
of luxury glass items decorated by cutting and acid polished afterwards should be 1.545. 
 The mean dispersion of lead crystal glass ranges approximately from 1100 to1300 x 
10-5. The authors of some patents tried to achieve the above values by introducing 
suitable oxides into the glass but such glasses are either expensive (Bi2O3) or difficult to 
cut and polish (TiO2). The experience has shown that - at the same refractive index and at 
a smaller value of the mean dispersion - the impression of a perfect brilliance can be 
obtained by an "excellent" colorlessness and a high transmittance of glass articles. 
 
 2. Technological aspects 
 The substitution of lead oxide for selected oxides usually results in a narrower glass 
working range. The glass melting temperatures should range approximately from 1380 to 
1430 oC and the glass working temperatures should be in the range from 1160 to 1190 oC; 
these ranges correspond approximately to the temperatures of strengthened lead crystal 



glasses exhibiting lower lead leaching. There should not be any difficulties even if the 
glass working range is narrower. 
 We should bear in mind the fact that a high content of bivalent oxides and, in 
particular, ZnO, SrO and BaO (in excess of 20 percent by weight) accompanied by an 
increased K2O content may lead to considerable difficulties associated with the refractory 
corrosion. 
 The ease of cutting with the aid of diamond-impregnated wheels improves for the 
individual oxides in the following sequence : 
 
 TiO2 < CaO≈MgO < BaO≈SrO < ZrO2≈HfO2≈ZnO≈Bi2O3. 
  
This parameter should be comparable to that characterizing lead crystal glass. 
 With all the above mentioned parameters satisfied, the glass ability to be polished in 
acids plays a key role. Our results have shown that the favorable effect of individual 
oxides on acid polishing grows in the following sequence : 
 
 TiO2 < BaO < SrO < CaO < Bi2O3 < MgO < ZnO < ZrO2  HfO2. 
 
It is not sufficient to achieve the same quality of acid polishing as that of lead crystal 
glass but the unleaded glass articles should be polished within the same (or shorter) 
period of time and - if possible - under the same polishing conditions. 
 
 3. Aspects associated with the use of glass articles 
 As regards the chemical durability of the articles made of lead crystal glass, they 
belong mostly to the 3 rd group. This value should be preserved. Also the values of other 
above mentioned properties should be comparable. The mean linear coefficient of thermal 
expansion of unleaded glasses could be slightly larger than that of the lead crystal glass 
(the expansion of lead glass is relatively low). 
 
 4. Economic aspects 
 The production costs of lead-free glasses would be given by the cost of the batch if the 
technological and operating parameters do not change significantly. It has been assumed 
that the cost of the batch required for making unleaded glasses would not be more than 
twice (including the cost of decolorizing agents) the present-day cost of lead crystal. The 
increased cost would be offset partially by the savings in the field of the pollution control, 
environment protection and work hygiene. It is obvious that the batch cost will grow with 
the increasing value of the refractive index. 
 
4. Some results obtained during plant tests with unleaded crystal glasses on the basis 
of ZrO2 
 
 Selected parameters of lead crystal glasses (L) are compared with lead free-glasses 
(LF) on the basis of ZrO2 in Table IV. 
 The plant tests with the LF-1 glass were carried out in an electric pot furnace. The 
articles made of this type are earmarked for grinding by a loose SiC abrasive and 



corundum wheels; cut articles are then polished by hand. This kind of glass is also 
suitable for decorating by other techniques (engraving, gilding, etching). However, it is 
not suitable for cutting by diamond-impregnated wheels or for acid polishing. The 
preliminary results of the tests are promising. 
 

Table 4 : Selected parameters of lead (L-1, L-2) and lead-free (LF-1, LF-2) crystal 
       glasses 

       Parameter       L-1     L-2     LF-1      LF-2 
ρ20

o
C      [g/cm3]  2.9368 2.9339 2.5076 2.6911 

Refractive index at 20oC 1.5451 1.5496 1.5204 1.5517 
Mean dispersion at20oCx105 1160 1197 908 1020 
tlogη =2                        [oC] 1478 1423 1475 1425 
tlogη =3                        [oC] 1174 1128 1189 1184 
tlogη =4                        [oC] 991 951 1015 1034 
tlogη =7.65                    [oC] 659 629 695 750 
tlogη =13                                [oC] 453 430 508 565 
tliq                                          [oC] 740 848 830 945 
Hydrolytic durability 1 0.80 0.76 0.70 0.29 
 α20-300

o
C x106            [K-1] 9.03 10.13 9.59 9.58 

1 hydrolytic durability at 98 oC (ISO 719) - consumption in ml [C = 0.01 mol/l ] HCl 
 
The LF-2 glass was developed especially for cutting with diamond-impregnated wheels 
and acid polishing. LF-2 glass samples prepared in laboratory were cut and acid polished 
under standard factory conditions used for lead crystal glass and the results are very good 
as well. 
 
III. CONCLUSION 
 
 The necessity of replacing lead crystal by a new type of lead-free glass becomes ever 
more urgent because of the increased criticism of this kind of glass, i.e. the migration of 
lead into beverages, the harmful effect on environment and human health. 
 The above criteria should be observed when choosing from various alternatives. 
 The general assessment of individual criteria has demonstrated that the introduction of 
ecologically harmless unleaded crystal glasses might be restricted by their ability to be cut 
and, in particular, acid polished easily. If the values comparable with those characterizing 
lead crystal glass are to be achieved in this field, some other parameters will have to be 
sacrificed (especially the density and the mean dispersion). 
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Abstract 
 

   A method was established for evidencing the evolution in time of the 
oxidised/reduced ratio for copper ions in given melting conditions. In this aim were 
recorded the electronic spectra, the peak corresponding to the d-d electron transition 
being used for Cu2+ ion concentration estimation. The obtained results are discussed 
in comparison with existing data. The problem of the glass basicity influence upon 
the redox equilibrium is approached too. 

 
 
I. INTRODUCTION 
 
 Redox equilibrium in glass is always of interest for coloured glasses and for many today's 
applications in optics and in opto-electronics. 
 The chemical equilibrium studies at high temperatures meet with many difficulties and this is 
why, in spite of the accumulated data, new information is useful for more deeply understanding 
the chemical processes and the influence of different factors. 
 In the well known book of Weyl [1] works in this field, published in 1929, are cited. However 
the interest resisted during the time, some of the new results being comprised in the References 
[2-13]. 
 Useful ideas and data are accumulated about the distortion of the coordination polyhedron of 
copper in glasses and the manner of interpreting the recorded spectra (2, 5-7, 9]. 
 Thermodynamic aspects and mechanisms of processes involved in the establishment of 
equilibrium between Cu2+ and Cu+ and the influence of temperature upon the resulted Cu2+/Cu+ 
ratio were treated in many works [3-6, 7, 9, 10]. 
 An interesting discussion is in course, with experimental [6, 7, 10, 11] and theoretical [12, 13] 
controversial arguments, about the glass composition (basicity) influence upon the Cu2+/Cu+ 
ratio. It seems that in the case of copper ions the increase of basicity does not always favours the 
higher oxidation state as happens with many other elements. 
 In this paper some kinetic aspects of the redox equilibrium establishment in copper containing 
sodium-borate glasses are presented, in correlation with glass composition. 
 
II EXPERIMENTAL 
 
   Three base compositions of sodium borate glasses were used, containing. 1) 11.15 mole % 
Na2O, 2) 19.95 and 3) 29.66 mole % Na2O. The intention was to obtain glasses with quite exact 
pB (basicity) values of 50 %, 55 % and 60 %. Actually, using the revised data on B4 content 
function of Na2O concentration, published by Zhong and Bray [14], the following pB values were 
calculated. 1) 50.02 %, 2) 54.4 % and 3) 59.7 %. The calculation method is described elsewhere 
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[15]. The mentioned values correspond with the experimental ones, obtained using Cu2+ as 
indicator ion [16] or Pb2+ [17] and a conversion equation from 7 to pB, within ±1.5 %. 
   The glasses were melted in platinum crucible at temperatures respecting the condition 
Tmelting=Tliquidus + 200oC. The samples used for pB determination were annealed at Tg [16]. The 
glass samples used for kinetic study were cooled rapidly in air, on ceramic plates, without 
annealing, to avoid the influence of this heath treatment on redox process. 
   The electronic spectra of copper ions, between 200 and 1100 nm were recorded by means of a 
double beam spectrophotometer Shimadzu V-160 A, using glass disks of 1 mm thick and pure 
glass (without copper) as reference. 
   In figure 1 the spectrum of copper in glass No. 3 is presented, containing 0.1 atomic percents 
Cu, equilibrated for three hours in normal atmosphere. Three peaks are clearly visible: a d-d 
transition of Cu2+ at about 800 nm, charge transfer transitions of Cu2+ at 294 and of Cu+ at about 
252 nm. 
 

 
 
Fig. 1 The electronic spectrum of copper in the glass No.3, containing 0.1 atomic percents Cu, 
after three hours of melting and annealing in normal atmosphere 
 
 The charge transfer peaks position is sensible to glass composition changes and usually the 
envelope evidences only one peak and a shoulder or even a single peak when the amount of Cu2+ 
is small enough. Thus, in the present stage of our work, these peaks seems to be not suitable for 
quantitative determination of respective copper ions. 
In spite of the fact that the envelope contains three peaks [6,7], the amplitude at 800 nm is 
determined principally by the 2Blg-2

Eg transition, the next transition being centered at about 1,250 
nm. So, this peak is convenient for Cu2+ concentration measurement. 
 For oxidation kinetic studies were prepared samples with majority of copper, if not all, in the 
lower oxidation state. In this aim Cu2O was used and a quantity of carbon black was added, to 
avoid the oxidation of Cu+. Additionally the oxygen from the furnace atmosphere was consumed 
by means of carbon black contained in a ceramic crucible. In such conditions the spectrum of the 
glass had no maximum in the visible region, confirming the absence of Cu2+. Such glass samples 
were then maintained at the same melting temperature for time intervals between 5 minutes and 
three hours, in the normal, oxidising atmosphere. 
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   The recorded spectra showed the rise of the amplitude of the maximum at about 800 nm, i.e. the 
increase of Cu2+ content. 
 

 
 
Fig. 2 The d-d transition spectrum of copper in the glass No. 3, containing 0.3 atomic percents 
copper, after reduction   and three hours of oxidising melting, without annealing. 
 
 As an example, in figure 2  the d-d absorption maximum for the glass No.3 is shown, after 
three hours of melting-oxidation. In this case the peak is   at 793 nm and the absorptivity  0.354. 
 
III KINETIC ASPECTS 
 
 The results obtained after the above described treatment for the three glass compositions are 
presented in figure 3, in coordinates. optical absorptivity at about 800 nm function of time of 
oxidising treatment. 
 The influence of glass composition upon the curves position is obvious. The absorption 
increases together with the Na2O content in glasses, i.e. together with glass basicity. 
 Having no possibility to determine experimentally the actual Cu2+ concentration a calculation 
method was used, by means of published ε values [6, 7]. The existing differences between the 
two cited sources make this tentative quite approximate. Were preferred the values from [7], 
being a little newer. Resulted that the increase in the absorption amplitude with the basicity of 
glasses is, among others, the consequence of Cu2+ concentration increase. It is clear that, at least 
up to a basicity of about 58 % ( about 26 mole % Na2O), corresponding to the maximum on the 
curve of ε variation with glass composition [7], the increase in basicity favours the upper 
oxidation state of copper. In the basicity interval defined by the synthesized glasses, Cu2+ 
concentration varies from about 65 %, from total copper (at pB = 50 %), up to about 83 % (at pB 
= 60 %). 
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     Fig. 3 The evolution of absorptivity at about 800 nm with  time of oxidising treatment,  for 
three studied glass compositions. 
 
 
   The tendency towards equilibrium, which is practically attained after about three hours, is 
clearly evidenced. 
   The presented results are in agreement with the known [18] conception that the oxidation 
process is related to the atmospheric oxygen diffusion in glass. 
   To underline this idea, in figure 4 the rate of oxygen penetration is presented, together with the 
absorption intensity at about 800 nm. The quantity of oxygen was calculated on the basis of the 
amount of Cu2+ and expressed in weight percents in a minute. 
    It must be mentioned that the above results were obtained in static conditions, that is, in the 
absence of any artificial convection in glass melt. 
   The importance of convection was evidenced when the glass samples were obtained from the 
same crucible, by putting it out of the furnace, pouring the glass melt quantity necessary for a disk 
and reintroducing the crucible   with the rest of glass   in the furnace. This procedure was repeated 
for three times at intervals of 5 minutes ant then for three more times  at intervals of ten minutes. 
 The equilibrium optical absorptivity was obtained after only 45 minutes, the oxygen 
penetration rate being of 6.1·10-3 grams per minute for 100 grams of glass melt, i.e. higher by a 
factor of ten. 
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Fig. 4 Absorption at about 800 nm and rate of oxygen penetration in glass, (expressed 
in wt.%·min-1·104), function of glass basicity. 
 
     The possibility of treating this oxidation process like a relaxation one was suggested. Using 
the simplest relaxation equation [19, 20] of the type. 
 

        (1) 
 
where Ae is the absorptivity at equilibrium, AO at the initial moment (practically zero), and At the 
current time, one obtain a satisfactory fit of experimental data (figure 5) for glasses No. 2 and 3. 
The experimental points corresponding to glass No. 1 are more scattered. For the mentioned 
glasses, values of relaxation time of 22 minutes (for glass 2) and respectively 35 

 
Fig. 5 Experimental data and the straight lines corresponding to the equation (1), considering the 
copper oxidation like a relaxation process. 
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minutes were obtained by means of equation (1). For the glass No.1 τ seems to have the lowest 
value. 
    In this way the influence of glass composition upon the kinetics of the oxidation process is 
evidenced. A more basic glass (No. 3), diminishes the oxygen diffusion because of the blocking 
effect of the alkali ions, occupying the interstices and determining a contraction of the doorways 
used by the oxygen. This is in agreement with the increase in glass density too. 
 
VI DISCUSSION AND CONCLUSIONS 
 
 It is well established the fact that the redox processes in glass depend on redox substances 
present in glass and in the atmosphere, on glass composition and temperature and, in normal 
conditions, on oxygen diffusion in and out of glass [18]. 
 In this work were followed especially the oxygen diffusion and the glass composition 
influence. 
 When the redox system is put out of equilibrium then the reoxidation process maybe treated 
like a relaxation one. In this way was evidenced one of the aspects of glass composition and 
structure influence, namely the influence on the time necessary to attain the redox equilibrium, 
that is on oxygen diffusion.  
 The problem of basicity influence on the Cu2+/Cu+ rate is more complex. Our results does not 
evidence a tendency of this rate to diminish at least up to a pB value of 58 % (Na2O content of 
about 26 mole %). Taking into account the discrepancies between the ε values determined by 
different authors it seems that new efforts are necessary for new data accumulation and for better 
understanding the reality. 
   The experimented method of study seems to be a promising one, even the presented data being 
not fully exploited. 
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Abstract 
 

 Due to the physical properties it imparts to glass, lead oxide is a vital 
component of crystal glass compositions. However lead is toxic to the 
human body if taken in large enough quantities. This issue has gained 
public attention in the last few years, and resulted in directing research 
efforts towards; 
 - Decreasing lead release from lead crystal glassware by modifying the 
basic glass composition, and 
 - Developing new glass compositions which do not include lead oxide 
but are compatible with lead crystal glass in terms of their physical 
properties.  
 The work presented here is dedicated to a new glass composition, 
which has similar physical properties to lead crystal glass, but which does 
not contain lead oxide. The glass composition, melting-fining-forming 
behaviour and physical and chemical properties of the glass is reported.  

 
 
1. INTRODUCTION 
 
 Crystal glass is primarily defined by its lead oxide content which adds to its 
brilliance and develops the melting and working properties thereby simplifying the 
glass processing. Glassware is often sold as lead crystal if it contains at least 24% lead 
oxide. It is this high lead content that gives the crystal glass its properties, but can 
cause trouble due to the lead leach from articles designed to contain food or beverages.  
 In order to eliminate this problem, research projects, both in modification of the 
chemical composition of lead crystal glass to reduce lead release(1) and the 
development of a new lead-free composition, are carried out in ÞÝÞECAM. 
 The steps and obtained results in one of the above mentioned studies which 
includes the development of a lead-free composition, will be reported here.  
 
2. FOREWORD 
 
 As defined by the European standard EC-69, glasses can be labeled as crystal glass 
according to their chemical composition and two important physical properties which 
are density and refractive index. The range of compositions and physical properties for 
the types of crystal glasses are presented in Table 1. 
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Table 1: Crystal glass categories according to EC-69. 
 

Type of glass Oxides Density 
(gr/cm3) 

Refractive 
Index, nD 

Label 

Full lead 
crystal 

PbO≥30% ≥3.00 ≥1.545 Gold colour 

Lead crystal PbO≥24% ≥2.90 ≥1.545 Gold colour 

Crystalline ZnO+PbO+K2O+BaO≥10% ≥2.45 ≥1.52 Silver colour 

 
 As can be seen in Table 1, to gain the gold coloured label, a crystal glass has to 
have a density of minimum 2.9 gr/cm3 and a refractive index of minimum 1.545. By 
simply recalling the density and refractive index values of a typical soda-lime-silica 
glass, which are around 2.5 gr/cm3 for the density and 1.50 for the refractive index, the 
importance of these properties imposed by lead oxide become more emphasized.  
 Optical dispersion is another important property that makes crystal glass different 
than the other types of glasses. Dispersion is a measure of how well white light is split 
into its components by a material. Although it is not mentioned in the European 
Standard, this is in fact, the effect that gives crystal glass its brilliance.  
 Optical dispersion differences between container and crystalware are much more 
easily perceived. Abbe number is a measure of dispersion of glass and is determined 
by measuring refractive index differences at specific wavelengths. The lower the Abbe 
number, the greater the dispersion, the more desirable the effect. 
Container glass has an optical dispersion value of 6 x 10-3 ,whereas 24 % lead oxide 
containing crystal glass has an dispersion value of 12 x 10-3. As can be seen from 
these values, the difference is obvious.  
 
3. DEVELOPING A NEW LEAD-FREE COMPOSITION 
 
 In this type of a study, the most important point is that one can rarely reach the 
ideal composition which will have properties exactly the same with the glass to be 
replaced. So, the most suitable composition for the production has to be reached with 
the help of modelling, experimental studies, and small scale applications.  
 In this work, all possible oxides to replace PbO, including Bi2O3, SrO, ZnO, BaO, 
TiO2 known as strongly affecting the density, refractive index and optical dispersion 
of glass, were examined experimentally.(2,3) 
 The silver colour labeled crystalline composition of ÞÝÞECAM was taken as the 
base composition. Various levels of above mentioned oxides were added to this 
composition, and the effects of them to the physical properties of glass were 
determined comparatively with the 24% PbO containing crystal composition of 
ÞÝÞECAM.  
 After these compositional studies, a new, optimum, lead-free composition is 
reached having the properties listed in Table 2. 
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Table 2: Properties of new lead-free glass. 
 

Properties ÞÝÞECAM 
crystalline glass 

ÞÝÞECAM  
crystal glass 

Experimental Lead-
free glass 

Melting temp. 
(Log η=2) 

1424 1461 1395 

Gob temp. 
(Log η=3) 

1168 1172 1157 

Working temp. 
(Log η=4) 

1004 986 998 

Softening point 
(Log η=7.65) 

707 654 697 

Annealing point 
(Log η=13) 

536 463 521 

Working Range 
(Tlogη=3 -Tlogη=7.65) 

461 518 460 

Liquidus temp. 966  923 

Density (gr/cm3) 2.5141 2.9365 2.7674 

Refractive Index 1.5205 1.5487 1.5414 

Optical Dispersion 
(x 10-3) 

8.79 11.62 10.10 

Hardness Hardest Third  Second 

Acid Polishing %1HF+%70H2SO4 
+H2O 

90 min. 

%2HF+%70 H2SO4 
+H2O 

35 min. 

%1HF+%70H2SO4+H2O 
50 min. 

 
 
 The developed lead-free composition, which has the properties listed in Table 2, 
contains TiO2, ZnO and BaO. Although barium is also toxic, it can be considered as a 
better alternative than lead from the environmental point of view. The advantages are 
that vaporisation can be neglected and the metal leaching from a barium containing 
glass is considered to be lower than the leaching levels from lead crystal glasses.(4) 
Another important point to be mentioned here, is that BaO content of this lead-free 
composition is less than 6 %, so this level can be considered too low when compared 
to lead crystal.   
 As can be seen from Table 2, melting temperature of lead-free composition is lower 
than both crystal and crystalline compositions. A little difference appeared in working 
properties, due to eliminating lead oxide from the composition. Besides increasing the 
density, refractive index and optical dispersion of glass, lead oxide typically makes 
glass longer means i.e. the glass cools down slower and therefore in hand made 
production, gives longer period of time to work with it. The working range difference 
between lead crystal and lead-free composition is around 58oC. Although  the 
difference is not so small,  working range value of lead-free composition is almost 
similar to that of  the  crystalline composition of ÞÝÞECAM. The small scale factory 
application has also proved this result.  
 Hardness and acid polishing behaviour of the lead-free glass do not also resemble  
those of  lead crystal, but the obtained values are close to the crystalline glass, so these 
are not considered as disadvantages.  
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 The only disadvantage appeared in refractory corrosion tests. Results showed   2-3 
times higher corrosion rate of pot materials compared to the 24% lead oxide 
containing crystal glass. However suitable adjustments of the melting technique or 
other choices for the pot material can compensate a more aggressive glass.  
 For the chemical decolorization of the lead-free composition Ce-concentrate was 
used as the oxidizing agent.  
 In conventional applications, the oxidation of iron was obtained by adding arsenic 
oxide or antimony oxide with sodium nitrate to batch, but in recent years cerium oxide 
or materials containing cerium oxide such as cerium concentrate, have replaced 
arsenic and antimony to eliminate the health hazardous materials from the glass batch. 
In view of the above mentioned aspects, experimental glasses were melted from 
batches containing commercial grade raw materials. Ce-concentrate was used as the 
oxidizing agent and cobalt oxide as the physical decolorant. 
 As a result of the experimental decolorization study, the optimum amounts of 
decolorizing agent were obtained.  
 
5. CONCLUSION 
 
 Because of the regulations for lead release from the tableware made of lead crystal 
glass, numerous research studies are carried out by the tableware industry worldwide. 
Main topics  of these research efforts are : 
 . surface modifications or compositional modifications to decrease the lead release 
from the article, 
 . development of new lead-free compositions having similar physical properties 
with the lead crystal glass. 
 After the work presented here, was completed, the main opinion appeared that 
several combinations of various types of oxides can be prepared to give a glass with 
physical properties close to crystal glass. However the ideal composition, having the 
properties exactly the same as those of the lead crystal glass, while having no 
environmentally toxic components, seems very difficult to be reached. So, in order not 
to face the environmental problems in the future, the tableware glass industry has to 
compromise a little from the properties of lead crystal glass. 
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Abstract 
 

 The de-alkalization of commercial silicate glasses culminate in the 
formation of a calcium rich layer on the surface of the glass, which has 
secondary protective influence along with silica rich layer on the glass 
surface. The effect of high humidity and the presence of CO2 in the 
atmosphere during transport and storage, may result in unwanted stains which 
is related to the presence of Ca-rich layer on the surface of the glass. 
 Float glass surfaces are particularly prone to the formation of Ca-rich 
layers. In the float process, the glass goes from the oxidizing atmosphere of 
the furnace to the severely reducing atmosphere of the tin-bath. This results in 
the diffusion of alkali and alkali-earth oxides towards the surface of the glass. 
Especially during sea transport of float glass, Ca-carbonate stains form on the 
top surfaces of clear float glass and the bottom surfaces of green float glass. 
 The formation patterns of these stains appear to be similar to the 
orientation of the acrylic interleaving beads put in between the float glass 
sheets. Electron microprobe analysis has shown that the Ca-rich layers, 
dissolved by water films of acidic character, agglomerates around the acrylic 
beads and later forms stable carbonates. 
 The study has employed a variety of surface analysis techniques to 
investigate the behaviour of different Ca-rich layers, forming on the top and 
bottom surfaces of float glass, the influence of bath conditions on the 
character of Ca-rich films. 

 
 
Introduction 
 
 Market conditions characterized particularly by architectural aesthetics and 
performance needs require high quality, low-cost and wide range of products in the flat 
glass productions. The construction sector tends towards multi-layered and coated glasses 
instead of monolithic applications. However, the importance of  surface defects, which 
can not be easily detectable in a single glass sheet, increases in multi-layered and coated 
glass productions. This fact leads to more narrow (stringent?) quality limits requiring 
better storage and transport conditions to preserve the pristine surface quality of glass as 
much as possible.  
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Surface Characteristics of Soda-Lime-Silicate Glasses and Weathering    
 
 Commercial soda-lime-silicate glasses which are resistant chemically react only with 
water in static conditions. When the glass contacts with water, an ion exchange process is 
initiated between Na+  ions in glass and H+ or H3O ions in water during the fist stage of 
corrosion. In the second stage, the total dissolution takes place while the pH of the 
solution increases. 
 In the first stage, mostly Na and Ca compounds are aim to formed as reaction products. 
Different kinds of interleaving agents commonly used by glassmakers prevent corrosion 
of the glass surfaces. But, in long periods of storage and transports, carbonaceous stains 
may cause some surface cleaning difficulties with ordinary machines.  
 The chemistry of glass surface has been progressively studied by many researchers 
since the beginning of last century. Fundamental investigations are published after 1950's. 
The work published in 1977 by Hench1 is an important milestone among these. He 
described the five types of surfaces which are characteristic of a silicate glass at any time 
in its history. The five characteristic types of glass surface are shown below. 
 

 
 
 Nowadays, the commercial float glasses display the characteristic of third type which 
have dual protective film on their surfaces. Ca-rich layer of 10-15 nm thickness overlies 
the Si-rich layer. Although the Ca-rich layer increase the chemical durability of the glass 
surface, in some cases, such as long transportations, it may cause "obstinate" surface 
stains which cannot be cleaned by ordinary machines. Surface compositional profiles of 
typical soda-lime-silica glass  were carried out by Hench & Clark2  using AES-ion milling 
and SIMS techniques. The schematic compositional profiles after Hench & Clark are seen 
in the following figures. 
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 Float glass surfaces are particularly prone to the formation of Ca-rich layers. In the 
float process, the molten glass entering the tin bath from oxidizing conditions in refining, 
it is suddenly exposed to strong reducing conditions from both the metallic tin and the 
hydrogen atmosphere. In the bath, extensive diffusion processes and some exchange 
reactions take place depending upon temperature and duration. The amount and the 
direction of diffusions were given as schematic representation of the elements by Swift3  
as follows.  

 
 
Experimental Studies   
 
 During the exchange operations of spout block in a float line, the glass pull was 
stopped  for several days. During those operations, some glass sheets remained for 12 and 
24 hours in tin bath. Those glass samples were taken for detail electron microprobe 
analysis. The depth profiles of Ca and Sn contents from both surfaces were taken. The 
intensities of Ca counts reached to 15 000 cps on both surfaces and the thickness of Ca-
rich layers 3 000 to 6 000 nm on atmosphere and tin side surfaces respectively. Tin counts 
of the surface of atmosphere side were about 9 000 cps, while the tin counts of the bottom 
surface were in the order of  22 000 cps. Therefore the movements of CaO towards to 



 4

surfaces are dominantly related to the diffusion mechanism instead of exchange reactions. 
The following figures show the Ca and Sn line-profiles along the depth. 

 
 
The Mechanism of the Formation of Carbonaceous Stains   
 
 Especially, during the sea transport of float glass, carbonaceous stains form on the top 
surfaces of clear glass and bottom surfaces of green float glass in practice. When these 
formations were analysed in electron microprobe, their distribution patterns, shapes and 
forms resemble volcanic crater were to be meaningful (Photo 1). The craters of CaCO3 
formations may have occurred as described figuratively below. 
 High humidity during transport, the condensed water in acidic character dissolves the 
Ca-rich films on the glass surfaces. The solutions are accumulated around the interleaving 
PMMA beads and precipitated. Those precipitates give a reaction with CO2  in 
environment to stabilize as carbonates in a short period of time. 
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Abstract 
 

 The diffusive transport of water in silica glass affect many important properties 
and working parameters of this material and its products. The known models of water 
diffusion based only on kinetic scheme of water interaction with silica matrix forming 
hydroxyl groups cannot explain the concentration dependence of water diffusion 
coefficient and some other features of diffusion behaviour of water in glass. The 
structural-geometric factor should be taken into account as well. During the process 
of diffusion into glass structure and fast hydroxylation, the breaking of silicon-oxygen 
bonds occurs, the rings formed by silicon-oxygen tetrahedra disclose, the mean 
effective diameter of the rings increases, and the water diffusion coefficient rises. The 
structural-geometric model interprets why crystalline quartz with more dense 
structure but with straight diffusion channels possesses higher water diffusion 
coefficients at high temperatures than silica glass. 

 
 
I. INTRODUCTION 
 
 The gas incorporation into high purity silica glasses forms a defective structure of these 
materials. Water as a primary impurity in silica glass appears to be of importance in affecting 
many properties of glass and working parameters of glass products. For example, a decrease of 
water and gas content in silica glass crucibles for silicon crystal growth as well as a decrease of 
diffusion coefficients prevents explosive character of gas evolution out of crucible glass at 
working temperature near 1400oC with crucible failure at the beginning of the silicon crystal 
growth and increases duration of the crucible use [1]. 
 Gas diffusion coefficients in silica glass are controlled by a number of factors: temperature, 
size and nature of diffusing molecule, concentration of impurities and structural defects in silica 
glass, interaction of gas with silica matrix. Water diffusion in silica glass is accompanied by 
hydroxylation and dehydroxylation of silica. In general case the velocity of entry or removal of 
water depends on the velocities of many different processes. At high temperature the total 
velocity of the transport process is limited by the diffusion stage. Thus the water diffusion 
coefficients can be determined simpler at temperatures higher than 800oC 
 Diffusion coefficients of water in silica glasses are usually determined either from kinetics of 
change in mean water concentration in silica glass or from "in-depth" profiling water 
concentration by layer-by-layer grinding of the glass surface. Such determinations for noncrushed 
and transparent glasses are most commonly performed by monitoring the hydroxyl water band at 
3660-3670 cm-1 the infrared (IR) spectrum. IR-spectral method has some restrictions. Some other 
forms of water, as a rule, are not taken into consideration. In particular, the study of molecular 
water in silica glass presents a considerable challenge. High temperature limit of diffusion 
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investigations is close to the softening temperature of glass because of the demand to support the 
shape of sample with the strictly parallel planes. It is difficult to reproduce the same location of 
the sample in relation to beam after each of heat treatments. Moreover, heating of silica glass in 
water vapor at high temperature causes the substantial change in structure of the near-surface 
layer of glass and, consequently, the measurements of diffusion-in coefficients, i.e. for diffusion 
into glass, may be incorrect, particularly if the coefficients are determined from the concentration 
profile of water. It is known [2] that water and some other substances produce an appreciable 
catalytic effect on crystallization of amorphous silica even at relatively moderate temperatures. 
 These limitations are prevented by using kinetic thermodesorption mass spectral method [1,3] 
which enables to measure diffusion-out coefficients, e.g. for diffusion out of glass, from 
isothermal kinetics of liberating water into vacuum or (what is the same) from kinetics of 
decreasing mean water concentration in glass. For the particles of the spherical shape the 
corresponding equation is: 
 

 
 
or the equation valid for initial and middle stages of diffusion: 
 

 
 
where ρ - density, s - specific surface of quartz grain, m - mass of quartz, Co - initial 
concentration of gas impurity, B - sensitivity coefficient of the mass spectrometer with respect to 
the gas current, I - intensity of ion current of water peak in mass spectrum, t - time. This method 
can be applied to the particles of any shape. For cube, for example, the diffusion kinetics is 
described by the equation: 
 

 
 
Diffusivities of polydispertional materials, e.g. of nontransparent ceramics, with known 
dispersion function of particles size can be measured as well. 
 The use of mass spectral and IR spectral methods to determine water diffusion coefficients for 
the same transparent glasses under the same conditions has been proved to provide almost 
identical results (Fig.1 ). 
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Fig.1. Arrhenius plot of the water diffusion-
out coefficient for silica glasses of standard 
type III: 1 - Russian silica glass KU-1; 2 - 
data for Suprasil-I from Ref. [4]. 

Fig.2. Arrhenius plot of the water diffusion 
coefficient for the removal (1) and the entry 
(2) of water in silica glass CGW-7940 of 
type III ( Ref.[4]). 

 

 
 
Fig.3. Relationship between water diffusion 
coefficient at 1400oC and initial water 
concentration in silica glass obtained by 
hydrolysis of in H2-O2-flame in three stages: 
deposition of SiO2 on the form, thermal 
vacuum vitrification and heating in H2-O2  
flame. 

 
Fig.4. Tritiated water diffusion profile in 
silica glass I.R.Vitreosil (initially water- 
free) at 1200 oC, 92.1 kPa (700 mm Hg), 5 h 
(Ref.[5]). 
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II. SOME SPECIAL FEATURES OF WATER DIFFUSION IN SILICA GLASSES 
 
 Volume diffusion of water in silica glass at high temperatures is characterized by the certain 
features. The diffusion coefficient for the entry of water is several times greater than that for the 
water removal (Fig.2) [4]. The diffusion coefficient depends on water concentration (Fig.3)[1]. 
The concentration profile of diffusing water does not coincide with the error function profile at 
high temperatures (Fig.4) [5]. 
 
III. MODELS OF WATER DIFFUSION IN SILICA GLASS 
 
 Roberts and Roberts [6] supposed that the diffusion flux was controlled by the concentration 
gradient of SiOH groups which were produced by the reaction of water molecule with silica: 
 

 
 
 Such a "lattice-breaking" mechanism which involves permanent breaking and forming silicon-
oxygen bonds should exhibit a high activation energy that is not observed experimentally. 
 Doremus [7] suggested that molecular water diffused and reacted with silica network to form 
immobile hydroxyls. The effective diffusion constant Deff depends on the diffusion coefficient of 
molecular water DH2O, on the concentration of hydroxyl [SiOH] and on the equilibrium constant 
K = [SiOH]2/[H20]. In a more refined version [8] this dependence can be given as: 
 

 
 
 According to this model, the diffusion coefficient should be extrapolated to zero for silica 
glass with zero hydroxyl content what contradicts experimental data. 
  Tomozawa [9] made an attempt to overcome this discrepancy by assuming that both molecular 
water and hydroxyl water could diffuse. Then according to [10], 
 

 
 
Equations (1) and (2) can explain the linear dependence of Deff on the hydroxyl content when 
hydroxyl and water concentrations are low. At high water content the effective water diffusion 
coefficient for silica glass tends to a steady value what is not governed by Eqs.(1 ) and (2). 
 The kinetic scheme has been advanced to describe the water diffusion everywhere over the 
concentration range. From 
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we can realize 
 

 
 
 When [SiOH] rises, dependence Deff on [SiOH] becomes nonlinear, Deff tends to the upper 
limit, DH2O. For low [SiOH] (4[SiOH]/K << 1 ), Eq.(3) transforms to the known Eq.(2) and even 
to Eq.(1 ) if  DSiOH << DH2O [SiOH]/K. 
 The kinetic models discussed above state that Deff at low [SiOH] is very small or zero (DSiOH is 
assumed to be very small). What actually happens is that the effective water diffusion coefficient 
at low water content is high enough in experiments with silica glass. Besides, it is not clear from 
these models why the effective diffusion-in coefficient is higher than the diffusion-out one at the 
same mean concentration of water in glass. 
 
IV. STRUCTURAL-GEOMETRIC CONSIDERATION OF DIFFUSION       PROCESS 
 
 From the stated above it follows that the models of water diffusion based only on kinetic 
scheme of water interaction with silica matrix forming hydroxyl groups cannot completely 
explain the concentration dependence of water diffusion coefficient and some other features of 
diffusion behaviour of water in glass. It is likely that the structural-geometric factor should be 
taken into account as well. Water diffuses into glass structure by the pipe diffusion mechanism. 
During fast hydroxylation, the breaking of silicon-oxygen bonds occurs, the rings formed by 
silicon-oxygen tetrahedra disclose (Fig.5), the mean effective diameter of the rings increases, and 
the water diffusion coefficient rises. Water removal leads to reverse processes: to decreasing 
effective diameter of the rings and to decreasing water diffusion coefficient. This structural-
geometric model can explain many features of diffusion behaviour of water in silica glass: 
concentration dependence of water diffusion coefficient is derived from the concentration 
dependence of diffusion channel diameter; concentration depletion or enrichment of near-surface 
layer at the initial stage of diffusion-out or diffusion-in explains why the effective diffusion 
coefficient is higher for entry than for removal at the same mean concentration of water in glass 
and why the concentration profile of diffusing water is convex up and not coincided with the error 
function profile. 
 The structural-geometric model is supported by the fact that crystalline quartz with a more 
dense structure but with straight diffusion channels possesses higher water diffusion coefficients 
than silica glass (Fig.6) [11]. It is consistent with the sensitivity of water diffusion coefficient to 
the method of silica glass production. 
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Fig.5. Structure of silica glass silicon- 
oxygen tetrahedra form and diffusion 
channels (Ref. [12]). 
 
 
 
 

 
Fig.6. Arrhenius plot of the water diffusion-
out coefficient for silica glass obtained by 
hydrolysis of SiCl4 in H2-O2 flame in three 
stages (1) and for crystalline quartz (2) with 
initial water concentration 109 and 44.5 
ppmm respectively. 

 
V. CONCLUSION 
 
 The structural-geometric consideration does not eliminate the influence of kinetic factors 
connected with reaction of molecular water with silica on water diffusion. However at high 
temperatures when the rate-determing stage is volume diffusion, the contribution of the 
structural-geometric factors in diffusive transport of water should be prevalent. 
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Abstract 
 

 The thermochemical treatment of glass containers by acid gases is well-known to 
be used for glass maintenance properties improvement. The results of complex study 
of this process are presented in the paper. 
 The procedure of the experiments consists in the followings. Different types of 
bottles made from colorless, orange and deep-green glasses were treated by gases 
either at the final blowing or immediately after container's formation or in the stage of 
annealing. The treatment of jars was the same. The experiments were carried out both 
in the laboratory an at the plant. The next properties of glass containers were 
determined: mechanical strength, the internal hydrostatic pressure resistance, 
microhardness, chemical durability, thermoresistance. As a treating agent the oxides 
of sulphur, nitrogen and carbon, hydrogen fluoride and chloride as well as mixture of 
the gases were used. 
 Thermochemical treatment of glass by active gases was found to improve the water 
and acid resistance of glass in 1...2 orders of value, strength - on 20...30%, 
thermoresistance and microhardness being raised up to 5...10%. 
 The factors having an effect upon the improvement of physicochemical properties 
of glass containers under treatment by active gases are discussed. 
 To improve the thermochemical treatment method under industrial conditions the 
practical recommendations are proposed. 
 The results of joint treatment (treatment by gases, ion exchange, electromagnetic 
treatment, oxide-metal coating) are given. 
 The probable mechanism of interaction of different gases with glass surface is 
discussed. 
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 Abstract 
 

   New glasses based on the use of oxides of barium, strontium and  zinc have 
been prepared using the data from CD-ROM-INTERGLAD to replace the 
crystal lead. Physical and chemical studies have been undertaken by the 
measure of viscosity, thermal expansion, density, refractive index, and optical 
transmission. Results obtained from the    experimental work were very close 
to those of a crystal lead. Very satisfactory coefficients of correlation were 
obtained by the modeling of physical parameters using multiple regression. 
They can be used to elaborate new compositions of glasses having equivalent 
physical and chemical properties as a crystal lead. 

 
I. INTRODUCTION 
 
Recently, research work in the glass domain has been oriented towards replacing crystal 
lead to overcome the related environmental problems [1/5].  The actual study aims to 
elaborate new lead free glasses having the same characteristics as crystal; i.e. brightness, 
density, mechanical resistance and the working range. Basing ourselves on the 
INTERGLAD database [6], several compositions have been chosen using multiple 
regressions on density, softening and melting temperatures using the relation: (property = 
Σ (content) x (factor) [7]. Physical and chemical analysis of these glasses have been 
carried out by way of measuring the high temperature viscosity, thermal expansion, 
density, microhardness, refraction index and optical transmission. Experimental results 
have been compared with those obtained with calculations by multiple regression [8] and 
models of HUGGINS  [9] and HORMADAL Y [10]. 
 
II. EXPERIMENTAL 
 
II.l. Preparation of glasses 
II.1.1. Glasses compositions 
    The glasses are melted as described in Table 1. 
II.1. 2. Melted batches 
    The raw materials used for the preparation of samples are shown in Table 2. 
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Sample SiO2 Al2O3 Na2O K2O BaO SrO ZnO PbO As2O3 total(%
) 

1 62.10 00 00 12.3 00 00 00 25 0.6 100 
2 55.70 05 05 08.7 25 00 00 00 0.6 100 
3 61.40 03 05 10 20 00 00 00 0.6 100 
4 51.40 03 05 10 30 00 00 00 0.6 100 
5 55.90 05 05 15 00 00 18.5 00 0.6 100 
6 60.40 03 05 15 00 00 16 00 0.6 100 
7 52.00 04 6.4 07 30 00 00 00 0.6 100 
8 57.00 04 6.4 07 25 00 00 00 0.6 100 
9 59.00 05 7.4 08 20 00 00 00 0.6 100 

10 56.80 05 05 05 25 00 2.6 00 0.6 100 
11 51.80 05 05 05 30 00 2.6 00 0.6 100 
12 53.80 03 10 10 00 20 2.6 00 0.6 100 
13 50.80 03 10 08 00 25 2.6 00 0.6 100 
14 50.00 03 08 07 00 29 2.4 00 0.6 100 
15 55.40 05 05 08 20 00 06 00 0.6 100 
16 55.40 05 05 08 14 00 12 00 0.6 100 
17 55.40 05 05 08 08 00 18 00 0.6 100 
18 51.40 05 05 08 06 00 24 00 0.6 100 
19 51.40 04 04 07 29 00 04 00 0.6 100 
20 55.40 05 05 08 00 14 12 00 0.6 100 
21 55.40 05 05 08 00 08 18 00 0.6 100 
22 55.40 05 05 08 08 08 10 00 0.6 100 
23 55.40 05 05 08 11 11 04 00 0.6 100 

 
Table 1: Glass compositions (wt %) 
 

Sample Sable Al(OH)3 Na2CO3 K2CO3 KNO3 BaCO3 SrCO3 ZnO As2O3 Total (g) 
1 139.13 00 00 34.37 8.96 * 00 00 1.34 240 
2 111.73 14.15 19.19 21.25 8.01 64.47 00 00 1.20 240 
3 125.13 09.24 19.50 24.36 8.14 52.40 00 00 1.22 239.99 
4 102.30 09.04 19.00 24.36 07.95 76.75 00 00 1.19 240.02 
5 116.25 15.80 19.86 23.79 08.31 00 00 38.43 1.25 240.03 
6 126.74 09.51 20.86 40.13 08.38 00 00 33.53 1.26 239.99 
7 101.30 11.82 21.30 40.49 29.28 75.13 00 00 1.17 240 
8 112.35 11.95 21.55 00 29.63 63.35 00 00 1.18 240.01 
9 115.38 14.84 24.72 00 33.60 50.28 00 00 1.17 239.99 
10 114.55 15.30 17.22 00 21.65 64.81 00 05.24 1.21 239.98 
11 103.23 15.14 17.02 00 21.39 79.85 00 05.24 1.19 240.02 
12 100.38 08.47 31.87 00 40.07 00 53.25 04.85 1.12 240.01 
13 94.90 08.48 31.91 00 32.09 00 66.64 04.85 1.12 240 
14 94.03 08.54 25.70 00 28.27 00 77.83 04.51 1.13 240.01 
15 109.87 15.06 16.94 00 34.07 50.99 00 11.89 1.19 241.01 
16 111.45 15.27 17.18 00 34.56 36.20 00 24.11 1.21 239.98 
17 113.08 15.49 17.43 00 35.07 20.99 00 36.70 1.22 239.98 
18 105.44 15.58 17.51 00 35.24 15.82 00 49.17 1.23 239.99 
19 101.77 12.01 13.527 00 29.76 73.81 00 07.91 1.19 239.98 
20 109.63 15.05 16.90 00 34.00 00 39.53 23.72 1.19 239.99 
21 112.01 15.35 17.27 00 34.73 00 23.08 36.35 1.21 240 
22 109.88 15.06 16.94 00 34.07 20.39 22.64 19.81 1.19 239.96 
23 107.96 14.79 16.64 00 33.48 27.56 30.60 07.78 1.17 239.98 

 
 *56.20 Pb3O4 
 
Table 2: Melted batches 
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II.l.2. Melting conditions 
    The used crucibles are made from silica alumina refractory ( almost 240 g). First the 
electric furnace is heated up to 1450 oC and then the crucibles are loaded in with the 
mixed batch. The melting and refining remain at constant temperature during 4 hours. 
The glass is poured on a steel plate, and then cooled slowly from 580 oC to 20oC in order 
to remove the permanent stresses. 
 
II.2. Analysis of glasses 
 
II.2.l. VISCOSlTY 
    The viscosimeter ROTOVlSCO DV HAAKE was used to determine the viscosity 
curves using a step of 70 oC ( Figure 1). The different values taken out of these curves are 
presented in Table 5. 
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Figure 1: viscosity versus temperature 
 
 
 
 
II.2.2 Thermal expansion 
    Thermal expansion tests were carried out on an ADAMEL LHOMARGY type 
dilatometer with a heating speed of 1.5oC/min for 40 mm test tubes {Figure 2). Thermal 
expansion coefficient is presented in Table 3. 
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Sample α.mes.10-7 α.cal.10-7(Hormadaly) α.cal.10-7(reg) 
1 81.36 97.46 - 
2 106.20 113.02 103.95 
3 100.10 111.88 103.70 
4 114.30 124.08 112.97 
5 104.50 110.67 104.53 
6 105.20 109.68 103.99 
7 107.50 117.68 106.39 
8 109.40 114.25 101.78 
9 102.00 111.76 104.94 

10 88.80 100.91 89.23 
11 93.57 106.95 94.17 
12 118.10 139.92 119.21 
13 113.90 142.09 115.50 
14 109.40 141.05 107.95 
15 95.45 106.51 96.21 
16 90.29 101.49 90.30 
17 84.95 96.72 84.40 
18 81.36 96.31 82.17 
19 92.80 110.13 96.86 
20 93.26 116.50 89.06 
21 82.19 106.69 83.68 
22 92.22 112.52 91.56 
23 94.32 119.80 97.20 

 
  Table 3: Thermal expansion coefficient 
 
II.2.3 Density 
    Density values presented in table 5 have been obtained with ACCUPYC 1330 
PYCNOMETER. 
 
II.2.4  Microhardness 
    The Knoop microhardness readings taken on the MATSUZAWA MXT 50 
microhardness tester by applying a 100g load for 25 sec. are shown in Table 5. 
 
II.2.5  Refractive index. 
    The measured results obtained with a dipping refractometer in visible light are 
presented in Table 4. 
 
II.2.6. Optical transmission 
    In order to see the optical behaviour of glasses, the light transmission curves through 
them, have been carried out by spectrophotometer LAMBDA 19 UVNIS/NlR. An 
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example of these curves is presented in figure 3. The optical parameter (Brightness: L% ) 
obtained out of these curves by computer programs, as shown in Table 5. 
 
 
 
 
 

Sample n. measured n.cal(Huggins) n.cal(reg) 
1 1.542 1.568 - 
2 1.539 1.558 1.539 
3 1.526 1.547 1.527 
4 1.554 1.576 1.552 
5 1.528 1.554 1.528 
6 1.523 1.549 1.522 
7 1.553 1.569 1.551 
8 1.541 1.556 1.539 
9 1.531 1.546 1.530 

10 1.542 1.555 1.542 
11 1.555 1.569 1.555 
12 1.541 1.560 1.541 
13 1.551 1.568 1.552 
14 1.558 1.574 1.558 
15 1.541 1.558 1.541 
16 1.538 1.556 1.540 
17 1.537 1.555 1.540 
18 1.550 1.563 1.549 
19 1.552 1.574 1.554 
20 1.543 1.556 1.541 
21 1.545 1.555 1.540 
22 1.540 1.557 1.541 
23 1.541 1.558 1.541 

 
Table 4: refraction index 
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III. DISCUSSION 
 
    The experimental results compared to those of crystal lead [11/13] are shown in Table 
5. The followings are to be noted: the density varies from 2.84 to 3.05 g/cm3, the 
refraction index from 1.52 to 1.56, the optical transmission ( brightness) from 85 to 90 %, 
the thermal expansion coefficient from 8 to 11 x10-6 oC -1 and microhardness from 500 to 
530. The properties linked to viscosity; i.e. the melting temperature varies from 1310 to 
1540oC, the transformation temperature varies from 490 to 570 oC and the glass's working 
stage ranges from between 240 to 330 oC. 
 
 

Physical properties prepared  glasses Lead 
 mes.values cal.values  
Density (g/cm3) 2.84 - 3.05 2.85 - 3.06 2.95 - 3.15 
Refractive index 1.52 - 1.56 1.54 - 1.57 1.55 - 1.57 
Colour brightness % 87 - 90 - 90 
Melting temp oC (Log η=2) 1310 - 1540 - 1400 - 1440 
softening temp Ts oC 552 - 644 565 - 646 - 
Transition temp Tg oC 492 - 576 508 - 568 450 - 480 
W.range oC (∆T:Log  η=3-5) 238 - 330 235 - 327 290 - 310 
α20-300  oC-1 8 - 11.8x10-6 8 - 11.9x10-6 8 - 9x10-6 
Young modulus (GN/m2) 60 - 68# - 62 - 64 
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Microhardness Knoop 505 - 538 506 - 534 440 - 450 
 
# Measured values by Grindo-Sonic 
 
Table 5: Summary of the physical properties 
 
    In looking through this table, it may be seen that taken separately, the preparation of a 
lead free crystal having the same value as a lead crystal is possible. 
    We have carried out multiple regression for our experimental values with a view to 
finding the best possible formulation. The results show good coherence between the 
measured values and calculated values (Table 5) and consequently, correlation 
coefficients: satisfactory properties/formulations which can be used to calculate the best 
formulation. An example of calculated values using the relation: 
(Property)=Σ(content)x(factor) based on the derived correlation coefficients for both 
refraction index and thermal expansion coefficient is given below. 
 
Example 1: Refraction index of composition 1. 
n composition1  = no + ΣCi x Fi 
 
with: Ci; = composition 1 : C1, (Si02) = 52, C2 (Al203) = 4, C3 (Na20) = 6.4, C4 (K20)=7, 
C5 (Ba0) = 30. 
 
no and Fi obtained from regressions: 
no =1.439, F, = 0.000245, F2 = 0.000603, F3= 0.001592, F4 = 0.001151, F5 =0.002614 
n composition =1.439+52x0.000245+4x0.000603+6.4x0.001592+7x0.001151 +30x0.002614 
n composition ý =1.551 
 
Example 2: Thermal expansion coefficient of composition 1. 
α composttion 1 = α0  + ΣCi x Fi 
with α0 = -686.305, F1 = 7.409, F2 = 6.325, F3 =10.241, F4 =10.832, F5 = 8.020. 
αcomposition = -686.305 + 52x7.409 + 4x6.325 + 6.4x10.241 + 7x10.832 + 30x8.020. 
αcomposition 1=106.388x10-7 oC-1 

 
    The whole computed values of all compositions are presented in table 4. More details 
may be found in reference [14]. Moreover, computation of the refractive index and the 
thermal expansion coefficient using HUGGINS and HORMADALY models respectively 
have been performed for all compositions. The obtained results (c.f. Tables 3 and 4) 
confirm the coherence between the measured values and the calculated values. 
 
IV. CONCLUSION 
 
    Mixtures based on barium, strontium and zinc oxides have been melted at 1450oC and 
the glasses analysed by different physical and chemical methods. The measured 
properties, i.e. viscosity, thermal expansion coefficient, density, refractive index and 
optical transmission have shown very close values to those of crystal lead. 
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    Application of the multiple regression approach on the physical parameters has led to 
satisfactory results, i.e. correlation coefficients which may be used for the calculation of 
new compositions having the same characteristics as the lead crystal. 
    To conclude, the present study leads as to the interesting alternative consisting of the 
possibility of using new compositions in stead of the lead crystal. However, additional 
work will have to be carried out; glass refining and decolorising still have to be examined 
in order to reach a good quality of the product. 
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Abstract 
 

 The earliest extensive study on was made by Ghanbari-Ahari (1989) who reported that there 
was a region of glass formation with 50 % SiO2 content and the lowest eutectic temperature 
of the system is unexpectedly low, about 1000 °C this suggested that it may be possible to 
produce glasses within the system, which could be of interest to the glass industries. 
Ghanbari has mainly studied phase relationship in the system and detailed study on glass 
formation was not conducted. Consequently, the present study was firstly based on the 
discovery of easily melted glasses and the determination of the glass forming region of the 
system. Furthermore, all the glasses produced have been undertaken for the determination of 
some physical and chemical properties. It has been seen that some of glasses showed high 
resistance to highly alkaline environment and hereby chemical endurance of these glasses in 
the system is mentioned and discussed. 

 
 
INTRODUCTION 
 
 The term ''chemical durability'' has been used conventionally to express the resistance offered by a glass 
towards attack by aqueous solutions and atmospheric agents.  
 Glass is often thought of as an 'inert' material. Most glasses have high corrosion resistance but one must 
take note that all glass products are chemically reactive to some degree. It is often important to know how 
glass alters a solution that it contacts or how the glass product is altered by the solution. The prediction of 
such effects, even when the conditions are well specified, is an inexact process; there are no neat formulas 
to account for the numerous variables. However, given a knowledge of the glass and its proposed 
environment, it is possible to make extremely useful comparisons and often to make good predictions. 
 All silicate glasses become particularly susceptible to decomposition above pH=9-10. This happens 
because strongly alkaline solutions decompose & dissolve the silicate network itself. Since the present 
system is free from alkali, which make silicate glasses vulnerable to alkali solution attack causing the total 
dissolution of glass eventually, and has zirconia as one of the major glass constituent whose positive effect 
on the improvement of durability in different kind of solutions with changing pH values is very well known 
it was thought that glasses in the SrO-MgO-ZrO2-SiO2 quaternary system might show better durability 
when exposed to an alkaline environment. Therefore a variety of glass compositions have been investigated 
for different time lengths. Durability experiments involved glasses with different level of silica, from 
maximum to minimum content, as well as with different ratios of the other constituents. 
 
EXPERIMENTAL PROCEDURE 
 
 Glass compositions were coded in the form of SiO2/ZrO2/SrO/MgO (in weight % and all the values 
were rounded of the nearest whole number) throughout the study. When other oxides such as Al2O3 and 
TiO2 were added glass compositions were then named with the symbol of Al+Ti at the end of their codes, 
such as SiO2/ZrO2/SrO/MgO/Al+Ti. When a glass ceramic product was prepared from a glass GC sign was 
added at the end of code. Firstly, SrO, MgO and ZrO2 were kept constant at the relative proportions as 
ZrO2/SiO2, SrO/SiO2 and MgO/SiO2 and the amount of silica in glasses was increased. Consequently, wide 
range of glass compositions with silica content of 35 to 62 % have been undertaken and called as first set of 
glasses. At the later stage of the present study more than 50 glass compositions at different silica level 
without having any ratio between their constituents were prepared and called as second set of glasses. 
 Glasses with different levels of silica varying from 40 to 60 % and some glass ceramics produced were 
taken to determine their resistance to NaOH attack. Firstly rectangular shaped specimens of size about 27 x 
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8 x 2.5 mm were prepared and their large faces polished in order to decrease the effect of surface 
roughness. 1 Molar NaOH solution was prepared, 40 g NaOH in 1 liter deionized water. The specimens 
were weighed to ± 0.0001 g accuracy and suspended in a 300 ml capacity plastic bottle containing 300 ml 
of solution. A water bath was heated to 75 °C and set at that temperature. The plastic bottles were sealed 
and immersed in the bath for a certain period of time. During the experiments the alkaline solutions were 
not replaced. A propeller was employed in water bath to ensure homogeneous temperature throughout. 
After taking the samples out of the bath they were washed, cleaned using acetone and glass ceramics were 
dried above 140 °C for 15 or 20 min in an autoclave to remove gel like phase on their surface then weighed. 
The difference in weights were inspected. After each durability experiment all the solutions chemically 
analyzed. 
 Some of the glasses which proved resistant to strong alkali solutions were also tested in a model cement 
extract. with pH value of 12.5-13. Two identical rectangular glass samples were prepared for each different 
glass to be examined and polished to decrease the effect of surface roughness. For the preparation of the 
cement extract 250 g of Portland cement was added to 1.25 liter of distilled water in each of two plastic 
containers. AR grade CaSO4.2H2O was also added to the cement extract to give the equivalent of a half 
saturated solution (1.2 g CaSO4.2H2O / liter). Those two containers were then rolled at 70 rev/min. 
continuously for 18 days. After that the solid and liquid phases were separated by vacuum filtration in a 
nitrogen atmosphere. Soon after filtration glass samples were inserted into 200 ml capacity plastic bottles 
and well sealed under the same atmosphere and the experiment carried for 35 days at 17 °C. 
 
 
 
 
RESULTS  
 
 At the beginning, 13 different glass compositions from first set with different level of silica content 
were taken for their chemical durability against NaOH attack in 1M NaOH solutions with pH values of 14 
for 33 days at 75 °C. In order to compare the durability of those 13 glasses with that of commercially 
available microscope slides all these glasses were studied under the same conditions (Table 1). 
 Effect of high silica content on durability can be seen for the 55/4.2/33.9/6.9 glass (Table 1) which has 
given one of the highest weight loss value in the MgO-SrO-ZrO2-SiO2 system after being exposed to 
alkaline attack for 228 days (Fig. 1A). After a gradual increase in weight loss values the glass has reached 
to a point where weight loss value was stabilized as 215 mg after 221 days. In order to see if this occurred 
because the attacking solution reached saturation, the solution was twice replaced by fresh solution and 
each time the glass has again started to dissolve. Those new conditions of the 55/4.2/33.9/6.9 glass are 
numbered as II and III  and the results in terms of weight loss (in mg) are shown in Fig. 1. It has been seen 
that after replacing solution the glass started dissolving again. 
 

Table 1: Durability results for the first set of glasses with different silica levels  
in 1 M NaOH solution at 75 °C for 33 days. 

 
Composition 

Weight 
Loss 
(mg) 

Weight Loss 
Total Surface  

Area 
(g/mm2) 

 
Composition 

Weight 
Loss 
(mg) 

Weight Loss 
Total Surface  

Area 
(g/mm2) 

Glasses with 40 
wt % silica 

  Glasses with 55 
wt % silica 

  

40/10/39.3/10.7 12.05 14.83 55/7.5/29.4/8.1 36.85 45.25 
40/10/42.2/7.8 11.75 15.03 55/7.5/31.7/5.8 42.60 51.22 
40/7.8/45.5/6.7 14.95 20.36 55/5.8/34.2/5.0 45.35 62.95 
40/5.6/45.2/9.3 22.10 29.88 55/4.2/33.9/6.9 48.50 120.44 
Glasses with 45 
wt % silica 

  Glass with 61   
wt % silica 

  

45/9.2/36.0/9.8 15.55 17.66 61.5/8.5/23.5/6.
3 

64.55 83.32 
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45/9.2/38.7/7.1 20.50 25.18 Microscope 
slides 

227.35 236.58 

45/7.1/41.8/6.1 31.85 36.07    
45/5.1/41.4/8.5 35.20 43.12    

 
 
 
 
 
 
 
 
 

Table 2: The durability results of the glasses investigated. 
 
Composition 

Weight Loss 
(mg) 

Time 
(days) 

Final Weight 
Loss 
(mg) 

Time For 
Final Weight 

Loss 
(days) 

40/14/26/20 4.65 28 4.65 28 
40/14.5/32/13.5 5.40 28 5.40 21 
40/12.5/35/12.5 6.00 25 7.40 44 
40/14.5/25/20.5 8.30 28 8.30 28 
40/14/33/13 8.30 28 8.50 35 
40/14/31/15 8.75 28 8.75 35 
40/14/29/17 6.20 28 9.50 56 
40/13.5/34/12.5 8.40 28 10.20 49 
40/14.5/23/22.5 11.90 28 13.75 42 
40/8/40/12 15.70 29 23.30 78 
40/6/34.3/10.7/Al+Ti 21.70 29 28.90 113 
40/4/35/12/Al+Ti 18.80 29 32.50 113 
40/6/50/4 21.75 29 301.25   244* 
40/15/35/10 8.00 25 32.60 253 
40/5/35/20 26.80 29 49.30 113 
40/5/35/20 (GC) 20.00 35 27.90 98 
55/4.2/33.9/6.9 20.70 27 215.00    221* 
Commercial Glasses     
G1 2.00 28 16.80 138 
G2 30.60 28 126.40 105 
CR-G 17.45 28 37.10     84* 

 
 For most of the glasses whose durability results are given in the Table 2 the column headed as time for 
final weight loss refers to the time that a constant weight loss value was given. Therefore time values in this 
column do not show the total duration for exposure of these glasses. The experiments were carried out 
further to ensure that these constant values did not change. Glasses shown with a (*) denotes full duration 
of experiment. Since they carried dissolving continuously the experiments were stopped in that case. 
 Glasses with 40 wt % silica from both first and second set showed better durability results against alkali 
attack (Table 1 & 2). Introducing ZrO2 into the glass is much easier for those glasses as far as melting 
temperature is concerned. As a result, detailed study of durability is based on this group and improved 
durability is also expected with higher ZrO2 contents. 
 Even a small amount of alumina is well known to improve the durability of many silicate glasses. For 
that reason, 5 wt % Al2O3 was added to some glass compositions (Table 2) Addition of 4 wt % TiO2 was 
also made to see its effect on crystallization behavior. Chemical durability results of these glasses in 1 M 
NaOH showed the positive effect of Al2O3 on chemical durability of the glasses in the present system 
(Figure 1B). 
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 Figure 1C shows the comparison between the 40/15/35/10 & 40/12.5/35/12.5 glasses with high level of 
zirconia. The 40/15/35/10 glass unexpectedly carried on dissolving without reaching a constant weight loss 
value after a long period of time. Since this particular glass had melting difficulties and consisted some 
amount of undissolved zirconia after melting it is expected that the zirconia content of the final glass is less 
than 15 %. Consequently, the continuous weight loss can be counted on such fact. As a result, the study of 
maximum zirconia addition to this glass system was carried out at this stage of the study and finally it has 
been found that 14.5 % zirconia could easily be introduced into glass compositions with 40 % silica 
content. 
 A comparison of durability behavior for the 40/5/35/20 glass and its glass ceramic product was also 
made. The result is given in Fig. 2A. Final weight loss value of 49.3 mg after 113 days was given by the 
glass whereas its glass ceramic product gave a constant weight loss value of 27.9 mg after 98 days. Such a 
high weight loss value of the glass ceramic may be caused by the dissolution of residual glass phase which 
can remain after heat treatment. 
 
The Comparison of The Durability of The System with Other Alkali Resistant Glasses 
 Majumdar (1) & Ryder (1968) made a study on the alkali resistance of glass fibres made of the 
compositions coded G1 and G2 (Table 3). They indicated that alkali resistant glass fibres could reinforce 
Portland cement effectively and that such composites may be durable over a long period of time. Glasses 
having compositions in the system Na2O-ZrO2-SiO2 in certain areas of the  CaO-Al2O3-MgO-SiO2 system 
have given promising results. 
 

Table 3: The commercially available glass compositions (weight %) used in the study:  
Glass SiO2 Al2O3 ZrO2 CaO MgO Na2O Li2O K2O 
G1 71.0 1.00 16 - - 11 1 - 
G2 64.5 15.5 - 10 10 - - - 
CR-G 71.3 - 15.8 0.1 0.1 11.5 0.8 1 

  
 Larner et al. (2) (1976) studied G1, A and E-glass fibres in an ordinary Portland cement (OPC) extract 
at different temperatures for certain period of time. According to their study the corrosion of  zircono-
silicate glass fibres, such as those made from the G1 composition, in alkaline cement extracts proceeds at a 
very much slower rate than either of the other two glasses studied, namely A and E-glass fibres. 
 In order to make a comparison between commercially available alkali resistant glasses (G1, 2, & CR-G)  
and glasses in the quaternary system which showed high chemical durability in alkali environment, these 
commercially available glasses have been prepared and melted. CR-G was produced and reported as an 
alkali resistant glass in 1968 (Table 3). The 40/13.5/34/12.5 glass, which is one of the glasses with high 
level of zirconia and gave higher weight loss value when compared to the other glasses containing higher 
zirconia in composition, has been chosen for the comparison with G1 & G2. The results are shown in Fig. 
2B. The 40/13.5/34/12.5 glass has given the better chemical durability results than the other two. The 
sudden big jump of the weight loss value for G2 was because of the lose surface layer which came off. In 
another experiment Corning glass (CR-G) was compared to the glasses which gave the lowest weight loss 
values in the quaternary system. Results showed that all the glasses with 40 wt % silica have lower weight 
losses than Corning glass (Table 2). After these durability experiments it can be suggested that the glasses 
with high level of magnesia and zirconia at constant silica level of 40 % can be used for cement 
reinforcement in the form of fibres. 
 In another durability experiment G2 & the 40/13.5/34/12.5 glass were taken for an investigation in a 
model cement extract solution with the pH value of 12.5-13 for 35 days at 17 °C. Two identical glass 
samples were prepared for each different glass. Details of preparing the extract solution have been given 
before. According to this experiment 40/13.5/34/12.5 glass has had less mean weight loss (0.2 mg) than G2 
(0.3 mg)  
 
DISCUSSION 
 
 If we look at the literature to see the effect of glass composition on durability it can be noticed that a 
number of investigations have been made in this field. Dimbleby & Turner (3) (1926) reported the high 
resistance of zirconia containing glasses. 
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 Larner et al. (2) (1976) who used the Portland cement extract in their study showed that the Zr 
concentration was much greater at the surface than in the bulk glass and Zr/Si ratio increased as a result of 
attack by Portland cement extract. 
  Makisma et al. (4) (1983) who established the characterization of insoluble layers formed by NaOH 
attack on the surface of a zirconia containing silicate glass (G1) was reported the positive effect of zirconia 
in silicate glasses and that dissolution rate decreases with time. According to this study the formation of an 
insoluble reaction product layer formed an adherent film and effectively blocked the reaction. He also 
reported that the Zr concentration was greater in the insoluble reaction product layer than in the unattacked 
glass. The same G1 glass was used by Makisma et al. (4) (1983) & Larner et al. (2) (1976) but both the type 
of alkali and the experimental procedure differed. 
 In the present system the effect of zirconia on durability was examined. Using the glass compositions 
containing 40 wt % silica the best result has been achieved with the 40/14/26/20 glass (Fig. 2C). Although 
zirconia content increased to 14.5 % decrease in MgO content (about 7 %) to 13.5 % may have caused to 
have higher weight loss value than the 40/14/26/20 glass. Further decrease in zirconia content to 12.5 % 
made the 40/12.5/35/12.5 glass give a weight loss value of 7.4 mg after 44 days. When we compare these 
results it will be quite obvious that at constant level of zirconia content as 14 % decrease in magnesia 
content from 20 % to 17 % caused a higher weight loss value as 6.2 mg after 28 days for the 40/14/29/17 
glass. Further increase in both magnesia and zirconia level up to 22.5 & 14.5 % respectively did not 
improve durability as much as expected for the 40/14.5/23/22.5 glass having a weight loss value of 13.75 
mg after 42 days. Although some of these glasses with high level of zirconia and magnesia seem to give 
high weight loss values they are superior when compared to soda-lime-silica glasses. 
 According to the weight loss versus time and square root of time diagrams of the glasses examined for 
their chemical durability it can be said that in the early stages of attack weight loss increases linearly as t1/2 
but at long times the rate of loss becomes almost linear, of course, as already pointed out, the solution can 
sometimes become saturated and attack ceases. This can be explained as that in the early stages (t1/2 
dependence) the reaction is a diffusion controlled ion exchange involving Sr and Na & H moving in 
opposite directions through a siliceous surface film and the Si is likely to be more or less direct dissolution 
of the glass at the interface, whilst later (t dependence) the surface film has attained a constant thickness. 
This thickness is probably determined by a balance between the diffusion of Zr, Si & Sr ions through the 
film, which thickens it, and the rate of removal of Si & Sr at the film-solution interface which has the 
opposite effect. 
 Paul (5) (1982) reported that MgO, SrO & BaO also improve the durability but the effects depend on 
such things as the temperature of the test and the radius of cation. Furthermore, when one moves up in the 
group of alkali earth metals Sr is expected to be better than Mg at high temperature since it has larger radius 
than Mg. 
 In the present system it has been found that up to a certain limit (~20 wt %) Mg  silica has more positive 
effect than Sr on durability of glass of 40 wt %. This may suggest that higher amount of strontia in glass 
composition increases the possibility of its ionic movement to the glass surface like silicon ions, after Sr-O 
and Si-O bonds being broken by either sodium or hydrogen ion from the aqueous solution. On the other 
hand, Sr with larger radius can accommodate more oxygen than Mg therefore having lower bond strength 
and Mg may be strongly bonded with oxygen atoms than Sr in the glass structure. 
 Some of durability samples have been investigated by X-ray diffraction, SEM and EDX after durability 
experiment in order to examine the surface layer occurred during exposure. The x-ray diffraction pattern 
given by the 40/6/50/4 glass, after 244 days in NaOH, was thoroughly examined for hydrated compounds 
which may possibly have formed during exposure. Only the Joint Committee for Powder Diffraction 
Standards (JCPDS) data of NaHSi2O4(OH)2, sodium hydrogen silicate hydroxide. These crystals may be 
embedded in the hydrated zirconia surface layer. In order to confirm the presence of Na in the glass surface 
SEM and EDS analysis were also made. The presence of Na was not so clear through SEM pictures but 
EDS analysis showed that as Si & Zr peaks as well as Na were given by protective surface layer, whilst the 
glass part, which had no protective layer, on the surface have shown Zr, Sr & Si peaks but no peak 
belonging to Mg or Na. This suggests that there may be ion transfer of Zr, Sr & Si towards the first surface 
layer which is in contact with attacking solution. From this layer dissolution of Sr & Si may take place. At 
the same time it is possible to think that a hydrated zirconia protective layer forms and finally decreases the 
dissolution of Sr & Si from the surface layer where glass is in contact with the solution and also prevent 
further diffusion of Na into the bulk glass. Since there was no sign of Mg either on glass surface or in the 
glass near to the surface, it has also been concluded that Mg must be tightly bonded by oxygen ions in the 
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glass structure therefore its ionic movement towards the surface of the glass is prevented. However, the 
glass examined had only small amount of MgO, 4 %, therefore it might avoid detection. The other 
possibility is that there may be diffusion inwards rather than glass surface. The 40/8/40/12 glass sample 6 
mm thick after being exposed to NaOH solution for 15 days has also been examined by SEM and EDS. 
Similar results to that of the 40/6/50/4 glass have been achieved. Cracks of the protective surface layer have 
also been observed. 
 Tomozowa et al. (6) (1981) investigated the effect of alkali earth elements in hot alkaline solutions on 
silica microscope slide glasses in order to examine retarded dissolution behavior caused by a minor 
concentration of various ions in alkaline solution. They have seen that when solution contained a small 
amount of heavy alkaline earth elements such as Ba & Sr, sharp cracks formed on the glass surface. and the 
crack caused a drastic reduction in mechanical strength of the glass. 
 In the present work the attacking solution soon contains some of Sr during exposure of the glasses. Sr 
may be causing this sort of cracking of the protective layer. 
 
CONCLUSIONS 
 
1. The glasses with 40 wt % silica content in the SrO-MgO-ZrO2-SiO2 system have given high chemical 
resistance to alkaline solutions. 
2. Increasing silica content in glass compositions decreases chemical durability of all glasses produced. On 
the other hand, as well as zirconia, up to a certain value magnesia has positive effect on chemical durability. 
3. It is believed that in the early stages, the reaction between glass and attacking reagent is a diffusion 
controlled ion exchange, later the surface film has attained a constant thickness. This thickness is probably 
determined by a balance between the diffusion of Zr, Si & Sr ions through the film, which thickens it, and 
the rate of removal of Si & Sr at the film-solution interface which has the opposite effect. 
4. It can be suggested that the glasses with high level of magnesia and zirconia at constant silica level of 40 
% can be used for cement reinforcement in the form of fibres. 
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Figure 1: A. Chemical durability results of the 55/4.2/33.9/6.9 glass in 1 M NaOH at 75 oC and the effect of 
replacing solution on this glass B. Chemical durability results of the 40/6/34.3/10.7/Al+Ti and 40/4/35/12/ 
Al+Ti glasses 1 M NaOH at 75 oC C. Chemical durability results of the 40/15/35/10 and 40/12.5/35/12.5 
glasses 1 M NaOH at 75 oC 

 
 



 

 8

A 

B 

C 
Figure 2: A. Chemical durability results of the 40/5/35/20 glass and its glass ceramic product in 1 M 
NaOH at 75oC B. Chemical durability results of the G1 G2 and 40/13.5/34/12.5 glasses in 1 M NaOH at 75 
oC C. Chemical durability results of the 40/13.5/34/12.5 (SP7), 40/14/33/13 (SP8), 40/14/31/15 (SP10), 
40/14/29/17 (SP11), 40/14/26/20 (SP12), 40/14.5/25/20.5 (SP13) and 40/14.5/23/22.5 (SP14) glasses in 1M 
NaOH at 75 oC 
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 Abstract 
 

 Surfaces of float glasses have been analysed using UV-Reflectance and 
electron spectroscopic techniques. UV-reflectance can distinguish the Sn-bath 
surface but can not give quantitative information. X-ray induced photo and 
Auger electron spectroscopic techniques reveal that Sn has a very high 
concentration (up to 0.2 Sn/Si atomic ratio) on the Sn-bath side and 
approximately one order of magnitude less on the atmospheric side of 3-10 
mm float glasses. Concentration of Sn decreases exponentially into the bulk 
upon Ar+ and/or 2%HF etching. The chemical state of Sn can not be 
determined using XPS only. Auger parameter, derived from combined XPS 
and Auger measurements, is a more sensitive probe for identification of 
chemical state. The Sn-Auger parameter on these glasses is also found to vary 
with the Sn/Si ratio. 

 
 
I. INTRODUCTION 
 
 Sn is incorporated on to both surfaces of the glasses produced by the float-technique. 
This incorporation of Sn on to the surface in contact with the liquid tin-bath is 
unavoidable and sometimes desirable for it provides a uniform protective layer towards 
atmospheric corrosion. However, incorporation of Sn on to the atmospheric side is not 
uniform nor desirable since it involves precipitation of the volatile fragments. Various 
investigations attempting to characterize the composition of the surface and penetration 
depth of Sn have been reported using Auger Electron Spectroscopy (AES)  [1,2], X-ray 
Photoelectron Spectroscopy (XPS) [3-8], Rutherford backscattering [6], Mössbauer 
spectroscopy [9], Cathodoluminesence [10], X-ray Absorption, Reflection and 
Fluorescence techniques [11]. In this work we report a combined XPS-XAES (X-ray 
induced AES) and UV-Reflectance study of Sn on these glass surfaces. 
 
II. EXPERIMENTAL 
 
 Electron spectroscopic measurements were performed with Kratos ES 300 
spectrometer using AlKα/MgKα excitations (hv=1486.3 / 1253.6 eV). The pressure in the 
analyzer chamber was maintained below 5x10-9 torr during analyses. C1s line (B.E. 285.0 
eV) from the residual hydrocarbons was used as a reference. The accuracy in binding 
energies and Auger parameters are better than 0.1 eV. Float glasses with thicknesses of 3, 
4, 5, 6 and 10 mm are provided by the Türkiye ÞiÞe-Cam A.Þ. Depth profiling was 
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carried out using either (i) in-situ Ar+ etching with 1 keV ions or (ii) before introduction 
to the spectrometer with 2% HF solution. UV-Reflectance measurements were carried out 
using a specular reflectance attachment to a Cary 5E spectrophotometer. 
 
III. RESULTS AND DISCUSSION 
 
 A simple UV reflectance measurement is a qualitative method to identify the Sn-bath 
surface of the float-glass. Ordinary soda-glass absorbs UV radiation near 300 nm very 
strongly. There is, however, a difference between the reflectance of the two surfaces (Sn-
bath surface reflects more than the atmospheric one) approaching this absorption band as 
depicted in Figure 1. The reflection is considerably reduced after 1 min. etching with 2% 
HF solution. Quantification, however, is not possible using reflectance only. 
 

 
 

Figure 1. Transmittance of 4 mm float glass in Vis-UV region (lower part). 
Also shown in the figure is the difference in reflectance of the Sn-bath surface 
and the atmospheric surface of the same glass before and after etching with 
2%HF solution. 

 
 Electron spectroscopic measurements are ideally suited for chemical identifcation and 
quantification of surfaces. Figure 2 depicts the electron spectrum of the Sn-bath surface 
of a 3mm float-glass induced by MgKα x-rays. In addition to Si, Mg, Ca, O photo and 
Na, Mg, O Auger lines, photo and Auger lines of Sn are observable with considerable 
intensity. 
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Figure 2. MgKα x-ray induced electron spectrum of the Sn-bath surface of a 
3mm float-glass. SnMNN Auger of the Sn-bath side and Sn 3d5/2-3/2 photo peaks 
of both Sn-bath (bottom) and the atmospheric sides (top) are included. 

 
 
     Although any element (except H and He) can be detected by electron spectroscopic 
measurements, these methods can only give relative quantities. Therefore, we assume the 
Si to be constant and determine the relative atomic concentration of other elements with 
respect to Si. Table I gives the results for various glasses together with SnO and SnO2. Of 
particular interest is the data on Sn. We have recently reported that the binding energy 
shifts of SnO and SnO2 are very close to each other and one can differentiate between the 
two oxides only after calculating the Auger parameters [14,15]. The Auger parameter, α, 
is defined as the sum of the binding energy (Eb) and the kinetic energy (Ek) of the Auger 
electron involving the same electronic level and is known to be more sensitive to 
chemical environment [13]. Hence, in Table I we give both the binding energies and the 
Auger parameters. Etching with Ar+ and/or HF reduces the Sn/Si ratio and causes a shift 
in Auger parameters as given in the lower part of Table I for a 5mm float-glass as also 
shown in Figure 3 and 4. 
 The chemical state of Sn on float-glasses has been the matter of an ongoing debate. 
Using a combination of analysis techniques Colombin et.al. argued that Sn existed as a 
definite compound of sodium, tin and silicon and formed in the first monolayer [6]. Using 
XPS analysis of only the Sn 3d binding energy in combination with argon ion etching, Jie 
Luo and Xu Chao determined that Sn was present in +4, +2 and O oxidation states [8], 
while Principi et.al., using Mössbauer Spectroscopy, reported that +2 oxidation state 
predominated at the surfaces [9]. We pointed out, on the basis of XPS binding energies 
alone, assignment of the oxidation state of Sn in oxides could not be done and Auger 
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parameter [13] needed to be determined to unambiguously distinguish between SnO and 
SnO2 [14,15]. 
 
 

Table I. XPS/XAES Data of float glasses and some reference compounds. 
Sample Sn 3d5/2 SnMNN αSn Atomic ratios 

 
 B.E., eV K.E.,eV (eV) Sn/Si O/Si Na/Si Ca/Si 

3 mm 
3 mm (top) 

4 mm 
5 mm 
6 mm 
10 mm  

SnO  
SnO2 

487.8 
487.7 
487.8 
487.8 
487.6 
487.5 
487.1 
487.5 

431.1 
430.6 
430.9 
431.1 
430.7 
431.1 
433.0 
431.6 

918.9 
918.3 
918.7 
918.9 
918.3 
918.6 
920.0 
919.1 

0.24 
0.02 
0.20 
0.26  
0.14 
0.19 

- 
- 

2.9 
2.6 
3.2 
3.6  
3.2 
2.7 
- 
- 

0.23 
0.04 

- 
0.16  
0.15 
0.18 

- 
- 

0.18 
0.09 

- 
0.16 
0.25 
0.09 

- 
- 

5 mm 
3 min etch. 
10 min etch. 
40 min etch.  
90 min etch. 

487.8 
487.6 
487.4 
487.3 
487.4 

431.1 
431.3 
431.4 
431.3 
431.2 

918.9 
918.9 
918.8 
918.7 
918.7 

0.26 
0.18 
0.17  
0.11 
0.11 

3.6 
2.8 
3.0 
2.9 
2.7 

0.16 
0.08 
0.11 
0.16 
0.22 

0.16 
0.16 
0.23 
0.22 
0.26 

  
 
 From Table 1 we can see that the 3d5/2 binding energies of SnO and SnO2 are 487.1 
and 487.5 eV while those for the glasses vary between 487.5 and 487.8 eV. The assigned 
Sn Auger parameters for SnO and SnO2 are 920.0 and 919.1 eV respectively while those 
for glasses vary between 919.0 and 917.9 eV. The lower value for the Auger parameter in 
SnO2 as compared with SnO was rationalized by the reduced Sn-Sn interaction and the 
higher ionic character of Sn in SnO2 [14]. The Sn Auger parameters for the glasses have 
even lower values than SnO2. Furthermore, an inverse correlation exist between the Sn 
Auger parameter and Sn/Si atomic ratio as shown in Figure 4. The Auger parameter for 
SnO and SnO2 are also given in the figure for comparison. Remembering the fact that 
going from metal to the isolated atoms in the gas phase, the Auger parameter can decrease 
by as much as 9 eV [12,13], we can accordingly attribute the decrease in the Sn Auger 
parameter with Sn/Si atomic ratio in these glasses to the decreasing Sn-Sn interaction. 
 As for the oxidation state of Sn we can definitely rule out the previous assignment of a 
mixture of  0, +2 and +4 done on the basis of 3d binding energy shifts only [8]. On the 
basis of our derived Auger parameters which are lower than for SnO2 we assign +4 for the 
oxidation state of Sn in these glasses, contradicting the Mössbauer results [9] which are 
usually known to be more exact. However, we must keep in mind that Sn in the glass 
matrix is in a much stronger ionic environment and the exact relationship between the 
dependence of the Auger parameter on the degree of ionic character of the matrix is not 
known. Calculations along these lines can help clarifying these points. 
 
 



 5

         
  Figure 3. Variation of Sn/Si ratio    Figure 4. Variation of the Sn Auger 

   with etching.           Parameter with Sn/Si ratio. 
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 Abstract 
 

  Influence of various surface treatments on the glass strength was  studied in this 
paper. The best way to increase the glass was obtained. 

 
 
I. INTRODUCTION 
  
 The theoretical strength of the glass is very high, which is about 9800 MPa. But the practical 
strength only is 50- 100 MPa. The reason that causes the difference between the theoretical 
strength of the glass and the practical strength of the glass is that there are many micro-cracks on 
the surface of the glass. At the tips of micro-cracks, the stress is centralized, which causes great 
tensile stress and, under the tensile stress, the micro-cracks expand quickly. In the end, the glass 
is broken before its strength does not approach the theoretical strength very much, that is, the 
practical strength is very lower than the theoretical strength. Now that the micro-cracks on the 
surface of the glass have influence on the strength of the glass, various surface treatments to the 
glass will influence the strength of the glass. Thus there are many ways to increase the strength of 
the glass. This paper studied the influence of various surface treatments on the glass strength, and 
the best way to increase the glass strength was obtained. 
 
 
II. EXPERIMENT 
 
1. Specimen 
  The glass for the specimens is fresh. The dimension for tensile strength of glass is 120 mm x 
20mm x 5mm and the number of specimens is 15. The dimension for impact strength of glass is 
300mm x 300mm x 5mm and the number of specimens is 6. The edges of glass specimen are 
polished very well. 
 
2. The tensile strength of glass 
   The method of three points tensile strength is used, and loading velocity is 0.5 mm/s. 
 
3. Impact strength of glass 
   One steel ball which weighs 227g falls freely from certain height and impacts the glass. When 
one among six specimens is broken, the height is taken as the impact strength of glass. 
 
 
III. RESULTS AND DISCUSSIONS 
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1. Results 
   The tensile strengths and impact strengths of specimens which respectively were treated with 
physical temper, ion exchange strengthening, acid etching method, acid etching method + ion 
exchange strengthening, physical temper+acid etching method and common specimens are listed 
in Table 1. 
 

Table 1 Tensile strengths and impact strengths of   glass 
treatment methods tensile 

strength 
 MPa       

increment 
times 

impact 
strength  

  m 

increment  
times 

common specimens              77.7 1.00 1.5 1.00 

physical temper 238.3 3.07 3 2.00 

ion exchange strengthening 126.2 1.62 3 2.00 

acid etching 98.6 1.28 2 1.33 

acid etching+ion exchange 
strengthening 

181.6 2.33 4 2.66 

physical temper+acid etching  368.7 4.79 >12 >8.00 

 
 
2. Discussions 
  The results show that only to use single way can not increase the glass strength very much, but 
to use two ways or more ways can increase the glass strength very much. The tensile strength of 
glass which is treated with physical temper is as two or three times as common specimen. But it 
will be as five times as common specimen if the glass is treated with acid etching method after 
the glass has been treated with physical temper. 
   The impact strength of glass which is treated physical temper is only three meters. But it will 
approach twelve meters if the glass is treated with acid etching method after the glass has been 
treated with physical temper. It is important that the glass is not broken even at twelve meters and 
it is still not broken at twelve meters one month later. 
 
IV. CONCLUSIONS 
 
   The best way to increase the glass strength is acid etching method after physical temper. 
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Abstract 
 

 Mixed-mode fracture in glass is studied using the Brazilian test specimens 
with center notched. Under the Mode I loading condition, the test method is 
applied to determine the critical value of stress intensity factor, KIC, for glass. 
The same disk specimen is used under combined Mode I and Mode II loading 
conditions. By changing the notch orientation angle with respect to the loading 
direction, the mode of fracture is  varied from pure Mode I (opening) to mixed-
mode (tension-shear or compression-shear). Theoretical criteria are used to 
describe the stability of crack growth. Based on the mixed-mode fracture 
envelope, it is shown that the disk specimen provides a wide range of KII/KI 
ratios. In pure Mode I loading case, if KIC is known it is possible to obtain 
normalized critical load versus normalized crack length. 

 
 
1. INTRODUCTION 
 
 Although a number of investigations were carried out on the failure of brittle materials 
under Mode I (opening) loading, in application, structure are generally subjected to mixed-
type of loading. For a cracked specimen under mixed mode loading, the following three 
fracture criteria are available: i) The maximum hoop stress criterion [1], ii) The minimum 
strain energy density criterion [2], and iii) The maximum energy release rate criterion [3]. 
These theoretical criteria were used to predict the direction of crack initiation and the 
stability of crack growth. Some applications and comparisons of these criteria can be found 
in references [4] and [5]. Little information is available, however, on the fracture of glass 
under combined tensile and shear stresses. The main objective of the work presented here to 
develop a linear elastic fracture mechanics (LEFM) based model for glass, using analytical, 
numerical and experimental methods. 
 
2. BACKGROUND 
 
 A disk of radius R with an internal diametral crack of length 2a, has many advantages as 
an experimental sample which has been solved analytically in Russian literature [6-8]. 
 The experimental test program is based primarily on the compression test of disk 
specimens with an internal slant crack, as shown in Fig.1. 
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Fig.1. KII/KIC versus KI/KIC schematic envelope curve in the mixed-mode 

fracture for different loading configurations. 
 
 
For the mixed-mode I (opening) and Mode II (shear) fracture of glass, there are the 
following advantages in using a disk shaped specimen with inclined crack subjected to 
diametral compression test: i)By changing the inclination of the notch with respect to the 
loading direction, it is possible to change the fracture of glass from Mode I to Mode II and to 
obtain combined loading conditions with a wide range of KI versus KII, where KI and KII are 
the Mode I and Mode II SIFs (stress intensity factors)  at the notch tip, respectively, ii) It is 
not difficult to obtain higher KII/KI ratios using this type of loading configuration. One can 
also obtain both positive and negative values of the KII/KI ratio, and iii) The same specimen 
can be used to obtain test results in pure Mode I and mixed mode cases. Figure 2 shows how 
it is possible to change the mode of fracture from opening mode (mode I for β=0o) to mixed 
mode (tension-shear for β<30o and compression-shear for β>30o) by rotating the notch 
inclination angle β with respect to the loading direction [9, 10]. 
 The SIF is of fundamental importance in the prediction of brittle failure in glass. It is a 
function of both the cracked geometry and the associated loadings. SIFs for the inclined 
crack in the diametral compression test specimens were calculated by Yarema et al. [6]. 
Mode I and Mode II SIFs are given by the relations 
 

   K a f
a
RI I= σ π β( , )    and   K a f

a
RII II= σ π β( , )         (1) 
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where σ=P/pRt, in which P is the load applied in compression, a is the half crack length, and 
R and t are the radius and thickness of the disk, respectively. fI(β, a/R) and fII(β, a/R) are 
dimensional coefficients that ere functions of the relative crack size, a/R, and b the crack 
inclination angle (β) with respect to the loading direction. 
 

 
 

Fig. 2. Nondimensional SIFs under mixed-mode loading. 
 
 
A comparison  of  the  various  calculation methods shows that with an increase in the crack 
inclination angle β, the factor KI drops and passes through zero, and takes negative values. 
The factor KII, however, increases and with angles β close to 10o becomes equal to the factor 
KI. KII reaches its maximum value around 40o. 
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3. DETERMINATION OF SIFs 
 
 Center notched disk (CND) specimens used in the present study were loaded in the 
Brazilian test configuration. For the preparation of samples, molten glass of typical float 
glass composition was cast into a cylindrical mold, so that 60 mm diameter, 8 mm thick 
samples with a diametral notch of 2 mm wide could be produced. The specimens were 
carefully annealed and were observed not to contain significant residual stresses. The 
annealed specimens were then ground to a homogeneous thickness of approximately 5 mm. 
Preliminary test with specimens cut from float sheets with center notch machined out using 
a diamond saw gave similar results with the cast specimens. Cast specimens were preferred 
due to their ease of production. Notch tips of 1 mm radius were lightly abraded for obtaining 
consistent fracture load values. To avoid the localized compressive stresses under the load, a 
narrow cardboard strip of 5 mm wide, 3 mm thick was inserted between the loading plate 
and the specimen, the load was distributed over this strip. The geometry of the center 
notched disk specimens used in the presented work is shown in Figure 1. For pure Mode I 
loading condition, four different notch rations (a/R=0.2, 0.3, 0.45. and 0.6) were chosen. For 
mixed mode loading, specimens were tested with four inclination angles (β=0o, 5o, 15o, 25o 
and 35o). The test specimen is then loaded to failure (Pcr). Mixed-mode fractures were 
obtained by rotating the notch orientation angle with respect to the loading direction. Based 
on the finding of Russian researchers, the initial crack sizes were used to calculate KI and 
KII. In the pure Mode I loading case, the solution given for the normalized load at fracture as 
a function of the normalized crack length is represented by the relation 
 

   1
3
2

3
4

3
64

2 6 8+ + +








=( ) ( ) ( )
a
R

a
R

a
R

a
R

K
t R

PcrI

π
        (2) 

 
Equation 2 can be re-arranged to the linear form of Y=KIX in which Y=f(a/R) and 
X = t R / Pcrπ Error! Switch argument not specified.. As shown in the inset of Figure 
2, a linear regression analysis was used to determine the critical value of the SIF KIC, from 
the slope of the line with correlation coefficient of 0.98. Here, KIC can be taken as a material 
property. The results obtained are very close to those reported in the literature [7, 11]. 
 In Figure 3, the critical load Pcr was normalized by using the critical value of SIF,KIC, 
from disk specimens for different initial notch lengths. As shown in the figure, the 
experimental results follow the analytical results with an excellent correlation. The 
experimental results obtained for glass show that the method of determining KIC described 
here can be used for application purposes. 
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Figure 3. Normalized crack load Pcr / K t RIC π Error! Switch argument not specified. 

versus normalized crack length (a/R). 
 
 
4. MIXED-MODE FRACTURE ENVELOPE 
 
 There theoretical criteria were used to predict the direction of crack propagation and the 
stability of crack growth. For center notched disk (CND) specimens, a comparison of these 
criteria, the experimental results obtained in the present work, as well as sintered carbide 
and graphite test results published by other researchers [6, 12] is shown in Figure 4. Since 
CND specimens provide a wide range of KII/KI ratios, they are very useful in comparing 
design based predictive equations for mixed-mode fractures. In practice KIC ≠ KIIC, and it is 
suggested that the fracture condition is more likely to be of the form  
 
    ( / ) ( / )K K K KI IC

u
II IIC

u+ = 1              (3) 
 
where u is a constant between 1.5 and 2. Figure 4 compares the normalized Mode I and 
Mode II SIFs for mixed-mode fracture in CND specimens. It can be concluded that the 
mixed-mode fracture criteria formulated do not satisfactorily account for the CND test 
specimens. The experimental results obtained in this work show that KIIC/KIC=1.22. On this 
basis, by taking u=1.9 it is possible to combine the equation KIIC=1.22 KIC and Equation 3 to 
propose the following fracture envelope 
 



 6

     K K KI II IC
1 9 1 9 1 90 67. . ..+ =                 (4) 

 
The curve given by Equation 4 is also plotted in Figure 4. It is seen that in tension-shear, 
there is good fit between Equation 4 and the experimental results for both glass and other 
brittle materials. 
 

 
 

Figure 4.   Mixed-mode fracture envelope 
 
 
5. CONCLUSIONS 
 
 The results obtained in this  work can be summarized as follows:  
 1. KIC can be easily determined under pure Mode I loading condition using different pre-
existing crack lengths in the same specimen. This critical value can be considered as a 
material property. By using the same center notched disk specimens, the experimental 
determination of the critical SIF under pure Mode II condition, KIIC, is also possible. 
 2. The same disk specimen can be used  under mixed-mode loading conditions. By 
changing the notch orientation angle with respect to the loading direction, the mode of 
fracture can be varied from pure Mode I (opening) to mixed mode (tension-shear or 
compression-shear). The mixed-mode fracture envelope can be obtained in a wide range of 
KII/KI ratios. There is good agreement between the experimental results and the proposed 
failure envelope in tension-shear case. 
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 3. In pure mode loading conditions, with a knowledge of KIC and the disk geometry, it is 
possible to obtain normalized critical load versus normalized crack length values. 
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Abstract 
 
 For strength modelling of brittle inorganic materials like glasses and ceramics, 
weakest-link fracture models can be applied, which are essentially based on Weibull 
statistics in combination with Linear Elastic Fracture Mechanics. Earlier work on a 
range of advanced technical ceramics has shown that these models can be applied 
successfully for strength prediction in both uniaxial and biaxial stress fields. In order 
to verify the applicability of these models for float glass, experimental strength data 
were gathered at room temperature and in inert environmental conditions using 
uniaxial 3- and 4-point bend tests and biaxial ball-on-ring and ring-on-ring tests. 
These tests were carried out on as-received and annealed specimens in order to 
analyse the effect of existing residual  stresses for strength modelling. Also the effect 
of loading the tin-coated side in tension or compression was investigated. 
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 Abstract 
 

 In his pioneering work Mould studied the effect of aging on the strength of soda-
lime glass and demonstrated a gradual increase of nearly 40% in its bend strength 
over 24 hours of aging in 100% RH (1). Stockdale et al. extended the aging studies to 
lead and borosilicate glasses and found similar strength increases (7). Doremus and 
his coworkers examined the crack tip morphology as function of aging time and 
concluded that crack tip blunting was caused by dissolution of glass which helped 
reduce stress concentration and increase the strength (5). The present study focuses on 
other silicate glasses of commercial interest, namely alkali strontium silicate glass 
used for CRT panels and potash soda-lime fluoride glass used as core glass for 
lightweight laminated dinnerware (10-12). These glasses also demonstrate the 
beneficial effect of aging over periods of up to 150 days. Both the threshold and inert 
strengths show appreciable increase implying the presence of crack tip blunting in 
certain compositions. 
 This paper examines the impact of crack tip blunting on threshold strength, 
product design and product reliability. Does aging alter fatigue behavior? If so, does it 
do so reliably? These questions are reviewed for the above glasses. The critical 
factors that control aging kinetics are also identified. 

 
 
I. INTRODUCTION 
 
 The present paper is concerned with three aspects of aging behavior of silicate glasses. First, it 
provides a brief review of previous work on aging (1-7). Second, it presents new data on aging 
behavior of alkali strontium silica glass (Corning Code 9061) used for cathode ray tube panels 
and potash soda-lime fluoride opal glass (Corning Code 1001) used for laminated dinnerware (8-
12). And third, it examines the impact of aging on both the threshold stress intensity and stress 
corrosion behavior of silicate glasses (13-15). The motivation for this work stems from the need 
for improved understanding of brittle failure which, in turn, helps optimize product design 
without compromising mechanical reliability [16-18]. Specifically, we focus on the following 
areas: 
 
1. Efficient product design requires not only an accurate knowledge of service conditions, but 
also of the failure process. To promote long term reliability and serviceability, the product is 
generally designed to operate in the fatigue-free state, i.e. the design strength of an annealed glass 
article is taken as its threshold stress. The improvement in this stress, brought about by aging, 
may be insignificant when compared with the pristine strength of glass, but it is an appreciable 
fraction of its abraded strength_one that matters in product design. In those applications where the 



 2

product is not susceptible to impact or other type of handling damage leading to fresh flaws, the 
aging of initial flaws can result in 40% higher design strength. 
 
2. The role of aging in measuring fracture parameters, such as the stress corrosion constant n, or 
in conducting fatigue studies has not been understood properly. For example, why are the n 
values obtained from static and dynamic tests different? 
 
3. While slow crack growth (SCG) theory helps estimate the growth of initial flaw due to fatigue 
(13) , it does not shed any light on the crack blunting process. In fact, it assumes the crack tip 
radius to remain constant throughout the SCG process. The inability of SCG theory to predict the 
degree of crack blunting is understandable since it assumes the crack to be stressed above the 
threshold value, while aging takes place below this value or in the absence of stress. Thus, to 
assess the degree of crack blunting relative to the initial tip radius, we must appeal to the Inglis-
Griffith flaw theory which takes proper account of the tip radius (19,20). By quantifying both the 
crack growth and crack blunting (or sharpening), our understanding of brittle failure will have 
improved. 
 
 Finally, if we assume that the theoretical strength and critical stress intensity are intrinsic 
material properties, the aging data can shed some light on the following questions critical to 
efficient product design: 
 
1. How much rounding of the unaged flaw tip take place during aging? 
2.  Can aging render the flaw immune to SCG? If not, how much does the aged flaw grow relative 
to unaged flaw? 
3. Can we quantify the increase in threshold stress brought about by aging? 
4. What are the conditions for coexistence of aging and SCG? 
5. Do aged flaws stress-corrode differently than unaged flaws? If so, in what way? 
6. Can aging have a significant impact on product design? 
 
II. REVIEW OF PREVIOUS WORK 
 
 The most comprehensive study of aging reported in the literature, was carried out by Mould 
(1). He studied this phenomenon for soda-lime glass using two different abrasions and various 
aging media, namely: 
i)  hand abrasion with 320 grit emery cloth which produces linear flaws, i.e. shallow but sharp 
flaws; and 
ii)  silicon carbide grit blast which produces point flaws, i.e. deep and seemingly blunt flaws. 
 
The aging media he used included water, humid air, acidic and basic solutions. 
 Mould also studied the static fatigue behavior of both types of abrasions using aged specimens. 
He then compared the strength and fatigue data of specimens_abraded and aged in various 
ways_with those of similarly abraded samples which, instead of being water-aged, had been 
vacuum-baked at 470oC. 
 For a true evaluation of the effect of aging, i.e. to circumvent SCG during strength 
measurement, he resorted to tests in inert environment of liquid N2. He argued that this was an 
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effective way of "freezing in" the state of the specimen at any given time and measuring its true 
strength at the instant of immersion. His major findings are: 
 
i)  aging promotes rounding of the crack tips_a process which takes time depending on the nature 
of initial abrasion; 
ii)  emery cloth abrasion is almost completely aged after 24 hours in water, where as grit-blast 
abrasion requires 100 days; the enhanced aging of emery cloth abrasion is due to the stronger 
capillary action of these tight flaws; 
iii) aging efficiency depends on the relative humidity of aging medium; distilled water was most 
effective with acidic and basic solutions coming close to water; lower the RH of air, slower the 
aging process; no aging was observed in dry air or in vacuum at room temperature; 
iv) emery cloth abrasions, after being fully aged for 1 day in water, gave a 50% increase in inert 
strength; grit-blast abrasions after 1 day's aging in water, gave a 30% increase. 
v) inert strength of unaged abrasions_whether emery cloth or grit-blast_was identical; thus the 
shallow linear flaws were also sharper at their tip such that the stress concentration factor 
remained constant for the two types of abrasions; 
vi) linear flaws fatigued 50 times faster than point flaws despite the same SCF or same inert 
strength of the two types of flaws; thus either the threshold stress intensity KIo or stress corrosion 
susceptibility constant n must be lower for the sharp linear flaw than for the blunt point flaw; 
vii) for the short-duration strength tests (impact type) the strength increased linearly with log 
storage time up to 24 hours of aging in H20; the rate of increase was 10 times higher in 70% RH 
than in 1% RH.          
viii) although the threshold stress intensity for aged samples was appreciably higher, the static 
fatigue behavior of both aged and unaged specimens was identical (implying that once SCG 
begins. we are back to the sharp crack tip); 
ix)  aging effect in high temperature vacuum-baked abraded samples was identical to that of 
water-aged samples; in addition, high temperature vacuum baking rendered the glass surface 
(including flaw tip region) non-wettable, so that static fatigue rate was reduced by a factor of 25 
compared with fresh or water-soaked abrasions. 
 
    The question "does the observed strength increase due to aging reflect higher threshold 
strength?" was answered by conducting static fatigue tests on unaged vs. aged specimens. The 
results showed that strength of aged samples was consistently higher than that of unaged ones at 
all load durations, indicating that there was a definite contribution to threshold strength of aged 
samples. To firm this up further and to discern the influence of aging on fatigue from that on 
threshold strength, Mould plotted the static fatigue curve (σ/σln vs. t) for aged and unaged 
specimens, using proper values of σln for each set, and found them to be identical! Thus he 
established clearly that strength increase due to aging in water is completely attributable to an 
increase in threshold strength. 
 Baker and Preston (2) believed that the strength and fatigue behavior of a freshly formed flaw 
might be markedly different from that of a flaw which had been exposed to atmosphere for some 
time. Because of the important role played by chemical attack in connection with the fatigue of 
glass, they concluded that the history of exposure of the glass surface will influence the results of 
strength tests. 
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 Charles' original theory (21) assumed the crack tip radius to remain constant. Later, Charles 
and Hillig admitted the variation of tip radius whether during aging or fatigue (3). They believed 
that crack tip rounding reduces stress concentration factor and ensures that SCG is delayed. They 
found that as long as the stress concentration factor remains constant over time, the applied stress 
can be supported indefinitely and they called this stress the fatigue limit. 
 Doremus (5) reported that changes in crack tip radii can influence fracture and fatigue of glass. 
Crack tips are blunted by reaction with water thereby increasing the strength without changing the 
crack depth. He used Charles and Hillig theory to illustrate that the rate of tip sharpening is 
greater than the rate of crack extension when the crack is stressed in humid environment. 
Denoting fracture stress by σf, flaw depth by a, tip radius by ρ, rate of crack extension by å, rate 
of crack tip sharpening by Õ, and stress intensity by KI, Doremus claimed that at σ = 0. 7 σf, å ~ 
10-6 m/sec. and a ~ 5-20 Nm making å/a = 0.1 sec-1. However, he goes on to say, ρ/ρ ~ -10 å/a at 
fracture indicating that the predominant factor for static fatigue at σ/σo is crack tip sharpening 
rather than crack extension! Below threshold, å ~ 10-11 m/sec and å/a ~ 10-6 sec-1 With such low 
velocities, crack extension is immeasurable and crack tip can only get rounder with time i.e. 
Õ/ρ>o, making dKI/dt<0 and bringing about aging. 
 Doremus concludes that energy criteria for fracture are inadequate for understanding the 
relative rates of crack extension vs. crack tip sharpening. 
 Dozier (6) worked with soda-lime glass and examined crack-tip profile in dry and humid 
environments. Treating the crack as a thin air wedge they measured interference fringes under 
monochromatic light and inferred crack displacement or crack-tip sharpening/healing from these 
fringes. They concluded, contrary to Wiederhorn's observations (14), that both crack blunting and 
healing can occur in this glass. They also stated that for SCG to occur the stress concentration 
factor √a/ρ must reach a certain value, and that either a or ρ or both begin to vary with time, i.e. 
as long as  √a/ρ does not change with time, SCG cannot take place and crack remains dormant. 
They went on to reinforce Doremus' contention that during the corrosion process a small increase 
in flaw depth is accompanied by a large reduction in flaw tip radius, and it is the latter that leads 
to failure. 
 Justice et al. (4) measured the tensile strength of aged optical fibers with borosilicate glass 
cladding. They found that the minimum strength (corresponding to deep and sharp flaws) 
increased 50%, mean strength increased 25% and the maximum strength (corresponding to 
shallow and blunt flaws) increased only 15%. These data suggest that the initially deep and sharp 
flaws, by virtue of their more efficient capillary action, are relatively more amenable to rounding 
by water. 
 The above review of previous work not only answers some of the questions posed earlier, it 
demonstrates consistency in the aging behavior of silicate glasses. In the next section, we present 
more recent aging data for two of the commercial glasses which help promote their field 
durability. 
 
III. AGING DATA FOR COMMERCIAL GLASSES 
 
 In this section, we present the aging data for two new glasses of commercial importance. The 
first of these is a phase-separated potash soda-lime fluoride glass, Corning Code 1001, used as the 
core glass for lightweight laminated dinnerware (10,11). The lower expansion cladding glass, 
Corning Code 1000, induces a substantial amount of surface compression upon cooling from hot-
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lamination temperature to room temperature rendering the dinnerware strong (12). The day-to-day 
serviceability of laminated dinnerware is enhanced further by thermal tempering which increases 
the depth of compression layer well beyond the cladding thickness. In this manner, the surface 
flaws induced by day-to-day handling are contained within the effective compressive layer which 
extends into the core. The motivation for studying the aging behavior of core glass arose from 
understanding the SCG behavior of surface flaws due to residual tensile stresses in core glass 
with poor chemical durability1. 
 The aging data were obtained in bending using two different specimens, namely 1" x 4" x 
0.25" modulus of rupture (MOR) bars of core glass and 10.25" diameter x0.105" thick laminated 
plates. The former were sandblasted, using ASTM Standard C-158, and tested in 4-point bending 
after soaking in water for different times. The strength data are summarized in Table 1. It is clear 
that in view of its poor chemical durability the phase-separated opal glass exhibits significant 
aging over the 50-day period approaching 30% improvement in its initial MOR value. 
 The surface flaw at the center of laminated plates was induced by a water cooled, low speed, 
precision diamond saw; the flaw depth was kept constant at 0.005". The plates were tested in 
biaxial bending using the 3-ball support on 4.5" diameter circle and 1" diameter loading piston at 
the center. The strength data are summarized as function of aging time in Table 2. The biaxial 
strength of laminated plates is considerably higher than the MOR values of core glass specimens 
due to the contributions of surface compressive stress in low expansion cladding glass and 
residual compression from thermal tempering. And yet, these data are consistent  with MOR data 
in that they exhibit continuous aging over the 216 hours of exposure to water. Figure 1 shows the 
Weibull plot of biaxial strength data for 10.25" plates. The parallel shift of Weibull distribution is 
indicative of good control of "saw-cut" flaw. The largest shift occurs after one hour indicating 
that aging benefit is the greatest during the first hour of soaking; thereafter its impact on strength 
enhancement is asymptotically lower. 
 
 
 
 
 
 

Table 1 
Strength vs. aging time for sandblasted MOR 
bars of potash soda-lime fluoride opal glass 

(code 1001 glass) 
Aging Time MOR (psi) 

in Water Mean Value Std. Deviation 
1 min 6525 ± 420 
1 hr 7390 ± 720 

24 hrs 6980 ± 1500 
100 hrs 8000 ± 520 
50 days 8480 ± 1830 

                                                           
1It should be pointed out that both the chemical durability and weathering resistance of laminated 
dinnerware are primarily controlled by the cladding glass which is very durable (10). 
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 Figure 2 shows the semilog plot of strength data from Tables 1 and 2. The best fit line through 
these data provides the empirical relationship between strength and aging time, namely 
 

                         (1) 
 
In eqn.1, σt and σo denote strength values after aging times t and to respectively and α is the aging 
constant representing the kinetics of glass/water reaction whose value will depend on glass 
composition, flaw morphology, residual stress at flaw tip and water temperature. The higher the α 
value is, the lower the aging kinetics will be. It is interesting to note that the form of eqn. 1 
resembles the dynamic fatigue equation relating strength σ to rate of testing σ through the fatigue 
constant n: 

                        (2) 

 
Figure 1. Weibull Plot of Biaxial Strength vs. Failure Probability for 
Laminated Plates with 0. 005" Deep "Saw Cut" Flaw at Center 
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Figure 2. Strength vs. Aging Time for MOR Bars (with Sandblast Abrasion) and Laminated 
Plates (with Saw-Cut Flaw at Center) of Potash Soda-Lime Fluoride Opal Glass 
 

Table 2 
Strength vs. aging time for 10.25” laminated 

plates with 0.005” deep saw-cut flaw at center 
(code 1001 glass) 

Aging Time Biaxial strength (psi) 
in Water Mean Value Std. 

Deviation 
2 min 14820 ±740 
10 min 16140 ±1030 
30 min 17140 ±1300 

1 hr 18530 ±1170 
24 hrs 19730 ±640 

100 hours 21080 ±1100 
216 hrs 21450 ±1990 

 
A regression analysis of the best fit lines in Figure 2 yields α = 25 for laminated plates and α = 43 
for MOR bars. These values are similar to n value for the opal glass which ranges from 25 to 50 
depending on flaw morphology and the state of aging. The lower α value for laminated plates 
could be interpreted as better aging kinetics for the "saw-cut" flaw due to its capillary action 
compared with the sandblast flaw in MOR bars. It is conjectured at this point that crack tip 
blunting during aging not only improves fracture strength, but also the threshold strength (i.e. it 
delays the onset of slow crack growth) thereby permitting a higher design stress. 
    The second glass of commercial importance whose aging behavior is of interest is the alkali 
strontium silicate glass, Corning Code 9061, used for manufacturing the front panel of cathode 
ray tubes (8,9,).  Since the typical panel constitutes 67% of CRT weight and since the processing 
time for CRT is proportional to its weight, it is most desirable to minimize the panel weight 
through efficient design without impairing its mechanical reliability. One way to design the panel 
more efficiently is to improve its fatigue behavior due to vacuum loading in humid environment. 
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However, as noted above, the fatigue behavior is altered by aging of the surface flaws. Hence 
both aging and fatigue studies were carried out for the panel glass using 6" diameter plates with 
150-J abrasion. The choice of 150-J abrasion was dictated by the fact that it represented field-
induced flaws as verified by strength measurements.  
   The aging data for Code 9061 glass plates with 150-J abrasion are shown in Table 3 and plotted 
in Figure 3. The initial strength of 3620 psi increased to 4280 psi after 44 days of aging in water. 

 
Figure 3. Biaxial Strength vs. Aging Time for alkali Strontium Silicate Glass Plates with 
150-J Abrasion 
 
This is a marginal increase of 18%. The aging constant estimated from Figure 3 is α= 52 which is 
consistent with the marginal strength increase. However, the fatigue behavior of this glass 
reflected significant improvement with aging time in that the n value increased from 13.5 for 
unaged flaws to 27.0 for aged flaws (8,22). This translates to an increase of nearly 70% in 
threshold stress (13). This means that the design stress can be increased and the panel weight 
reduced provided the aging benefit is reliable throughout the product's lifetime. 
 

Table 3 
Strength vs. aging time for 6” plates of alkali strontium silicate glass with 150-J Abrasion 

at center(code 9061 glass) 
Surface condition Test Environment Strength (psi) 

Blanchard ground surface 10 min. soak in water 7035 
150-J abrasion Dry 3910 

“ 1 min. soak in water 3620 
“ 10 min. soak in water 3775 
“ 1 hr. soak in water 4015 
“ 24 hr. soak in water 4240 
“ 7 days in water 4260 
“ 44 days in water 4280 

 
IV. ANALYSIS OF AGING DATA 
 
 In this section, we will apply the Inglis-Griffith flaw theory (19,20) to aged and unaged 
specimens and obtain an estimate of crack blunting (or sharpening) by assuming that the 
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theoretical strength of glass is an intrinsic material property. The basic equation which relates the 
theoretical strength, σth, to stress at failure, σf, is 
 

                                                                 (3) 
 
where af and ρf denote flaw depth and crack tip radius at failure. The simplified form of this 
equation which will suffice for our purposes is obtained by neglecting unity in comparison with 2 
√af/ρf : 
 

                                                                                   (4) 
 
Table 4 and Figure 4 summarize the terminology which will be used for applying eqn. 4 to aged 
and unaged specimens. In each case the flaw dimensions at the onset of 
 

 
 

 
 

Figure 4. Schematic Representation of Flaw Parameters for (a) Unaged and (b) Aged 
Flaws 

 
Table 4 

Flaw Parameters and Failure Stress for 
Aged and Unaged Specimens Tested in Corrosive vs. Inert Environment 

Flaw Tip Treatment Test Environment 
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 Corrosive Inert 
Unaged ao, ρo (initial cond.) ao, ρo (initial cond.) 
 aco, ρc, σuc (@ failure) aco, ρo, σui (@ failure) 
Aged ao, ρoa (initial cond.) ao, ρoa (initial cond.) 
 ac, ρc, σac (@ failure) ac, ρoa, σai (@ failure) 
 
slow crack growth (initial or threshold conditions) and at failure are indicated. Note that once the 
flaw begins to grow, its tip radius at failure is ρc whether it was aged initially or not. For 
illustration purposes we will use Mould's data for the strength of aged vs. unaged soda-lime 
specimens; see Table 5 (1). The general findings will also apply to other glasses though the 
numerical values may vary. It is clear from Table 5 that σac /σuc ~ σai/ σui ~ 1.4 and σui/σuc ~ 
σai/σac ~ 1.9. 
 
Thus, Mould's data point out two basic features, namely: 
 
(i) aging improves the strength of soda-lime glass by about 40% whether the samples are tested in 
corrosive environment or inert environment; and 
(ii) the inert strength of both aged and unaged soda-lime specimens is about twice the 
corresponding strength in corrosive environment. 
 
Next, we apply eqn. 4 to aged and unaged data obtained in different environments: 
 
A. Unaged Flaw Tested in Corrosive vs. Inert Environment 
 
σuc (aco / ρc)1/2 = σui (ao / ρo)1/2 
 
or 
 
(ρo / ρc) (aco / ao) = (σui / σuc )2                  (5) 
 
but 
 
σui / σuc ≈ 1.9  (see Table 5) 
 
and from SCG theory (13), for soda-lime glass, 
 
aco / ao ≈ 4 
 
Hence 
 
    ρo ≈ ρc                           (6) 
 

Table 5 
Mould's Data for Strength of Soda-Lime Glass Slides with Gritblast Abrasion [1] (psi) 
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Test Medium and Duration Unaged Specimens Aged Specimens (100 h in H20) 
Water  (15 sec.) 5100 (σuc) 7100 (σac) 
Liq. N2(30 sec.) 9500 (σui) 13800 (σai) 

 
 
Thus, the radius of unaged flaw tip does not change appreciably during SCG. This is reasonable 
since there is little time for aging during the quasidynamic strength measurement process. 
 
B. Unaged vs. Aged Flaw Tested in Inert Environment 
 
σui (ao / ρo )1/2 = σai (ao / ρoa )1/2 
 
or 
 
ρoa / ρo = (σai / σ ui )2                        (7) 
 
but 
 
σai / σui ≈ 1.4 
 
Hence 
 
ρoa ≈ 2 ρo                            (8) 
 
i.e. aging of soda-lime glass increases the initial flaw tip radius by a factor of 2.  
 
C. Aged flaw Tested in Corrosive vs. Inert Environment 
 
σac (ac / ρc )1/2 = σai (ao / ρoa )1/2 

 
or 
 
(ρoa / ρc ) ( ac / ao ) = (σai / σac )2                    (9) 
 
but 
 
ρoa / ρc = ρoa / ρo ≈ 2 
 
and 
 
σai / σac ≈ 1.9 
 
Hence 
 
ac / ao ≈ 1.8                         (10) 
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The aged flaw grows to nearly twice its initial size during SCG. 
 
 
D.  Unaged vs. Aged Flaw Tested in Corrosive Environment 
 
σuc (aco / ρo )1/2 = σac (ac / ρc )1/2 
 
or 
 
( aco / ac ) = (σac / σuc )2                     (11) 
 
but 
 
σac / σuc ≈ 1.4 
 
 
Hence 
 
aco / ac ≈ 2                          (12) 
 
The unaged flaw in a soda-lime glass grows twice as much as the aged flaw during 
SCG. Also, 
 

                   (13) 
 
This is in good agreement with SCG theory (13). 
    Thus, the application of Inglis-Griffth equation to strength data provides useful information not 
only about the effect of aging on crack tip radius, but also about the relative growth of aged vs. 
unaged flaws during SCG. The lesser growth of aged flaw is physically consistent with its 
delayed threshold stage, similar to corrosion-resistant glasses with high value of n. 
    The foregoing equations point out another interesting feature about stress concentration factor 
at failure vs. threshold condition. For the aged flaw we find, by dividing eqn.10 by eqn. 8 
 

                        (14) 
 
or 
 

                        (15) 
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Similarly, dividing eqn.13 by eqn. 6 for the unaged flaw leads to 

                        (16) 
 
or 
 

                       (17) 
 
Thus, the stress concentration factor at failure is nearly twice that at threshold whether the flaw is 
aged or not. Finally, it should be pointed out that glasses that are less corrosive than soda-lime 
glass will show correspondingly milder aging effect. As the fatigue constant n increases, both the 
inert strength as well as strength increase due to aging decrease. 
 
V. EFFECT OF AGING ON FATIGUE BEHAVIOR 
 
    Mould (1) clearly showed that the physical effect of aging is to delay the onset of slow crack 
growth, i.e. to increase the threshold stress intensity factor, Klo. This is in keeping with the Inglis-
Griffith flaw theory that the reduced stress concentration factor at the blunted crack tip requires a 
higher stress to initiate slow crack growth. The larger the flaw tip radius is, the higher the 
threshold stress intensity will be; this is indicated schematically in the K-V diagram in Figure 5. If 
we treat the critical stress intensity factor, KIC, as an intrinsic material property, then it follows 
from Figure 5 that the corrosion constant n must increase with aging time t, particularly if we 
postulate the existence of Region II defined by crack velocity VII. The equivalence between aging 
and increasing n is also borne out by the high n glasses, i.e. less corrosive glasses, which are 
known to exhibit delayed threshold. 
    Fatigue measurements for glasses, which exhibit pronounced aging, are not easy to carry out. 
The current fatigue theories, unfortunately, do not account for the simultaneous presence of aging. 
We will report two studies-both related to fatigue measurements-whose results have not been 
understood well. The first study (23) dealt with static fatigue measurements for 10-1/4" diameter 
laminated plates. The author measured fatigue constant n of the highly corrosive core glass (Code 
1001) and obtained a rather high value of ~35 (instead of ~15). When the specimens with aged 
flaws were stressed to as much as 75% of their short-term strength, they exhibited no fatigue for 
up to 100 hours after which the test was abandoned.  
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      Figure 5. Schematic of K-V Diagram Showing the 
      Effect of Aging on Klo and n 
 
 
Thus the threshold appeared to have increased from about 0.3 σf for glasses with n =15 to 0.75 σf. 
This indicates a significant contribution of aging! The scanning electron microscope studies of 
aged flaws indeed verified the presence of crack tip blunting. The author also tested the laminated 
plates at stresses near the short-term strength and measured failure times of 1-100 sec., too short 
to produce aging. Indeed, the failure was almost instantaneous indicative of high stress 
concentration due to unaged flaws. 
    In the second study (24), Helfinstine and Quan carried out static and dynamic fatigue tests on 
10 m long optical fibers with borosilicate cladding. The static fatigue tests were conducted at 
three stress levels: 0.59 σf, 0.64 σf and 0.67 σf. The failure times spanned over months. 
Interestingly, the plot of percent failure vs. failure time turned out to be bimodal with initial slope 
being lower. They obtained an n value of 43 using initial slopes and 37 using the final slopes. One 
interpretation of these data would be that aging is more 
effective at σ = 0.59 σf than at 0.64 σf, since the aging time is an order of magnitude greater at 
lower stress. In the later stages of this test, the failure rate is faster and aging benefit is minimal; 
hence a relatively low value of n is to be expected. In the dynamic fatigue test the failure times 
ranged from 70 sec. to 13 hours. Again, the failure rate vs. failure time plots were bimodal, and n 
values fell between 15 and 20 markedly lower than those obtained from static fatigue data. This 
discrepancy could be attributed to insufficient time for aging during dynamic fatigue tests. Only 
in the case of the lowest stress rate, where a stress of 0.4 σf or less was present for about 8 hours, 
could the aging effect have occurred. 
    If the service conditions for these fibers or any other glass article call for static load, then it 
appears logical that the n value based on static fatigue tests is more realistic than that based on 
dynamic fatigue tests for design purposes. 
 
VI. SUMMARY 
 
 With the help of Inglis-Griffith theory and the available aging data, we have 
shown that: 
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i)  aging delays the threshold stress and permits higher design strength values; the flaw tip radius 
is increased by nearly a factor of 2; 
ii) percentage increase in threshold stress may be estimated by measuring the improvement in 
inert strength of aged flaws over unaged flaws; 
iii) the effect of aging is equivalent to increasing the fatigue constant n which in turn permits a 
higher fraction of short-term strength for design strength; 
iv) unaged flaws grow nearly fourfold while aged flaws grow half as much prior to becoming 
critical; 
v) stress concentration factor at failure is twice that at threshold for both the aged and unaged 
flaws; 
vi) once the SCG begins, the aging benefit is lost and the fatigue of aged and unaged flaws is 
identical. 
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Abstract 
 

 The surface behavior of float glass that was exposed to SO2 gas at  temperatures in 
the glass transition region was studied using recording microindentation. Recording 
microhardness values were determined from the loading curves, and crack initiation 
was detected during loading and  unloading by monitoring acoustic emission. Both 
microhardness and crack  initiation characteristics were affected by the exposure of 
the glass to SO2 . 
 The observed changes were affected by the treatment conditions. Microhardness 
values changed by various amounts depending on the  specifics of the SO2  treatments 
as well as the technique that was used in calculating the microhardness values. The 
crack-initiation behavior of the treated glasses differed from that of the as-received 
glasses, but was very  similar to that exhibited by specimens of vitreous silica. Crack 
morphologies, obtained by examining cross-sections of the indentations, revealed that 
there is a consistent difference between the crack-formation characteristics of the 
untreated and treated surfaces. 

 
 
I. INTRODUCTION 
 
 Heat treating alkali-containing glasses in atmospheres containing SO2 gas causes partial or 
total removal of alkali from the surface. The extent of this alkali removal can be controlled by the 
treatment temperature, time, and the presence and concentration of water in the treatment 
atmosphere [1,2]. As a result of the selective removal of alkali, a surface layer which is rich in 
silica [3] is produced. This, according to Hench and Clark [4], corresponds to a Type II surface, 
which is a type of glass surface that is known to have improved chemical durability [5]. The 
strength of the glass has also been reported [2] to increase with SO2  treatments. The surface 
mechanical properties of SO2 -treated glasses, on the other hand, have not been extensively 
studied. The objective of this study was to determine the microhardness and crack-initiation 
behavior of SO2 -treated float glass using recording microindentation. 
 
 
 
 
 
II. EXPERIMENTAL PROCEDURES 
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 A commercial float glass was used in the treatments performed in this study. SO2  treatments 
were done in a silica tube furnace at three temperatures in the glass transformation temperature 
range (500, 550, and 600 oC) for treatment durations of 5, 30 and 60 minutes.  For the treatments, 
SO2  gas was mixed (~4-6 vol% of the air flow) either with dry air or with air containing water, 
the latter being produced by bubbling the dry air through distilled water at ~60 C to give ~20 
vol.% water in air. The flow rate of SO2  gas was maintained at 40cc/min throughout the 
treatment. After the process, samples were cooled in air, and the chemical residue (referred to as 
the bloom) formed on the surface was washed off using hot distilled water. The samples were 
stored in a dessicator until further tests were done. 
 Indentations for surface hardness measurements and for crack-initiation studies were done 
using a self constructed recording microindenter [6]. Measurements were performed at 0.5N 
maximum load for hardness determinations, and 10N maximum load for crack-initiation studies. 
Loading rates of 0.1 mlsec were used for 0.5N tests and 0.2µm/sec for the 10N tests, with no 
holding time at the maximum load. Approximately 12 measurements for hardness evaluations and 
5 measurements for crack-initiation studies were taken at different locations on every specimen. 
The hardness average of 10 of these was calculated, after neglecting the maximum and minimum 
values obtained. 
 Three different methods were used for the calculations of recording microindentation hardness, 
namely the LVH, L2VH [7], and LVH2 [8] values. Briefly, LVH corresponds to the Vickers 
hardness which is determined at the maximum applied load. The L2VH and LVH2, which are 
"load independant" hardness evaluations, are based on the loading part of the graph of indentation 
load vs penetration, which is produced by recording the load and the corresponding depth of 
penetration of the indenter during loading and unloading of the indenter. 
 Crack-initiation studies were done using an acoustic emission device (Physical Acoustics 
Corp., LOCAN-AT), by monitoring the acoustic activities during the loading and unloading 
cycles by having a transducer in contact with the sample. Acoustic events (caused by crack 
formation) were recorded as a function of load. 10N and 20N loads with 10 seconds of holding 
time at the maximum load were applied for the crack-morphology investigation. This was done 
using a commercial microindenter (Shimadzu, HMV-2000). Cross-sectional views of 
indentations made for the as-received and SO2-treated surfaces were investigated using an optical 
microscope. The cross-sections of the indentations were obtained by liningup a series of 
indentations in front of a previously made scratch and then bending the samples along the line 
containing the scratch and the indentations until fracture occurred. 
 
III. RESULTS AND DISCUSSION 
  
i. Recording Microhardness: Figures 1 (a) to (c) show the effects of treatment condition (SO2 
gas mixed with dry air or wet air (~20% water) on the microhardness values (LVH, L2VH, and 
LVH2) for float glass. The average error for the measurements, not given in the curves, is in the 5-
7% range. 
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Figure 1. LVH, L2VH, LVH2 hardness of the air and tin sides of float glass with respect to the 
treatment conditions and temperature for (a) 5 minutes (b) 30 minutes and (c) 60 minutes 
treatment times.  
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According to the two figures, the curves show various trends in hardness with treatment. 
Statistical analysis (Analysis of Variables Test) indicates that there is an increase in the hardness 
with treatment. When the different hardness calculations are considered, the significant factors 
having an influence on the data are found to be changing. Specifically, the LVH values indicate 
time, temperature, treatment atmosphere, and glass side as the significant factors influencing the 
variations in the data. However, with LVH2, atmosphere effects are found to be insignificant, and 
with L2VH temperature effects are insignificant. Overall, the 60-minute treatment duration and 
the two sides of the float glass do not give any significant differences in hardness. The dry 
treatments are influential on improving the hardness, whereas the treatments at 550oC cause no 
significant changes, even though these factors are significant at other temperatures. Statistical 
evaluations have also indicated the hardness data calculated using the LVH2 method to be the 
least biased from errors. 
 The above results suggest that the samples subjected to SO2  treatment at elevated 
temperatures have increased hardness, regardless of which calculation method is applied. 
Considering that the LVH2 method uses the entire loading curve for calculating the load-
independent hardness [8], and that the errors are low, as indicated from the statistical evaluations, 
two treatment parameters were found to be the most important factors affecting the hardness, 
namely time and temperature. Note that long treatment times and temperatures in the glass 
transition range do not improve the hardness. Treatments must be performed at temperatures 
above and below the glass transition range and for short periods of time in order to improve the 
hardness. 
 
ii. Crack Initiation: Figure 2 shows the cumulative number of cracking events during the loading 
cycle of the recording microindentation for the as-received and SO2 -treated float glasses, as well 
as for a silica glass. From the acoustic emission studies performed on specimens that were treated 
at the same conditions used in studying hardness, it is recognized that the same number of 
cracking events was recorded for all the surfaces. Thus, the data shown in the figure represent 
average values for all SO2 -treated glasses. 
According to this figure, the soda-lime-silica glass (the untreated float glass) shows no cracking 
during loading, whereas silica glass has an average of 18 total cracking events. The cracking 
results for SO2 -treated glass lie between those for silica and soda-lime-silica glass. It should also 
be noted that the initiation load of the cracks for vitreous silica and SO2 -treated glass is below 
2.5N (which is less than 25% of the maximum load). Hence, in terms of the crack-initiation 
characteristics and the number of cracking events during Vickers indentation loading, the SO2  
treatment can be said to cause the surface to act more like a silica glass. This, in fact, supports 
results presented earlier, based on measurements made using infrared spectroscopy [3], that show 
the surface to be high in bridging-oxygen concentration. 
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iii. Fractography: Figures 3 and 4 show the cross-sectional views of the indentations done at 
maximum loads of 10 and 20N (with 10 seconds of holding time at the maximum load) for a non-
SO2 -treated and an SO2 -treated glass, respectively. The crack-pattern studies for the glasses 
treated under the different conditions (with different temperature, time, glass side and atmosphere 
water) show a similar fracture pattern, which will be discussed below. This similarity agrees with 
the results of the crack-initiation studies, in which no significant differences among the treatment 
conditions were recognized. 
    The two figures illustrate the differences in the type of crack development that occur during 
indentation; the untreated glass (Figure 3) exhibits a penny crack for both the 10 and 20N 
indentations which grows into a half penny geometry. Lateral cracks are also seen to extend from 
the bottom of the indentation. It is not, however, clear from this picture, at what time or at what 
load during the indentation cycle the different types of cracks developed. It has been shown for a 
float glass [9] that a critical load is reached between 10N and 15N, which causes penny cracks to 
generate. It is most likely that this formation happens during the loading cycle, since there are 
high tensile stresses directly under the indenter, as well as compressive stresses. The penny crack 
grows into the half-penny geometry during the unloading stage, driven by residual stresses 
resulting from inelastic deformation in a zone immediately surrounding the indentation. 
    With the treated glass surfaces, the acoustic emission studies indicate that there are a number 
of cracking events during loading. Figure 4 illustrates cross-sections of indentations from a 
treated surface, at 10 and 20N loads, where a half-penny crack is seen for both cases, but with no 
penny crack. Lateral and median cracks are also recognized in the figure. It has been suggested 
[9] that the surface condition of the glass plays an important role in cracking produced by sharp 
indenters. With the dealkalized surface having a silica-like structure, the initial tensile forces 
created during the early stages of the indentation loading are at a high enough to level to cause 
cracks to nucleate and grow from the surface and to immediately 
form the half-penny crack geometry without penny crack formation. As a matter of fact, crack 
initiation for both vitreous silica and treated glass was shown to be at loads below 2.5N, 

 
Figure 2. Cumulative number of cracking events during 
indentation loading for vitreous silica, untreated soda-lime-
silica (float), and SO2 -treated float glass. 
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reinforcing the idea that the silica-like surface has caused the cracks to start from the surface. 
Thus, even with the increased loads, the treated glass does not form the penny cracks. 

 

        
        a                 b 
 
Figure 3. Cross-section indentations on a non-SO2 -treated glass, for (a) 10N and (b) 20N 
loading, using reflected light, bright field conditions (horizontal length of the image is 
0.32mm) 

       
       a                b 
Figure 4. Cross-section indentations on an SO2 -treated glass, for (a) 10N and (b)20N 
loading, using reflected light, bright field conditions (horizontal length of the image is 
0.32mm) 
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IV. CONCLUSIONS 
 
   SO2 -treatment was recognized to improve the microhardness of float glass. Time and 
temperature are the two important parameters affecting the changes in hardness. Crack initiation 
characteristics during recording microindentation was also influenced by the treatment; cracks 
were observed to initiate during the loading of the indenter, these cracks had half-penny 
morphology. 
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Abstract 
   Two of the most popular radiation models suitable for incorporation into CFD codes, 
namely Discrete Transfer Method (DTM) and Discrete Ordinates Method (DOM) were 
applied to the predictions of the radiative heat flux density and source term of a box- 
shaped enclosure problem based on data reported previously on a large-scale 
experimental furnace with steep temperature gradients typically encountered in industrial 
furnaces. The rectangular enclosure under consideration has interior black walls and an 
absorbing-emitting medium of constant properties. Radiation codes were developed for 
DTM and DOM. The effects of order of approximation (S2 and S4), angular quadrature 
(Sn and Sn∋) and spatial differencing schemes (diamond, variable-weight and 
exponential), on the predictive accuracy of the DOM were investigated. Both methods 
were evaluated from the viewpoints of both predictive accuracy and computational 
economy by comparing their predictions with exact solutions available for the same 
enclosure problem. Comparative testing shows that the S4 approximation produces better 
accuracy in radiative energy source term than in flux density in 3 orders of magnitude less 
CPU time than that required by the DTM, therefore proves to be an accurate and 
computationally more efficient method for use in conjunction with CFD codes. Order of 
approximation plays a more significant role than angular quadrature and spatial 
differencing schemes in the predictive accuracy of the DOM. 
 
 
Nomenclature 
 
A, B, C  control volume face areas                       Subscripts 
         in x, y, z direction, m2 
d        slope of the axial temperature curve           burner    burner wall 
E        emissive power, W m-2                      bw        black wall 
I        radiant intensity, W m-2sr-1                 e         end-face 
ka      gas absorption coefficient, m-1                end       end wall 
L        half of the side lengths of the rectangular    g         gas 
         enclosure, m                                      n         control volume or gridcell; 
l         direction cosines                                           order of approximation 
q        radiative heat flux, W m-2                       i          inlet 
qnet     net radiative heat flux, W m-2                 m         discrete direction 
r        position vector                                   max       maximum 
S        radiative energy source term, W m-3           o         reference value; emerging 
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T        temperature, K                                    p         control volume centre 
 
 
vp        volume of pth control volume, m3           r        reference-face; impinging 
wm        weight function in a direction m, m2       side    side wall 
x y, z    co-ordinate axes in Cartesian geometry     w        wall 
z'        dimensionless axial distance 
 
Greek symbols                                           Abbreviations 
α        finite-difference weighting factor          CFD      computational fluid 
                                                                    dynamics 
θ          polar angle                                    DOM   discrete ordinates method 
µ, η, ξ direction cosines in x, y, z directions     DTM     discrete transfer method 
σ        Stefan-Boltzmann constant                    DT16    DTM using 16 ray per wall 
                                                                    node 
τ         optical thickness                              DT64    DTM using 64 ray per wall 
                                                                    node 
φ          azimuthal angle                               DT144   DTM using 144 ray per 
                                                                    wall node 
Ω          direction vector of radiant intensity       DDS    dimond difference scheme 
                                                           EXPS    exponential scheme 
Superscripts                                             RTE      radiative transfer equation 
+        leaving                                          VWDS  variable-weight difference 
-         arriving                                                   scheme 
~        dimensionless                                  RTE      radiative transfer equation 
                                                           VWDS  variable-weight difference 
                                                          scheme 
 
  1. Introduction 
 
    Ever-increasing consumption rate of limited energy sources on one hand and 
environmental concern over the reduction of combustion-generated pollutant emission on 
the other, necessitates improvement of thermal and emission performances of combustion 
systems burning natural gas oil and coal. This can be achieved by developing 
mathematical models which could eventually be used for the design of environmentally 
acceptable combustion systems with improved energy efficiency. Thermal radiation is the 
predominant mode of heat transfer at high temperatures encountered in most industrial 
combustion chambers. Therefore, an adequate treatment of thermal radiation is essential 
to develop a mathematical model of combustion systems. 
 
   The exact (analytical or numerical) solution of integro-differential radiative transfer 
equation (RTE) is generally a formidable task. Although there have been a few attempts 
to formulate RTE for non-isothermal rectangular enclosures [1, 2], explicit solutions are 
only available for simplified situations such as black walls and constant properties etc. [3, 
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4]. Nevertheless exact solution even for these simplest systems are needed, as they can 
serve es benchmarks against which the accuracy of approximate solutions are tested. 
 
   There is growing interest in approximate multidimensional radiative heat transfer 
models mainly in response to the need for accurate, flexible and computationally 
economic models which couple easily with the differential equations governing the 
transport of mass, momentum, species and energy in comprehensive numerical models 
for turbulent, reacting and radiating flows. 
 
 Available approximate solution methods can be classified into four groups: Hottel's 
zone method, Monte Carlo methods, f1ux-type methods and the DTM which           
combines virtues of the first three. 
 
 The Hottel's zone method and the Monte Carlo technique have long been accepted as 
the most accurate methods for calculating radiative transfer. These traditional methods, 
however, have not found application in comprehensive combustion modeling due to their 
large computational time and storage capacity. At the same time, neither of these models 
requiring the solution of simultanenus algebraic equations are compatible with the 
solutions of the differential equations governing the transport of mass, momentum, 
species and energy in comprehensive numerical models. 
 
   The so-called flux methods which provide an alternative but less accurate method of 
solution converts the integro-differential equation into differential equations by 
discretization of angular variation of radiative intensity [5, 6, 7]. Being differential in 
form these equations are ideally suited to numerical solution simultaneously with the flow 
equations. Therefore, flux methods offer a very high degree of computational economy 
and for this reason they have been widely employed in combustion models. All 
conventional flux methods suffer from the difficulty in application to complex geometries 
whereas some of them suffer from inadaquate number of directional fluxes and a lack of 
coupling between these fluxes. The DOM which conceptually is an extension of flux 
methods, corrects these defects. The DOM achieves a solution by solving the exact RTE 
for a set of discrete directions spanning the angle range of 4π. Apart from the obvious 
ease with which the method can be incorporated into Computational Fluid Dynamics 
(CFD) calculations, it is relatively easy to code and requires single formulations to invoke 
higher order approximation. This method was first suggested by Chandrasekhar [8] for 
one-dimensional astrophysics problems. More recently, Carlson end Lathrop [9] 
developed the DOM to solve multi-dimensional neutron transport problems. Over the 
past decade, the method has been applied to one [10,11] and multi-dimensional [12-21] 
rediative heat transfer problems. 
 
   In response to the need for an accurate, flexible and computationally economic models, 
Discrete Transfer Method (DTM) has been developed as an hybrid method which 
combines certain features of Hottel's zone, Monte Carlo and flux-type methods. DTM is 
based on the solution of RTE for representative rays that will travel through the 
considered domain in selected directions. To this extend, it is related to Monte Carlo 
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methods but the directions of rays are specified by choosing the values of polar and 
azimuthal angles instead of being chosen at random and they are solved for only along the 
paths between the two boundary walls rather than being partially reflected at walls and 
tracked to extinction. The key to DTM is the discretizetion of solid angle into a number 
of elements within which the intensity is presumed constant. This feature is shared by 
flux-type methods. DTM is distinguished from the flux methods which solve a 
coordinate-system-based partial differential equation by being founded on a direct 
solution of RTE itself. In DTM as in case of Hottel's zone method, the enclosure is 
subdivided into many cells. Performing of radiation balances on cells for the calculation 
of energy source term relates DTM to zone method, but lengthy prior calculations of zone 
exchange factors are evoided in DTM method because this information is implicit in the 
known intensity in specified directions. DTM also offers other advantages such as 
simplicity of concept, ease of application to complex geometries [22]. It has been 
extensively used as a part of combustion models predicting the performance of various 
industrial chambers [23-27]. 
   Previously published multi-dimensional evaluations of the accuracy of the DOM and 
DTM have taken three forms: 
   1 ) They have been employed as part of a complete prediction procedure : The predicted 
temperature distributions have been compared with experimentally determined data 
[12,27]. Discrepancies between predicted and measured values may be partly due to the 
errors in the experimentally determined data; even if the experimentally determined data 
are correct, it is impossible to decide whether discrepancies in the predicted temperature 
and radiative heat flux distributions are attributable directly to the radiation model 
employed or to inaccuracies in the models used for the prediction of flow, reaction, etc. 
   2 ) The accuracy of the radiation models have been tested in isolation from the 
modeling of other physical processes. Testing has taken two forms: i) The models have 
been employed by using prescribed radiative energy source term distributions (zero [14, 
15, 22] or uniform [14, 16, 17, 29]) and comparing the predicted temperature and 
radiative heat flux distributions with the Hottel's zone method, Monte Carlo or exact 
solutions. This procedure for the evaluation of the accuracy of the models suffer from two 
major disadvantages, (a) even if acceptably accurate predictions are obtained for the 
uniform source term distributions, there is no certainty that similarly accurate predictions 
will be produced for the highly non-uniform distributions encountered in operating 
furnaces and combustors (b) considering the iterative sequence of solution in complete 
prediction procedure, input data provided should be temperature distributions, and the 
predicted and tested quantities should be radiative heat flux and radiative energy source 
term distributions. ii) The model hes been tested by using prescribed temperature 
distributions (uniform [18,16,15, 28] or non-uniform [16,17, 19, 22, 30] ) and comparing 
the predicted heat flux distributions with those predicted by the Hottel's zone method. 
This procedure has two drawbacks: (a) Although uniform temperature distributions are 
computationally convenient they do not even approximately represent the extremely non-
uniform distributions encountered in operating furnaces and combustors, (b) The use of 
the Hottel's zone method for testing the radiative heat flux distributions of an enclosure 
problem with steep temperature gradients requires finer zoning, which can be 
computationally inefficient due to extensive machine storage capacity and time. 
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   What is required at the present time is testing the accuracy and computational economy 
of the two radiation models, namely the DOM and the DTM4, extensively used as part of 
complete prediction procedures in the past decade, in isolation from the models of flow 
and reaction on problems with highly non-uniform gas temperature distribution typical of 
operating fumaces. Assessment of the predictive accuracy of the DOM and the DTM have 
been reported in detail in an earlier papers [21, 31,32]. 
 
   In this paper, these radiation models are applied to the predictions of the radiative heat 
flux density and source term of a box-shaped enclosure prublem. The problem is based on 
data reported previously on a large-scale experimental furnace with steep temperature 
gradients. The radiation models are tested from the points of view of both predictive 
accuracy and computational economy by comparing their predictions with exact values 
reported previously [3]. 
 
 
2. The Radiation Models 
 
 The physical situation to be considered is that of an enclosure containing an absorbing-
emitting, non-scattering radiatively gray medium whose absorption coefflicient is the 
same at all points, and of known magnitude. Values of black-body emissive power are 
assumed to be available at all points within the enclosed medium and at all points on the 
interior bounding surfaces of the enclosure which are assumed to be black. 
 
   The radiative heat transfer equation for a ray of intensity I(r, Ω) in a gray absorbing- 
emitting medium is given by  
 
dt/ds=-kaI+kaIb                                                         (1) 
 
where I is the radiant intensity in the direction of s, s is the distance traversed by the ray, 
ka is the absorption coefficient and Ib is thc black body intensity of the gas at temperature 
Tg (Fig. 1). This equation simply states that the change in intensity I over the path length 
ds expressed by the left hand side of the equation is due to the loss by absorption, the first 
term of the right hand side, and the gain by emission of the medium, the second term on 
the right hand side. 
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         Fig. 1. Coordinate system 
 
 
2.1. Discrete Transfer Method (DTM) 
 
   The DTM is based on solving Equation (1) for representative rays that will travel 
through the considered domain. The directions of rays are specified in advance (the 
values of the polar and azimuthal angle, θ end φ, are established, Fig. 2) and they are 
traced along the paths between two boundary walls (Fig.3a) The enclosure is subdivided 
into control volumes or cells. The intensities along each of chosen directions are solved 
for, and the values of intensities entering and leaving each cell are calculated (Fig. 3b). 
 
 Integration of Equation (1) analytically along the ray yields recurrence relation  
 
 
In+1= In exp(-ka s)+ Ib (1-exp(-ka s))                                (2) 
 
where In and In+1 are respectively the intensities entering and leaving any control volume, 
or grid cell n. 
 
Initial intensity I leaving a wall point initiate the use of recurrence relation (Equation 2). 
Consider the special case of black enclosure walls at prescribed temperature Tw. The 
intensity leaving a wall is simply 
 
Io =σ Tw

4 /π                     (3) 
 
     The net radiation heat flux on a wall is given by 
 
qnet= q+ - q-                                                            (4) 
 
where q+ and q- are leaving and arriving wall heat fluxes respectively. From known wall 
temperature q+ can be found as follows 
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q+ = πIo                       (5) 
 
Incident flux q- is calculated from the integration of incoming intensities over the 
hemisphere. 
 
q- = mI cosθ dΩ                    (6) 
      2π 
where Ω is the solid angle, dΩ is the discretised portion and θ is the angle between 
incident intensity and the surface normal. In enclosures with black surfaces, since q+  is 
independent of q- the net heat flux can be obtained in one step by calculating incident flux 
q- . For the evaluation of q- the integration (Equation 6) is discretised into a number of 
small solid angles. The ray is fired knowing its the position and direction. By simple 
geometrical consideration, the distance the ray travels in all control volumes in its path is 
calculated. Then, intensity I in each discretised portion, is obtained by applying the 
recurrence relation repeatedly along its path between the walls of the enclosure under 
consideration. 
 
   The radiative source term can be obtained by accumulating the energy left behind 
pencils of rays as they cross the control volumes. The energy accumulation in a control 
volume n after a pencil of rays passed through can be written as 
 
   S=(In+l - In ) dA cosθ dΩ                (7) 
 
It is considered that the pencil of rays emitted from the surface elemcnt dA in the solid 
angle dΩ crosses the control volumes as if all the energy were concentrated in the center 
of pencil of rays. 
 
 
2.2. Discrete Ordinates Method (DOM) 
 
   The discrete ordinates representation of RTE for an absorbing-emitting gray medium in 
a rectangular coordinate system can be written (Fig.1 ) 
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      Fig.2 Typical ray travelling from a wall hemisphere 

 

 
 

Fig. 3 Representative direction traversing a) a grid cell; b) the grid walls 
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µm (∂ Im / ∂x) + ηm (∂ Im / ∂y)   + ξm (∂ Im / ∂z) = -kaIm +kaIb          (8) 
 
where Im[≡ I (x, y, z ; µm, ηm  ξm) ] is the total radiation intensity at position (x,y,z) in the 
discrete direction Ωm (µm =cos θ, ηm = sinθ sinφ, ξm= sinθ cosφ), ka absorption coefficient 
of medium, Ib the total blackbody radiation intensity at the temperature of the medium. If 
the surface bounding the medium is assumed to be black, the" the radiative boundary 
condition for equation (8) is given by 
 
Im = Ibw = σ T4

w /π                  (9) 
 
where Ibw is the blackbody radiation intensity at the temperature of the surface, Tw. 
Equation (8) and (9) represent m coupled partial differential equations for the m 
intensities, Im. 
 
    
 
 The finite-difference form of equation (8) can be obtained by multiplying equation (8) 
by dx·dy·dz and integrating over the control volume as follows 
 

(10) 
 

where  is cell-center intensity and are the intensities at each  

face of control volume. If the face intensities and are assumed to be known 
from boundary conditions for a control volume adjacent to a boundary of the enclosure, 
following relationships [14] can be used to eliminate the unknown face intensities 

and  in equation (10). 
 
            (11) 
 
            (12) 
 
             (13) 
 

 
 
Diamond and Variable-Weight Spatial Differencing Schemes 
  Finite-difference weighting factor, α assumes values in the range 0.55 ≤ α ≤ 1. Diamond 
Difference Scheme,(DDS), α= 0.5, is based on the assumption of linear variation of the 
radiation intensity within each control volume. As is reported in the literature [33], it is 
spatial and gives oscillatory (positive negative) solutions that propagate throughout the 
spatial domain. The size of control volume should be made small enough to avoid 
negative and oscillatory radiation intensity. However, even with a small control volume, 
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this problem may occur if there is a significant difference between the radiation intensity 
values on the adjacent faces of control volume as in the case of an enclosure with one hot 
and three cold black walls. Therefore, it is necessary to employ negative intensity fix-up 
procedure (switch-to-step scheme (α=1.0), [14] ) for DDS when negative intensity is 
encountered. 
  Variable-Weight Difference Scheme (VWDS) on the other hand, assigns a uniform 
finite-difference weighting factor α for all directions by increasing α from 0.5 up to 1.0 
until no negative intensity is encountered in any direction. 
 

With DDS and VWDS, solving Eq. (10) for cell-center intensity, may be evaluated as 
 

         (14) 
 
where 
A=∆y ∆z, B=∆x ∆z, C=∆x ∆y                                              (15) 
 
 
Exponential Spatial Differencing Scheme 
 
Finite-difference weighting factor, α for exponential scheme (EXPS) is 
 
αm=[1-exp(-τm)]-1 [τm]-1                  (16) 
 
where τm (ka ∆x/µm , ka ∆y/ηm , ka ∆z/ξm for x,y,z coordinates, respectively) is the cell 
optical thickness along each direction m. Therefore, with EXPS, solving Eq. (10) for cell-

center  intensity, may be evaluated as 
 
 

      (17) 
 
   For all spatial differencing schemes every Im value on every cell-center and faces of 
control volume can be computed by stepping from control volume to control volume. The 
direction of recursive evaluation is in accord with the direction of physical propagation of 
radiation beam as defined by (µmηmξm). 
 
  Once the intensity distribution is determined, quantities of interest such as radiative flux 
and energy source term distributions can be readily evaluated. The net radiation heat flux 
on a wall is calculated as 
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                (18) 
 
  The radiative energy source term distribution for problems where prescribed temperature 
distribution is available can be expressed as 
 
 

        (19) 
 
3. TEST PROBLEM 
 
   The accuracy of DTM and DOM for three-dimensional radiative heat transfer has been 
assessed by applying this radiation model to the prediction of distributions of radiative 
flux density and radiative energy source term of a rectangular enclosure problem and by 
comparing its predictions with exact solutions produced previously [3]. The rectangular 
enclosure under consideration has interior black walls and an absorbing-emitting medium 
of constant properties. The problem is based on data reported by Strömberg [34] on a 
large-scale experimental furnace with steep temperature gradients typically encountered 
in industrial furnaces. 
 
   The experimental furnace under consideration is horizontal, of tunnel type with a square 
cross-section. It is fired horizontally from the center of left end wall, which is the burner 
wall, with the mixture of oil and gas with no swirl, and operates at atmospheric pressure. 
The four side wells are water cooled, and the burner and back end walls are refractory. 
Table 1. shows the complete dimensionless data obtained from the experimental furnace 
and used as input data for both the exact solution and DTM and DOM computer 
programs. 
 
   The temperature of the gases at any point within the enclosure were calculated by using 
Eqs. (11) and (20), together with either of Eqs. (26) and (29) of reference [3] depending 
on the z' value of the point under consideration. A detailed description of data obtained 
from experimental furnace and used as input data for the exact solution and the Sn method 
can be found elsewhere Strömberg [34]. 
 
 
       Table l. Dimensionless data fed to the exact solution and DTM and DOM program 
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Reference values used to make the experimental data dimensionless; 

Lo=0.48 mTo=1673 K, Eo=4.4419x105 Wm-2, Io=1.4139 x 105 Wm-2 sr -1 
 
3.1. Numerical Solution Procedure 
 
   The test enclosure has been subdivided into 4x4x24 control volumes in x, y, z 
directions, respectively. This was the number of control volumes for which exact 
solutions were almost grid-independent [3]. 
 
   DTM predictions were obtained for 16, 64 and 144 rays per wall node. The numerical 
solution procedure for DOM has been based on the method of Carlson and Lathrop [9]. 
Radiation codes were developed based on S2 and S4 discrete ordinates approximations 
which involve solving the radiation transport equation in 8 and 24 directions, 
respectively. S2 and S4 predictions using DDS, VWDS and EXPS and two angular 
quadrature schemes (Sn and Sn∋  [9] ) were evaluated against exact solutions. The 
quadrature ordinates and weights for Sn approximations are listed in Table 2. 
 
 
 
        Table 2. Sn arld Sn’ angular quadrature schema [9] for the first octant 



 13

 
 
 
4. EVALUATION OF THE RADIATION MODELS 
 
   In the discussion that follows, all physical quantities are expressed in dimensionless 
forms which are obtained by dividing them by the shortest dimension of the enclosure or 
by the maximum emissive power of the gas, depending on the quantity. 
 
 
4.1. Flux Density Distributions 
 
   Fig.4 illustrates the comparison between the colour countours for dimensionless 
radiative flux density to the side wall in the positive x-direction predicted by DTM for 16 
and 64 rays per wall node ( DTl6 and DT64), DOM for S2 and S4 and DDS and exact 
solution. As can be seen from the figure, DT64 produces slightly better accuracy than S4. 
 
   The effects of order and spatial differencing scheme on the colour contours for 
dimensionless radiative flux density predicted by DOM are illustrated together with exact 
contours in Fig 5. As can be seen from the figure, better agreement is obtained with S4 
with VWDS. 
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Fig. 4 Comparison between colour contours for dimensionless radiative flux density to 
the side wall predicted by DOM, DTM and exact solution. 
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Fig. 5 Comparison between colour contours for dimensionless radiative flux density 
predicted by DOM and exact solution. 
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    A condensed comparison between DTM and DOM predictions of flux densities using 
all spatial differencing and angular quadrature schemes taken into consideration is 
contained in Table 3. It can be noted that the accuracy in flux densities predicted by DTM 
increases with number of rays. As can be seen from Table 3, contrary to the conclusive 
remark of Jamaluddin and Smith [16] the S2 approximation is too inaccurate to use 
irrespective of all spatial differencing and angular quadrature schemes. However, the S2 
and S4 produce better accuracy than the S2∋  and S4∋ due to the failure of thc S2∋  and S4∋  to 
satisfy half range flux condition [15]. The agreement improves with the order of 
approximation, e.g. S4 provides flux densities to the side wall with an average absolute 
error of 3 %. Only slight improvements in the accuracy of predicted radiative flux 
densities are obtained when VWDS is employed. For all spatial differencing schemes 
under consideration negative intensities are encountered when there is considerable 
difference between the intensity values on the adjacent faces of the control volumes, 
situated at the intersection of burner wall and water-cooled side walls. In case negative 
intensity is encountered in a control volume the value of α is changed from 0.5 to 1.0 for 
DDS with negative intensity fix-up procedure, from (0.5-0.52) to 1.0 for EXPS, but from 
0.5 to 0.689 for all control volumes in VWDS which satisfies Fiveland's positive intensity 
criteria for S4 approximation. 
 

    Table 3. Comparison between the exact values and the predictions of dimensionless     
flux densities for surface grid points using DTM and DOM with all combinations of     

spatial differencing and angular quadrature schemes 
 

 
Designation 

 
Avarage absolute error 

 
Maximum percent error 

DT16 7.70 17.90 
DT64 1.52 10.21 
DT144 0.51 4.04 

 DDS 19.50 41.30 
S2 VWDS 18.65 37.67 
 EXPS 18.24 38.10 
 DDS 3.13 9.43 

S4 VWDS 2.45 8.60 
 EXPS 2.65 8.18 
 DDS 20.84 49.73 

S2∋ VWDS 17.44 37.66 
 EXPS 19.68 46.13 
 DDS 4.90 11.56 

S4∋ VWDS 3.38 8.84 
 EXPS 4.34 10.24 
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  Effects of order of approximation and spatial differencing scheme on the flux density 
distributions predicted by discrete ordinates method are illustrated in Fig. 6. With the S2 , 
large oscillations are encountered in all spatial differencing schemes. Oscillations are 
produced near the burner and exit wall where large temperature discontinuities exist. 
When the S4 is used, the oscillations get smaller for all schemes, smoothness increasing 
with the value of α. In the light of the above discussion it can be concluded that spatial 
differencing scheme does not play a significant role in the predictive accuracy of discrete 
ordinates method for the test problem under consideration. 
 
4.2. Source Term Distributions 
 
   Fig. 7 shows the comparison between the colour countours for dimensionless radiative 
energy source terms predicted by DT16, DT64 end exact solutions. As can be seen from 
the figure, DT64 predictions are in good agreement with exact values for all control 
volumes. 
 
   Effect of order of approximation on the colour countours for dimensionless radiative 
energy source terms predicted by DOM are illustrated together with exact solutions in 
Fig. 8. As can be seen from the figure, both S2 and S4 with VWDS produce good 
agreement with exact values for all control volumes. A condensed comparison between 
DTM and DOM predictions of source terms using all spatial differencing and angular 
quadrature schemes taken into consideration is given in Table 4. As can be seen from 
Table 4, DOM produces better accuracy in source terms than DTM, and both S2 and S4 
approximations provide radiative energy source terms in close agreement with the 
benchmark solutions. 
 

  Table 4. Comparison between the exact values and the predictions of dimensionless   
source term distribution for medium grid points using DTM and DOM with all   

combinations of spatial differencing and angular quadrature schemes  
 

 
Designation 

 
Avarage absolute error 

 
Maximum percent error 

DT16 9.70 24.52 
DT64 4.32 11.64 
DT144 3.33 9.78 

 DDS 1.63 9.48 
S2 VWDS 1.62 10.38 
 EXPS 1.54 9.23 
 DDS 1.00 3.66 

S4 VWDS 0.98 3.48 
 EXPS 1.04 4.02 
 DDS 3.32 6.46 

S2∋ VWDS 3.43 6.46 
 EXPS 3.36 6.48 
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 DDS 1.50 4.48 
S4∋ VWDS 1.40 4.25 

 EXPS 1.55 4.49 
 
 

 
 

 
 
 
Fig 6. Effects of order of approximation and spatial differencing scheme on the flux 
density distribution. 
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Fig. 7 Comparison between colour contours for dimensionless source terms predicted by 
DTM and exact solution. 
 
 
 
 

 

 

 
Fig. 8 Comparison between colour contours for dimensionless source terms predicted by 
DOM and exact solution. 
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            Table 5. CPU time requirements for DTM and DOM 
 

 Designation CPU time, s 
 DT 16 404 
 DT 64 1308 
 DT 144 3076 
   DDS 0.7 
S2   VWDS 0.7 
   EXPS 0.7 
   DDS 2.1 
S4   VWDS 2.1 
   EXPS 2.2 

 
 
   The CPU times for DTM and DOM using IBM Risc/6000 Model 590 are given in Table 
5. It can be noted that DTM requires 3 orders of magnitude more CPU time than DOM. 
 

 
Table 6. Comparison between the exact values and the predictions of the percentage 
errors in generated and removed radiative energy using DTM and DOM with all 
combinations of spatial differencing and angular quadrature schemes. 
 

 Designation Percentage error in 
generation 

Percentage error in 
removal 

 DT 16 -7.06 -6.75 
 DT 64 -2.34 -2.12 
 DT 144 -1.28 -1.39 
   DDS 0.22 -1.94 
S2   VWDS 0.17 -1.97 
   EXPS 0.18 -1.98 
   DDS 0.29 0.29 
S4   VWDS 0.46 0.46 
   EXPS 0.26 0.25 
   DDS -2.72 -4.05 
S2’   VWDS -2.76 -4.09 
   EXPS -2.74 -4.08 
   DDS -0.54 -0.82 
S4’   VWDS -0.40 -0.68 
   EXPS -0.56 -0.85 
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   To provide a global check on the accuracy of DOM and DTM, the total rate of removal 
of radiative energy through the walls and the total rate of generation of radiative energy 
within the enclosed medium have been evaluated and compared with the exact values [3]. 
Table 6 shows the errors in generated and removed radiative energy produced by DTM 
and DOM using all spatial differencing and angular quadrature schemes. It can be seen 
that percentage errors produced by DTM decrease with increasing number of rays per 
wall node. As can be seen from Table 6, the percentage errors in generated and removed 
radiative energy are equal for the S4 predictions. 
 
 
5. CONCLUSIONS 
 
   Predictions of DTM and DOM for the distributions of components of radiative flux 
density and radiative energy source term in terms of wall and medium temperature 
distributions of a box-shaped enclosure problem containing and absorbing-emitting 
medium of constant properties bounded by black walls have been compared with the 
exact solutions reported earlier. The problem was based on data taken from a large-scale 
experimental furnace with steep temperature gradients typical of operating furnaces. The 
effects of number of rays on the predicted accuracy of DTM and the order of 
approximation, spatial differencing and angular quadrature schemes on the predictive 
accuracy of DOM have been investigated. Both methods were evaluated from the 
viewpoints of both accuracy and computational economy by comparing their predictions 
with exact solutions available. 
 
Following is a summary of conclusions drawn from this study for the test problem under 
consideration: 
 
. Comparative testing of S4 approximation and DT64 indicate that their predictions  are 
in good agreement with the exact solutions and that S4 approximation requires  CPU 
times 3 orders of magnitude less than that required by DT64. DOM can    therefore be 
recommended to be used in conjunction with CFD codes. 
 
· The order of approximation plays a more significant role than angular quadrature  and 
spatial differencing schemes in the accuracy of predicted radiative flux  densities and 
radiative energy source terms. 
 
· Sn produces better accuracy than Sn’ , the agreement improving with the order of    
 approximation. 
 
· The negativity cannot be avoided by using finer control volume when large 
 temperature discontinuities are present. Some form of negative intensity fix-up 
 procedure is needed. 
 



 23

· Only slight improvements in the accuracy of radiative flux and source term 
 distributions are obtained when VWDS is employed irrespective of order of 
 approximation and angular  quadrature scheme. 
 
 
 
 
 
REFERENCES 
 
1.P. Cheng, Exact Solutions And Differential Approximation for Multi-Dimensional      
 Radiative Transfer in Cartesian Coordinate Configuration, Prog. in Astronautics  and 
Aeronautics 31, 269-308, (1972). 
2. A. L. Crosbie and L.C Lee, Relation Between Multi-Dimensional Radiative  Transfer 
in  Cylindrical and Rectangular Coordinates with Anisotropic Scattering,  J. Quant. 
Spectrosc. Radiant.Transfer 38, 231-241, (1987). 
3. N. Selçuk, Exact Solutions for Radiative Heat Transfer in Box-Shaped Furnaces,  J. 
Heat Transfer 107, 648-655, (1985). 
4. N. Selçuk and Z. Tahiroðlu, Exact Numerical Solution for Radiative Heat  Transfer 
in Cylindrical Furnaces, Int. J. Numer. Meth. Engng. 26, 1201-1212,  (1988). 
5. N. Selçuk, Evaluation of Flux Models For Radiative Transfer in Rectangular 
 Furnaces, Int. J. Heat Mass Transfer 31, 1477-1482 (1988) 
6. N. Selçuk, Evaluation of Flux Models For Radiative Transfer in Cylindrical  Furnaces, 
Int J. Heat Mass Transfer 32, 620-624 (1989) 
7. N. Selçuk Evaluation of Spherical Harmonics Approximation for Radiative  Transfer 
in Cylindrical Furnaces, Int. J. Heat Mass Transfer 33, 579-581 (1990) 
8. S. Chandrasekhar, Radiative Transfer, Dover, New York (1960). 
9. B. G. Carlson and K.D. Lathrop, Transport Theory-The Method of Discrete  Ordinates 
in Computing Methods in Reactor Physics ( Edited by H. Greenspan, C.  N. Kelber and 
D. Okrent) pp.165-266. Gordon & Breach, New York (1968). 
10. W.A. Fiveland, Discrete Ordinate Methods for Radiative Heat Transfer in 
 Isotropically and Anisotropically Scattering Media, J. Heat Transfer 109, 809-  812 
(1987). 
11. J. S. Truelove, An Evaluation of The Discrete Ordinates Approximation for 
 Radiative Transfer in an Absorbing, Emitting, and Scattering Planar Medium,  HTFS 
Report No.R8478 (1976). 
12. E.E Khalil and J.S. Truelove, Calculation of  Heat Transfer in a Large Gas Fired 
 Furnace, HTFS Report No. R8747 (1977). 
13. A. S. Jamaluddin and P.J. Smith, Predicting Radiative Transfer in Axisymmetric 
 Cylindrical Enclosures using Discrete Ordinates Method,   Combust. Sci.   
 Technol.62,173-186 (1988). 
14. W. A. Fiveland Three-Dimensional Radiative Heat Transfer Solutions by Discrete 
 Ordinates Method, J. Thermophys 2(4), 309-316 (1988). 
15. J. S. Truelove, Discrete Ordinates Solutions of Radiation Transport Equation, J. 

Heat Transfer 109,1048-1051(1987). 



 24

16. A. S. Jamaluddin and P.J. Smith, Predicting Radiative Transfer in Rectangular 
 Enclosures using Discrete Ordinates Method, Combust. Sci. Technol.59,321-340 
 (1988). 
17. D. J. Hyde and J. S. Truelove, The Discrete Ordinate Approximation for Multi-
 Dimensional Radiant Heat Transfer in Furnaces, HTFS Report No. R8502 (1977). 
18. W. A. Fiveland, Discrete Ordinates Solutions of Transport Equations for 
 Rectangular Enclosures, J. Heat Transfer 106, 699-706 (1984). 
19. A. S. Jamaluddin and P.J. Smith, Discrete-ordinates solutions of radiative transfer 
 in nonaxisymmetric cylindrical enclosures Combust. Sci. Technol.62, 173-186  (1988). 
20. W. A. Fiveland, A Discrete Ordinates Method for Predicting Radiative Transfer in 
 Axisymmetric Enclosures, ASME paper 82-HT-20 (1982). 
21. N. Selçuk and N. Kayakol, Evaluation of Discrete Transfer Model for Radiative 
 Transfer in Combustors, Proceeding of International Symposium on Radiative  Heat 
Transfer, ICHMT, Kuþadasý, Türkiye, (1995).( in press). 
22. N.G. Shah, New Method of Computation of Radiant Heat Transfer in Combustion 
 Chambers, Ph.D. Thesis, University of London, London (1979). 
23. M.G. Carvalho, D.F.G. Durao, and J.C F. Pereira, Prediction of the Flow, 
 Reaction and Heat Transfer in an Oxy-fuel Glass Furnace, Int. J. Eng. Comp.  4(1), 
23-34 (1987). 
24. M.G. Carvalho, and P. J. Coelho, Heat Transfer in Gas Turbine Combustors, J. 
 Thermophys.3(2), 123-131 (1989). 
25. A. S. Abbas, F.C.Lockwood, aud A.P. Salooja, The Prediction of the Combustion 
 and Heat Transfer Performance of a Refinery Heater, Combust. Flame 58, 91- 101 
(1984). 
26. J.P. Gore, S.M. Skinner, D.W. Stroup, D. Madrzykowski, and D.D. Evans, 
 Structure and Radiation Properties of Large Two Phase Flames in Heat Transfer  in 
Combustion Systems, Winter Annual Meeting ASME, San Francisco,77-86  (1989). 
27. W.A. Fiveland, and C.E. Latham, Use of Numerical Modelling in the Design of a 
 Low-NOx Burner for Utility Boilers, Combust. Sci. and Technol. 93, 53-72  (1993). 
28. A. Charette, A. Haidekker, and Y.S. Kocaefe, 3-D Comperative behaviour of 
 Discrete Transfer with Imaginary Planes Method for Furnace Modelling, Can. J.  Ch. 
En.70, 198-207 (1992). 
29. M.G Carvalho, T. Farias, and M. Nogueira, Radiative Heat Transfer Method and 
 Its Application to a Glass Furnace, Proceedings of Euroterm 21 Heat Transfer in 
 Semitransparent Media, France,194-207 (1992). 
30. M.G. Carvalho, T. Farias, and P. Fontes, Predicting Radiative Heat Transfer in 
 Absorbing, Emitting and Scattering Media Using the Discrete Transfer Method, 
 HTD.Vol 160, Fundamentals of Radiation Heat Transfer, ASME,17-26 (1991). 
31. N. Selçuk end N. Kayakol, Evaluation of Discrete Ordinates Method for  Radiative 
Transfer in Rectangular Furnaces, Int. J. Heat Mass Transfer (1996) (in  press). 
32. N. Selçuk and N. Kayakol, Evaluation of Angular Quadrature and Spatial 
 Differencing Schemes for Discrete Ordinates Method in Rectangular Furnaces, 
 Proccedings of  31st National Heat Transfer Conference, A.I.Ch.E.,Houston,  Texas 
(1996) (in press). 
33. K D. Lathrop, Spatial Differencing the Transport Equation: 



 25

  Positivity vs.  Accuracy, J.Comput. Phys 4, 475-498 (1969). 
34. L. Strömberg, Calculation of Heat Flux Distribution in Furnaces, Ph. D. Thesis, 
 Chalmers University of Technology, Göteborg, Sweden,(1977). 
 
 
 



 CORROSION FROM MELTED FRITS ON DIFFERENT REFRACTORIES 
USED FOR TANK FURNACES 

 
 Cristina Leonelli, Tiziano Manfredini, Cristina Siligardi,  

Gian Carlo Pellacani and Mariano Paganelli 
University of Modena, Italy 

 
 

 Abstract 
 

 It has been valuted the qualitative degree of chemical durability of two 
kinds of refractory used for industrial tank furnaces when they are in contact 
with four different molten glass compositions. The lining materials belong to 
the mullitic and on ZrO2 refractory families. The glassy compositions are 
lead-frit, leadless-frit, glossy monoporosa-frit and ZrSiO4-frit: all of which are 
commonly used in the tile ceramic industry. After heat treatment at 14000C 
for 4 hours, the refractory samples were investigated by SEM and EDS 
techniques. Accordingly to this study it is possible to design the proper 
refractory lining for tank furnaces depending on the chemical and physical 
properties of the glass compositions being melted. 

 
 
1. INTRODUCTION 
     
 The refractories used in glass melting tanks are subjected to a permanent corrosive 
attack. Therefore, one of the most important requirement is a high corrosion resistance of 
refractories. Especially the corrosion and blistering tests are those which besides the 
determination of chemical and physical properties give decisive information on the 
behaviour of refractories in pratical use. Most of the methods for the determination of the 
corrosion behaviour of refractory materials in contact with melts are designed in such a 
way that they are relatively simple and they approach the conditions of practice as close 
as possible. For determining and comparing the corrosion behaviour of the refractory 
materials in contact with glass melts of modified chemical composition and for drawing 
conclusions on the tank campaign a relatively good reproducibility of the corrosion tests 
is needed. 
  The development of new fast firing technologies required more and more alkaline 
glaze compositions; to make them insoluble in water a melting process previous to 
application is necessary, so fritting the raw material is a common procedure especially for 
glaze application. Frits are glasses prepared by melting suitable raw materials in a gas 
fired or oil-fired furnace or in electric melting unit [1].  
 Frit-melting furnaces are either of the box or rotary type. The rotary melter is used 
when a number of frits are required in a lots of about 450 kg. In the rotary process, a 
charge of material is placed in the preheated melter, brought up to temperature, and held 
for the time necessary to achieve reasonably complete solution of the bach. The furnace is 
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slowly rotated during melting to enhance mixing and heat distribution. After melting the 
burners are shut off and subsequently the molten frit is discharge and quenched. 
   In the continuous frit melter, raw material is continuously added to a pile at one end of 
the preheated box melter by a screw feeder. Burners directed at the raw material pile melt 
the frit, and the molten materials flows by gravity to the other end of the melter where it 
is continuously discharge and quenched. The quenching and break-up of the frit may be 
carried out by pouring the molten frit into the water. 
   The refractory lining of a tank furnace is constantly subjected to chemical corrosion by 
the molten glass. Most lining materials, particularly in the beginning phase, chemically 
react with some components of the glass and either seep through the refractory matrix or 
form new crystalline phases. The parameters which control these reactions are: the 
contact surface glass/refractory, the refractory microstructure, the molten glass 
composition and its viscosity. The influence of the chemical composition of the glass 
melt on the corrosion of refractories has been studied in a number of projects [2-5], but 
the mechanism of this process has not been thoroughly investigated. Thus, in [2] it is 
shown that silicate glasses with high alkali-oxide content upon reaction with alumina 
refractories should be classifed as low corrosive materials, and those with high content of 
alkaline earth oxides as corrosive. Experimental studies carried out by the authors showed 
that replacing alkaline earths in the silicate glasses compositions by alkaline components 
reduces the corrosive action on the corundum and baddeleyite-corundum refractories. 
However, the reaction process underlying this was not explained by authors. 
    The aim of this work is to valute the qualitative degree of chemical durability of three 
kinds of refractory used for industrial tank furnaces when they are in contact with four 
different molten glass compositions. The lining materials belong to the mullitic and on 
ZrO2 refractory families. The glassy compositions are lead-frit, glossy monoporosa-frit, 
leadless-frit, and ZrSiO4-frit: all of which are commonly used in the tile ceramic industry. 
The attack on the refractory surface was evaluated by X-ray fluorescence emission of the 
different cations. 
 
2. EXPERIMENTAL 
 
   The refractory materials (Table 1) were cut to obtain 10x1x1 cm bars; they were put in 
alumina crucibles and partially covered with the frits (Table 2). 
 

                           Table 1 
 

                  MULLITE REFRACTORY wt% 
AL2O3 + TiO2 

71 
SiO2 
 28,4 

Fe2O3 
0,6 

 
 

                    ZrO2 REFRACTORY (wt%) 
Al2O3 
45, 5 

ZrO2 
41 

SiO2 
12,2 

Fe2O3 
0,1 

TiO2 
0,1 

Na2O 
1 

CaO 
0,1 
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    All crucibles were inserted in a muffle kiln heated at 14000C for 4 hours. At this 
temperature all frits were molten; the quenching was made in air. Afterwards, it was 
carried out the cut on the section containing glass/refractory interface. 
 

 Table 2 
 FRITS COMPOSITION (wt%) 

 SiO2 B2O3 AL2O3 PbO CaO BaO MgO ZnO K2O Na2O TiO2 ZrO2 
I 33,5 5,0 3,2 43,9 - 3,8 - 1,7 3,2 1,5 3,8 - 
II 55,3 6,2 9,6 - 11,9 - 1,0 10,9 4,6 0,2 - - 
III 50,1 9,2 13,0 - 1,1 - 0,6 - 4,9 13,3 - 7,5 
IV 62,3 10,7 7,7 - 2,7 0,9 0,2 1,1 1,5 5,6 - 7,1 
I = lead-frit, II=glossy monoporosa-frit, III=leadless-frit, IV=ZrSiO4-frit. 
 
 
    The so-obtained disks were absorbed in an epoxidic resin and polished with SiC 
abrasive card and alumina paste down to 0.3µm in grain size. Microstructural observation 
were performed by SEM microscope (Philips XL4O) and energy dispersion spectrometer, 
EDS on surface polished specimens. The method of X-ray area scanning or dot mapping 
provided scanning images containing element-specificdistribution [6,7]. 
 
3. RESULTS 
 
    The main crystalline phases in the ZrO2-refractory are: corundum Al2O3, baddeleyite 
ZrO2, an amorphous phase and a cooprecipitate phase with a pseudo-eutectic structure 
(needlelike baddeleyite crystals in corundum phase). The structure of this material is that 
of an extremely dense refractory. The main crystalline phase of the mullitic material are: 
mullite 3Al2O32SiO2, corundum and an amorphous phase. The microstructure presents 
high porosity (open) and low compactation. 
    Investigations of the refractories after reaction with the melt during laboratory tests 
showed that: 
    a) The lead-frit attack all the lining materials tested, especially mullite refractories due 
to the presence of a high porosity [8] and weak microstructure. Both amorphous and 
corundum phases present feeble opposition to chemical agent: the lead-frit seep through 
into the material especially in the amorphous zones. The figure 1 show the difference 
between glass/refractory interface and bulk refractory microstructure. 
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Figure 1. EDS profiles of mullite/lead-frit sample (80x) 

 
 
 
   The second family of refractories, corundum-ZrO2, shows higher corrosion resistance 
than the mullite refractory. The corrosion is more evident where the corundum and 
amorphous phase is present. 
 b) The glossy monoporosa frit has an interesting behaviour on both refractories; 
initially it reacts with mullitic-sample forming a new crystalline phase, anorthite, which 
protects the surface from further corrosion by glass. In figure 2 are evident the 
microstructures of glass/refractory interface and anorthite layer. 
     The high amount of Ca0 in such frit curtails the solubility of cooprecipitate phase in 
ZrO2-refractory, increasing the material corrosion. 
 In figure 3 show respectively the bulk refractory microstructure and the interface with 
glass. 
 c) The remaining glassy compositions, on the contrary, show feeble corrosive 
properties on both refractory materials being their chemical inactivity very high even in 
the molten state and their viscosities high enough to prevent seeping. 
 According to this study it is possible to design the proper refractory lining for tank 
furnaces depending on the chemical and physical properties of the glass compositions 
being melted. 
 
4. CONCLUSIONS 
 
    The ZrO2-refractory materials, having low porosity, high density and compactness, 
must be used in presence of high aggressive frits such as lead-frits. However, in some 
conditions, for example in presence of glossy monoporosa frit, mullite has a better 
behaviour because the formation of anorthite crystals on the glass/refractory interface 
decrease further corrosion by glass. 
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      Figure 2: SEM micrograph of mullite/monoporosa frit sample (300x). 
 

 
                                                          . 
 
 
 

Figure 3: dot map of ZrO2-refractory/monoporosa frit sample (40x). 
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Abstract 
 
 In a recent paper titled "Redox behaviors of Ce and Sb in soda-lime glass studied 
by evolved gas and UV spectroscopic analysis" (Glastechnische Berichte, 68 
C2(1995)217-224), we reported evolution of oxygen and other gases from glasses 
containing refining reagents with the scale of "ion currents" on a quadrupole mass 
spectrometer under ultrahigh vacuum. 
 In the present paper we would report gas evolution on absolute-amount scale using 
a calibration apparatus. Differences in concentrations of gases between glasses melted 
by an oxygen-enriched-burner-furnace and those by an air-burner-furnace would be 
discussed, especially for glasses containing sodium sulphate as refining reagents, or 
for alkali-free high-etch glasses. 
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∗ Full manuscript not available at the time of printing 
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 Abstract 
 

 The interaction of gas mixtures of SO2 and O2 with soda - lime - silica 
glass has been studied to reveal the appropriate reaction mechanism. The 
results show that the interaction at high partial pressures of SO2 and O2 and 
low temperatures is controlled by the chemical reaction of sulphate phase 
formation at the interface and by the appropriate decomposition reaction with 
increasing temperature. The same phenomenon most probably affects the       
bubble behavior in glass melt containing sulphate. 

 
 
1. INTRODUCTION 
 
    The interaction between gas mixtures and glass melts determines some glassmelting 
processes as refining and glass foaming. The mathematical modeling of glassmelting tries 
to describe these processes quantitatively, however, experimental examinations are 
necessary to establish actual reaction mechanisms, to put experimental data into models 
and verify the proposed models. Recently, a method has been developed consisting in 
visual observation of gas or gas mixture absorption in a glassmelt from the closed silica 
glass vessel immersed in the melt [1,2]. The method has been formerly used for the 
measurement of diffusion coefficients of gases in glass. In this study, the reaction of gas 
mixtures of SO2 and O2 with the soda - lime - silica glass has been investigated. The aim 
of the work was to reveal the appropriate reaction mechanism and to explain behavior of 
bubbles in glasses containing sulphates. 
 
2. EXPERIMENTAL METHOD AND CONDITIONS 
 
    The method is schematically illustrated by Fig. 1. The shifting of glass level brought 
about by gas absorption or desorption was videorecorded and evaluated by image 
analyzer. This procedure was completed by the analysis of gas content of the silica glass 
vessel. After finishing video recording the vessel - partially filled by a glass melt - was 
quickly drawn out of the glass melt and put into the closed silica glass tube being flushed 
by helium. The gases released by disintegration of the measuring silica glass cell were 
subsequently analyzed using gas chromatography. 
    In the presented experiments, the interaction of SO2 + O2 mixture was followed at 
1200oC, the oxygen content of the mixture being 0, 25, 50, 75 and 100 vol.% 
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respectively. The glass had composition 74% SiO2, 16% Na2O and 10% CaO (wt.), the 
maximum content of Fe2O3 was 0.005%, the average content of SO3 was 0.22 %. 
In another set of experiments, the stoichiometric mixture of SO2 and O2 (2:1) was quickly 
heated to 1460oC after absorption period and subsequently analyzed. The following 
experiments studied the behavior of gas mixtures containing 50 and 25 vol.% of oxygen 
respectively, when slowly cooling the glass melt from 1460 oC to 1200 oC. The last 
observation involved the treating of the CO2 gas at 1460 oC and analysis of the final 
mixture. 
 

 
Fig.1: The scheme of exp. arrangement. 1 special silica pot with measured 
glass, 2 cylindrical silica vessel with gas, 3 holder of the cylindrical vessel,4 
moving phase boundary gas- glass melt, 5 glass level inside the silica glass 
pot 

 
 
3. RESULTS OF EXPERIMENTS 
 
 The examples of the absorption of SO2 + O2 mixtures containing 25, 50 and 75% of 
O2, respectively, are plotted in Fig. 2. Obviously there is a rapid initial absorption period 
followed by a slow one. This observation is in accordance with older Greene and Platts 
[3] observations including artificial SO2+O2 bubbles. The final gas compositions of 
reaction vessels are presented in Table II. These results indicate the roughly 
stoichiometric absorption (SO2:O2 = 2) of the mixture in the glassmelt at all initial 
compositions. The interaction of pure SO2 and O2, respectively, is on the contrary very 
slow as is apparent from Fig. 3. The counter diffusion of gases dissolved in glass brings 
about the growth of gas phase volume in the case of SO2. The transport of both single 
gases is apparently controlled by diffusion. 
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Table 1: The Results of Analyses of the Reaction Vessel Initially Containing 
Stoichiometric Mixture of SO2 and O2 after Reheating to Decomposition Temperatures. 

 Gas Content in Volume% 
Experiment CO2 SO2 O2 

2hs at 1200 oC 3 97 - 
16hs at 1200 oC 4 96 - 

 
 The glass boundary shifting when heating the glass after absorption period of the 
stoichiometric gas mixture to 1460 0C is presented in Fig. 4. Similarly as in the previous 
experiments, two interaction mechanisms, characterized by the different rate of phase 
boundary shifting, can be noticed. The final gas compositions of the reaction vessel are in 
Table I. 
 The example of glass boundary shifting when cooling the glass with SO2 + O2 mixture 
from 1460 oC to 1300 oC is given in Fig. 5. The initial CO2 volume increase with time at 
1460 oC is obvious from Fig. 6. The corresponding results of gas analyses are in Tables 
III and IV. 
 
DISCUSSION 
 
 The results in Fig. 2 - 3 and Table II raise the question about mechanism of reaction 
between SO2 + O2 mixture and glass melt. The correct knowledge of mechanisms is 
especially important for the identification of bubble origin in glasses and mathematical 
modeling of refining. The usual idea of independent diffusion of both gases into the glass 
is probably restricted only to low values of pso

2
 and po

2
 in bubbles and corresponds to the 

second part of the dependence in Fig. 2. At high concentrations of SO2 and O2 in gas 
phase, the precipitation of sulphate phase in form of Na2SO4 droplets or surface layer may 
be expected [4]. The probable mechanism is following: 
 Surface absorption of both gases: 
        SO2 (g)  →  SO2 (l) 
        O2 (g)  →  O2 (l)                                                (1) 
 
    Reaction with glass: 
 
        SO2 (l) + ½ O2 (l) + Na2O (l) ↔ Na2SO4 (layer, droplets)        (2) 
 
    To prove the formation of sulphate phase, the stoichiometric mixture of SO2 and O2 
was introduced above glass level at 1200 oC for 30 min and the glassmelt was 
subsequently heated. The formation of flow cells typical for the surface force driven 
convection and caused by the decomposition of the sulphate layer was observed. The rate 
of sulphate precipitation is most probably determined by reaction (2); the rate of reaction 
itself or transport of Na2O from glass to the surface may control this process. 
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Table II: The results of Analyses of the Reaction Vessel Initially Containing O2, SO2 or 
their Mixtures. 
 Gas Content in Volume % 
Original Gas 
Composition 

CO2 SO2 O2 Theoretical amount 
of SO2 or O2 in Vol. 

Units after 
Stoichiometric 

Absorption 

Analyzed amount of 
SO2 or O2 in Vol 

Units after 
Stoichiometric 

 Absorption 
100 % of O2 2 0.2 97.8 - - 
100% of SO2 0.5 99.5 not 

analyzed 
- - 

SO2/O2 = 3 0 100 not 
analyzed 

SO2: 25 SO2: 26.2 

SO2/O2 =1/3 0 0 100 O2: 62.5 O2: 62.0  
SO2/O2 =1 0 0.6 99.4 O2: 25.0 O2: 27.0 

 
 The temperature dependence of the rate of surface boundary shifting shows the steep 
decrease with temperature [2]. Assuming the sulphate precipitation is controlled by 
reaction (2), following equation may be derived for dh/dτ 
 
dh/dτ  =  k/ρ‘

r (pSO2r p1/2
O2r - pSO2s p1/2

O2s)                (3) 
 
Where k is the rate constant of reaction (2), ρ‘

r; is density of stoichiometric mixture SO2 
and O2 and pso2 and po2 are the appropriate partial pressures of both gases. Here subscript 
r designates the pure stoichiometric mixture (pso2 + po2= 1 bar) and subscript s designates 
the partial pressures being in equilibrium with precipitated sulphate phase or with 
saturation concentration of sulphate in glass. 
 
Substituting the supposed temperature dependence of k and pSO2s p1/2

O2s, we get: 

                            (4) 
 
Where pa is atmospheric pressure, Mr corresponds to molecular weight of SO3 and 
constants A, B and C relate to the temperature dependence of equilibrium constant of 
reaction (2), the sulphate solubility and the reaction rate constant k, respectively. As A1 + 
B1 < 0, dh/dτ  goes to zero with increasing temperature. This fact is in agreement with 
results of experiments in [2]. The sulphate precipitation controlled by the transport of 
Na2O into the layer should, on the contrary, show an increase of dh/dτ with temperature 
in relative broad interval of temperatures. The results therefore indicate the control of 
sulphate phase precipitation by the reaction (2), the rate constant k having the order of 
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magnitude 10-8 kg.m-2.s-1.bar-3/2 between 1250 - 1350 oC (the values of the sulphate 
equilibrium constant and sulphate solubility were taken from [5] and [6], respectively). 

 
Fig. 2: The shifting of glass level in the reaction vessel during absorption  of mixtures of 
SO2 and O in the glassmelt at 1200 oC (h increase - gas absorption). 
 

 
Fig. 3: The shifting of glass level in the reaction vessel during interaction between pure 
oxygen or sulphur dioxide and the glass melt at 1200 oC (h decrease - gas desorption) 
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Fig. 4: The shifting of glass level when heating the glass melt with precipitated sulphate 
phase from 1200 oC to 1460 oC. 1 - heating just after phase formation 2 - 2 hours treating 
the glass with sulphate phase at 1200 oC (h decrease - gas volume increase) 
 
 
 To prove the dissolution of sulphate phase in glass melt, experiments with absorption 
of the stoichiometric mixture of SO2 and O2 at 1200 oC were performed, followed by 
rapid heating of observation cell with reaction vessel to 1460 oC. When reheating started 
just after finishing the absorption, rapid decomposition of sulphate layer started at about 
1420 oC (after 40 s, see Fig. 4, curve 1); the layer was almost completely decomposed in 
about 110 s. The treating the sulphate layer for 2 hours at 1200 oC led to the considerable 
slowing down the gas volume growing (see curve 2 in Fig. 4). Apparently a part of 
sulphate phase dissolved in glass during two hours at 1200 oC. 
 

 
Fig. 5: The behavior of mixture of SO2 + O2 (3:1) when cooling it at the rate 2 oC/min 
from 1460 oC to about 1300 oC and reheating to 1460 oC. I - cooling, II - reheating 
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Table III: The Results Analyses of the Reaction Vessel Initially Containing Mixture of 
SO2 and O2 after Slow Cooling from Melting Temperature to about 1300 oC and 
Reheating to Decomposition Temperatures. 
 

Original Gas Gas Content in Volume% 
Composition CO2 SO2 O2 

SO2/O2=1 6.0 - 94.0 
SO2/O2= 3 5.0 95.0 - 

 
The question arises about sulphate phase precipitation on bubble surfaces when slowly 
cooling bubbles from high to middle temperatures. The slow cooling of SO2+O2 mixture 
(3:1) from 1460 oC is presented in Fig. 5. The relative fast gas absorption following the 
temperature decrease obvious from the first part of the curve gives evidence of reaction 
(2), however, no sulphate phase decomposition was observed after reheating glass (see 
the second part of curve in Fig. 5). The final compositions of gas mixtures after 
experiments in Table III support the mechanism of reaction (2) too. The question of 
sulphate phase precipitation or dissolution at low rates of glass cooling should be 
however solved by further experiments. 
 

 
Fig. 6: The growing of the initial CO2 volume by the diffusion of gases from the glass 
melt at 1470 oC. 
 
 
The behaviour of CO2 bubbles at high temperatures has been simulated in the last   series 
of experiments (see Fig.6). The results of reaction vessel  analyses presented as well in 
Table IV show concentrations SO2 higher than the stoichiometric ones. This fact could 
explain the final low pressures and condensates in bubbles from glasses refined by 
sulphates (see Table IV). Further experimental work is needed to confirm and explain this 
behaviour. 
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Table IV: The Results of Analyses of the Reaction Vessel Initially Containing CO2 
Treated at 1470 oC and Results of Analyses of Quickly Cooled Melting Bubbles in Float 
Glass. 

Time of Gas Content in Volume% 
Treating at 1470 oC CO2 COS SO2  O2 N2 

 
90 min 50.5 ≈ 1.0 48.5 - - 
90 min 70.8 ≈ 1.0 28.2 - - 

Bubble in float lass 46.8 TR. 48.0 0.7 4.2 
 54.0 - 40.4 0.8 4.8 
 8.1 TR. 90.0 0.9 0.9 

 
 
CONCLUSION 
 
 The examination of behaviour of SO2 + O2 mixtures in glassmelt using the method of 
controlled volume absorption and gas phase analysis simulates the behaviour of melting 
bubbles in glass melts refined by sulphates. The results show that the bubble behaviour at 
high partial pressures of SO2 + O2  and low temperatures are controlled by the chemical 
reaction of sulphate phase formation and by the appropriate decomposition reaction when 
heating bubbles with sulphate phase. The same reaction is most probably taking place 
when slowly cooling melting bubbles to middle temperatures. The high concentrations of 
SO2 in initially CO2 bubbles at high temperatures and at very low concentrations of iron 
need further experiments. The results have significance for the mathematical modelling of  
refining process. 
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Abstract 
 

At the production of many technical glasses in melting tanks there is a 
certain basic level of bubbles which is between 0 and 10%. The gas 
content of these bubbles is mainly nitrogen. It is supposed that these 
bubbles are formed by the corrosion of fused cast AZS refractories which 
are used as tank blocks. At fusion casting of these blocks properly air is 
entrapped as the closed pores of the refractory material contains mainly 
nitrogen besides oxygen and argon. The ratio of nitrogen-argon is near that 
of normal air. At first heating of the AZS blocks (start up period ) but also 
during the normal furnace campaign bubbles with high nitrogen content 
(89% to 100% N2, with minor percentages of oxygen, argon and carbon 
dioxide ) are formed in the glass melt if these closed pores are opened by 
the normal corrosion process of the AZS material by the glass melt. This 
process takes place additionally to the oxygen bubble formation where due 
to a redox process of multivalent ingredients of the refractory material 
when temperature is increased, oxygen is released. 

 
 
1. INTRODUCTION 
 
 Gaseous inclusions belong to the most common defects affecting the quality of 
glass. Therefore, the elimination of these gas bubbles from glass melts is a topic of 
great interest to the glass industry. Gas bubble analysis is the most important tool of 
bubble-fault diagnosis. By analyzing the gas content of the bubbles and with the 
knowledge of the interaction of the gases dissolved in the glass melt with these 
bubbles as well as the knowledge of how bubbles will change their content with 
temperature and time, the trouble shooter can suggest to the production personnel the 
source and cause of bubble defects. 
 One of these bubble sources is the refractory material of the melting tanks, e.g. 
the fused cast AZS blocks which form bubbles, stones and knots at the refractory-
melt interface during the start-up period as well as during the normal furnace 
campaign. 
 
2. PROBLEMS WITH BUBBLES 
 
 At the production of many technical glasses in melting tanks which are built with 
AZS material there is a certain basic level of bubbles which give rise to production 
losses of about 10 %. The gas content of these bubbles is mainly nitrogen with minor 
components of carbon dioxide and argon. Table 1 shows typical bubble contents 
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whereas the bubbles with low carbon dioxide contents are represented by 50 to 80 %. 
 

Table 1 
O2/% N2/% CO2/% Ar/% diameter/mm 

0 98.7 0 1.3 0.32 
0 98.6 0 1.4 0.52 
0 98.1 0.5 1.4 0.44 
0 98.3 0.9 0.8 0.38 
0 97.9 1.2 0.9 0.44 
0 76.2 23.2 0.6 0.52 
0 78.1 21.3 0.6 0.56 

 
 
 With the knowledge in gas bubble cause and effect relationship these bubbles can 
principally attributed either to an air entrapping by stirrers, plungers or by cracks, or 
to the corrosion of ceramic refractories, for instance to fused cast AZS refractories 
which form the walls of the melting tanks. There are several hints that the above 
mentioned bubbles are formed at the refractory-melt interface. 
 
3. BUBBLES FROM FUSED CAST AZS MATERIAL 
 
 An earlier paper [1] shows that pristine fused cast AZS material but also AZS 
material which was heated in laboratory furnaces up to 1550oC for several days has 
closed voids or pores. As content of these gas-filled pores mainly nitrogen, oxygen 
and carbon dioxide was found. With a now more sensitive analyzing technique 
additionally to nitrogen and carbon dioxide, also hydrogen and argon as minor gas 
components could be detected in these closed pores. 
 Recently the reaction between fused cast AZS-32 material and a television glass 
melt was studied in a laboratory scale [2]. To this crucibles made of ER 1681 were 
heated together with television glass cullets up to 1350oC, 1425oC and 1500oC for 
100 to 600 hours. A lot of bubbles were observed and analyzed showing oxygen, 
nitrogen, carbon dioxide and argon as content. Some of these results are given in 
Table 2. 

 
Table 2 

O2/% N2/% CO2/% Ar/% diameter/mm 
88.1 9.8 2.0 0.1 0.22 
56.5 42.3 0.8 0.4 0.14 
50.1 47.4 2.1 0.5 0.17 
71.6 28.1 0 0.3 0.23 
31.2 60.9 7.5 0.5 0.18 
59.4 39.1 0.9 0.4 0.16 
40.2 53.8 5.5 0.6 0.15 
75.4 17.2 7.2 0.2 0.22 
58.8 36.6 4.2 0.4 0.19 
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 When plotting the oxygen content of the analyzed bubbles versus bubble 
diameter, Fig.1 shows a decrease of the oxygen content with smaller bubbles 
indicating that oxygen as the main component is diffusing out of the bubbles with 
time.[3] 
 

    Oxygen content of bubbles from ACS material 

 
       Fig.1 Oxygen content versus bubble diameter [2] 
 
 Due to the resorption of oxygen by the melt at conditioning all bubbles formed in 
the melting tank have no oxygen in the end product. Therefore the analyses of table 2 
were calculated without oxygen - indicating now the bubble content and bubble 
diameter (diametero) when having cooled the melt - and are given in table 3 
 

Table 3 
N2/% CO2/% Ar/% diametero/mm 
82.4 16.8 0.8 0.11 
97.2 1.8 0.9 0.11 
94.8 4.2 1 0.13 
98.9 0 1.1 0.15 
88.4 10.9 0.7 0.16 
96.8 2.2 1 0.12 
89.8 9.2 1 0.13 
69.9 29.3 0.8 0.14 
88.8 10.2 1 0.14 

 
 Fig 2 shows the argon content versus bubble diameter indicating that argon 
neither diffuses into nor diffuses out of the bubbles but that argon was in the bubble 
from the very forming. 
 The absolute argon values of about 0.9 vol% and Fig.3 which shows the ratio of 
argon to nitrogen which is near the ratio in normal air indicate that nitrogen and 
argon originate from air. 
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   Argon content of bubbles from ACS material (bubbles without oxygen) 

 
Fig.2 Argon content in bubbles (without oxygen) versus bubble diametero. 

 
 

  Argon/Nitrogen ratio of bubbles from ACS material (bubbles without 
oxygen) 

 
Fig.3 Argon-nitrogen ratio of bubbles versus bubble diametero. 
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   CO2-N2 ratio of bubbles from ACS material (bubbles without oxygen) 

 
Fig.4 Carbon dioxide-nitrogen ratio of bubbles from AZS versus bubble diametero. 

 
 As the carbon dioxide-nitrogen ratio (Fig.4) is also nearly independent on bubble 
diameter one can assume that most of the carbon dioxide amount was also in the 
bubbles from the very bubble forming process. 
 
4. CONCLUSION 
 
 At the corrosion of AZS blocks in glass melting tanks the closed pores of this 
refractory material are opened and the gaseous content of the pores are released to 
the melt in form of bubbles. This corrosion is enhanced by the formation of oxygen 
bubbles inside the glassy phase of the refractory material due to redox processes 
when these oxygen bubbles penetrate the reaction layer at the melt-refractory 
interface and push the gaseous content of the refractory pores and also material of 
the reaction layer in form of knots and stones into the melt [2]. 
 As the content of the AZS pores is mainly nitrogen with minor components of 
oxygen, hydrogen, carbon dioxide and argon and with a ratio of argon/nitrogen 
which is near the normal air ratio of 0.11, it is supposed that nitrogen of the pores 
arises from nitrogen of normal air rather than from oxidized chemically dissolved 
nitrogen ( nitrides). It is furthermore supposed that the AZS pores are formed when 
casting the AZS-melt in normal air when producing the AZS blocks. 
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 Abstract 
 

 K2ZrSi3O9 stone was found in Ba-Sr-Alkali Silicate glass for color TV panel. The 
Morphology of stones are two types. One is hexagonal cross section and lath like 
shape and the other is indefinite shape. K2ZrSi3O9 is found in the neighborhood of 
ZrO2 containing refractory after the reaction test between refractory and glass. 
 The difference of morphology is owing to environment of crystal growth. 
Hexagonal shape is derived from ZrO2-rich and Al2O3-poor glass phase and the other 
is derived from ZrO2-poor and Al2O3-rich composition. 

 
 
1. Introduction 
 
 Bulb glass for Color Television Panel (CP) is one of the great glass market in the world. So, it 
is needed that production loss become minimize as possible as we can. Melting defects of CP 
glass are blisters, glass knots and stones. Normally, stones are small portion of defects. But 
sometimes acute stones have occurred. It is necessary to identify stones and to make an 
identification chart to minimize a time for some furnace actions to eliminate stones. 
    K2ZrSi3O9 crystal is relatively rare stone in CP glass. But occasionally this crystal appears as 
acute stones. This crystal is belongs to hexagonal crystal system. Crystal data are shown in Table 
1 [1]. A study about stones in glass was already reported for Pb-silicate glass[2][3]. But no 
reports are existed so far about CP glass. In this study, the occurrence of K2ZrSi3O9 stones and 
the growth environment of this crystal are also discussed about CP glass. 
 

Table 1 Crystal data of K2ZrSi3O9 

Crystal system : Hexagonal                            Space group : P63/m Z=2 
                        Lattice constants : a=6.89Å       C=10.17Å 
                        Refractive index : nE=1.637    no=1.624 

 
3. Results 
 
3.1 Characterization of Stones 
 K2ZrSi3O9 phase is crystallized in Ba-Sr-Alkali Silicate glass. Chemical compositions of glass 
are shown in Table 2. This glass is normally used for color television panel. Relative high content 
of BaO, SrO and K2O is remarkable characteristic. 
 There are two types of K2ZrSi3O9 stones. Fig.2 shows photographs of this stones. One is 
hexagonal cross section and lath like shape(Fig.2a) and the other is indefinite shape(Fig.2b). Sizes 
are about between 3.0 and 0.5mm. Normally, clear hexagonal shape is larger than indefinite 
shape. 
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Fig.2 Optical micrograph of K2ZrSi3O9 stones 
 
 
Fig.3 shows back scattered electron image of stones obtained by EPMA. The surroundings of the 
crystal are different from each other. Relatively gray color is observed around the crystal in Fig.3b 
but no different color is observed in Fig.3a. This phenomena indicate the different chemical 
composition of glass between these two. 
 

       
Fig.3 Back scattered electron image of K2ZrSiaOs stones 

 
2. Experiments 
    Stones in glass are usually first observed optical microscope. Morphological characters are 
described. Then stones are cut and ground until stones appear on the surface of glass. After that 
stones are polished by diamond media and cleaned by ultrasonic bath. Back scattered electron 
image and chemical composition are obtained by electron probe micro analyzer(EPMA : JEOL 
JXA8900). Samples after reaction test between refractory and glass are observed and measured by 
same method as mentioned above. 
    Fig.1 shows the reaction test between glass and refractory. High alumina crucible 
(Al2O3:95.4%) was used for this test. Size of refractory was 10x10x10mm and CP glass cullet 
was used for this test. After heating at 1300oC for 24h in electric furnace, furnace was cooled 
down to 1050oC and kept for 24h. Table 2 shows the chemical composition of used glass. 
Chemical composition of used refractories are shown in Table 3. AZS means Al2O3-ZrO2-SiO2 
fusion cast refractory and ZFC means high ZrO2 fusion cast refractory. 
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       Fig.1 A schematic of reaction test between Refractory and Glass 
 
 
    Table 2  Chemical compositions of            Table 3 Chemical compositions of      refractories 
glass(wt.%)                                (wt%) 

Element wt %   AZS ZFC 
SiO2 61.0  Al2O3 50.0 0.8 
Al2O3 2.0  SiO2 16.0 4.5 
CaO 1.0  ZrO2 33.0 94.0 
Na2O 7.5  Na2O 1.0 0.4 
K2O 7.5     
SrO 8.7     
BaO 8.9     
ZrO2 2.5     

 
Chemical compositions of crystal are shown in Table 4. 
 

            Table 4 Chemical compositions of K2ZrSi3O9 crystal (wt.%) 
 Hexagonal lath like shape 

(Fig.2a) 
Indefinite shape 

(Fig.2b) 
Theoretical 

value 
 1 2 3 4 5 6 K2ZrSi3O9 

SiO2 45.4 44.6 44.2 46.9 46.9 45.3 45.3 
ZrO2 27.9 30.6 31.4 29.1 29.4 29.6 31.0 
K2O 18.5 20.2 21.9 20.1 21.7 19.9 23.7 
BaO 3.45 1.37 0.59 1.78 1.07 1.80 0.0 
Na2O 1.43 1.20 0.23 1.60 0.45 1.83 0.0 

 
 
All crystals in Table 4 are almost the same including minor elements and also almost equal to 
theoretical value of K2ZrSi3O9 crystal. But, K2O content is slightly smaller than theoretical value 
of K2ZrSi3O9. It is considered that Na and Ba element substitute to K element. 
    Table 5 shows the chemical composition of glass around K2ZrSi3O9 crystals. 
 

Table 5: Chemical compositions of glass around K2ZrSi3O9 crystal (wt%) 
 Hexagonal Lath like 

 shape (Fig.2a) 
Indefinite shape 

 (Fig.2b) 
 1 2 3 4 5 6 

SiO2 55.8 53.8 54.5 61.6 60.8 59.9 
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Al2O3 3.53 2.49 2.37 9.29 5.91 4.76 
Na2O 10.2 9.90 9.32 6.69 7.99 7.62 
K2O 5.15 6.32 6.65 9.23 7.21 7.82 
ZrO2 7.55 12.9 9.08 3.36 6.52 7.11 
SrO 7.47 6.75 8.40 3.96 5.10 5.91 
BaO 8.47 6.25 7.37 5.13 5.47 6.03 

 
It is clear that the chemical composition of glasses are different between the two type of crystals. 
One is rich in ZrO2(hexagonal lath like) and the other is rich in Al2O3 (indefinite shape). 
 
3.2 Reaction test between refractory and glass 
    After testing described in Fig.1, interface between glass and refractory was observed and 
analyzed by EPMA. Fig.4 shows the interface between glass and ZFC refractory. Some crystals 
are existed at the interface between glass and refractory. Chemical composition of crystal and 
glass are shown in Table 6. It is clear that this crystal is K2ZrSi3O9 phase. But in the case of AZS 
refractory, K2ZrSi3O9 crystal was not observed. 
 

 
    Fig.4 Back scattered electron image of ZFC and glass interface 

 
Table 6 Crystal and glass after testing between glass and refractories(wt%) 

 ZFC  
No.1                            No.2 

AZS  
No.3 

 Crystal Glass Glass 
SiO2 45.3 59.2 57.8 
Al2O3 0.0 3.0 13.0 
Na2O 0.2 9.9 7.7 
K2O 21.7 5.6 9.4 
ZrO2 31.4 7.8 4.1 
SrO 0.3 6.3 3.9 
BaO 0.2 7.4 2.9 

4. Discussions 
 
    K2ZrSi3O9 stones are almost the same composition but morphology is two types(Fig.2). The 
difference of morphology is owing to growth environment. The difference of environment is 
ZrO2, Al2O3, alkaline and alkali-earth content. It is considered that the high temperature viscosity 
of these two type of glasses are different from each other. For example, calculated value of same 
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viscosity(log η=3) temperature is about 1200-1240°C for No.1 to 3 and 1300-1380°C for No.4 to 
6 in Table 5. It is clear that compositions from 1 to 3 are lower viscosity than 4 to 6 compositions. 
As above mentioned, hexagonal lath like K2ZrSi3O9 crystals grow up in lower viscosity glass than 
indefinite shape. This observation suggests that hexagonal lath like crystals grow up in euhedral 
shape because of unrestricted growth condition. The ralative low viscosity gives the unrestricted 
growth of crystals. 
 On the contrary indefinite shape crystals are in the relative high viscosity glass because of 
Al2O3-rich composition. This suggests that crystal growth condition is relatively restricted 
compare to hexagonal lath like shape. 
 The chemical composition of glass after glass-refractory testing(Table 6, No.2) is similar to 
that of No.1 to 3 in Table 5. This findings leads to a conclusion that the growth environment of 
hexagonal lath like crystal is the interface of ZFC refractory and glass. 
 In the case of AZS refractory, no K2ZrSi3O9 crystals were observed. But the chemical 
composition of glass after AZS refractory testing(Table 6) is similar to that of No.4 in Table 5. 
This suggests that indefinite shape of K2ZrSi3O9 crystals grow up in the interface of AZS 
refractory and glass. 
 
5. Conclusions 
 
 Above mentioned characterization of stones and results of reaction test exhibit following 
conclusions. 
a.  K2ZrSi3O9 stones are divided two type morphology. One is hexagonal lath like and the other is 
indefinite shape. 
b.  This crystal grows up at the interface between ZrO2 contained fusion cast refractory and CP 
glass. 
c. Hexagonal lath like shape is derived from high ZrO2 fusion cast refractory(ZFC) 
d. Indefinite shape is derived from Al2O3-ZrO2-SiO2 fusion cast refractory(AZS) 
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Abstract 
 

 As in other glass furnaces, silica defects form a good proportion of the 
overall defects in float glass furnaces. A good deal of experience has been 
gained through the years by applying a systematic approach of defect 
investigation in float glass production. The experience has been fortified by 
follow-up post-mortems of crown silica refractories during cold repairs, the 
effect of change of raw materials, and change from fuel oil firing to natural 
gas. Based on this experience, an attempt will be made to classify  silica 
defects. 
 Silica defects encapsulated in alumina-zirconia glassy-phase (knot) are 
assumed to be the fingerprints of carryover occurring around the doghouse. 
This phenomenon accelerates the corrosion of superstructure refractories.  
 In furnaces fired with natural gas, the formation of some species of silica 
defects are frequently encountered on the crown and bridge wall silica 
refractories in the flame free area. The waist crown and entrance of 
conditioning zone are also prone to this type of defect formation. The surface 
of refractories appear to be dry and the nature of material seems to be loose 
and friable. 
 Conglomeratic plate-like tridymite crystals with a minor amount of glassy 
phases have been observed. The loose and friable silica defects popularly 
known as "frost" are highly sensitive to furnace operational parameters and 
silica brick quality. Very often, they fall on the glass and have no chance of 
dissolution thus ending up as defects in the glass. 

 
 
1. Introduction 
 
 Silica defects, are in  the form of quartz, tridymite and cristobalite, which arise from so 
many different factors during glass melting. By employing the concept of systematic 
defect analyses over 15 years, thousands of defects have been examined. Experience 
shows that the siliceous defects make up about 10 percent of the total defects. However at 
any time, they may became the most predominant defects, since the main ingredient of the 
batch is sand and very large areas of the superstructure are constructed with silica 
materials. In these cases rapid and correct determination of the origin of such defects will 
reduce the losses. 
 Identification of silica stones are carried out by microscopic techniques and analytical 
instruments such as electron microprobe (EMP) and x-ray diffraction (XRD). In order to 
determine the origin of stones, it is necessary to know some information such as the 
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general distribution of the defects, furnace parameters, any other defects showing parallel 
increase with silica defects and to check the furnace operations. Although numerous silica 
defects have the same composition as silicon dioxide, more than 90% of these defects can 
easily be identified by a simple binocular microscope after a certain period of experience. 
The form of defect and it's components, crystal type and its dimensions, the character of 
the borders with  base glass, distribution and density on the ribbon gives several clues 
about the origin of defects. In addition to this, some chemical analyses by electron 
microprobe, especially some trace elements within the glassy phase of the defects helps  
for determination. 
 Besides the systematic defect analyses, observation of used materials during the cold 
repair of furnaces is an important source of knowledge. Corrosion points and extent, 
crystal types and forms of different zones, absorption of volatile elements, condensation 
regions and localities of flows give important information about the causes of corrosion. 
 
2. Descriptions of Used Silica Refractories 
 
 As it is known, large areas of superstructure and  all of the crown are covered by silica 
refractories and mortars. When the old melting furnaces are observed during cold repair, 
some parts of the superstructure and crown are observed to be intensively  corroded. The 
areas which are critical for corrosion occur in the right and left sides of the crown around 
hot point, expansion joints 1/2, 3/4, back wall  over the doghouse, front wall at the 
melting end. High temperature and carryover, alkali penetration and condensations are the 
main parameters that act directly on corrosion of silica materials. The superstructure of 
the refining area  seems to be of darker colours towards the colder parts. Oxides of 
vanadium and nickel in fuel-oil, are absorbed in the glassy phases of superstructure 
materials and increase at lower temperature zones. The appearance of refractories in 
refining areas of the furnaces heated by natural gas  seem to be dry, irregular and flake. 

 
Figure 1  Petrographic structures of three samples 
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 Detail studies were accomplished 1 on used silica refractories taken from some parts of 
the melting tank during cold repair (Fig. 1). 10 mm slices were cut from hot surface to the 
cold end for each sample and analysed by XRF, to obtain the element distribution profiles 
of each sample along the depth. 
 The following conclusions are summarized. 
- Two kinds of mechanisms are affected on the element distribution along the depth. One 
is the diffusion of Na2O and MgO from furnace atmosphere through the surface of the 
silica bricks. The second factor is the movement, towards the cold end, of CaO and other 
oxides such as Al2O3, Fe2O3, K 2O and TiO2 which are homogeneously distributed in the 
original bricks. The  oxides move towards the colder depth of the bricks by temperature 
gradient, diffusion and vapor pressure of the furnace atmosphere. 
- From hot surface to the temperature gradient of 1470oC, the bricks are composed of 
fish-scale crystobalite and some glassy phases. 
-The amount of glassy  phases increases towards the colder parts.  
- The second zone is composed of  plate or lath-like tridymites oriented  vertically, 
because of compression and gravity. 
- Na2O and MgO contents of glassy phase decrease in depth but CaO and other oxides 
increase. 
- Below the temperature point of 1200oC, pseudowollastonite crystals  appear. 
- In the zone, which has abundant pseudowallastonite crystals, the other elements oxides 
are at maximum concentration. 
- Some part of CaO and all the other oxides like Al2O3, Fe2O3, K2O and TiO2 are placed 
in the residual glassy phase after pseudowollastonite crystallization. This zone is between 
the temperatures of 1200 - 900 oC. 
- After the last zone, the refractory structure does not show any change. 
 An example of chemical composition of pseudowollastonite and the adjacent glassy 
phase is given in the following table: 
 

Oxides Pseudowollastonite Glassy-phase 
SiO2 
CaO 
Na2O 
MgO 
K 2O 
FeO 

Al2O3 
TiO2 

49.99 
50.53 

70.30 
7.20 
4.50 
0.99 
1.31 
10.75 
4.66 
0.31 
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3. General Classification of Silica Stone Defects 
 
 The silica stones can be classified with respect to their origin: 
 
Batch Stone                 
. inefficient melting Cristobalite   
. segregation of batch 
. corrosion of superstructure and crown 
. carryover 
 
Tridymite   
. corrosion 
. devitrification 
 
Quartz   
. coarse grained  sand and clay contamination 
. fragments from cold parts of the furnace 
 
 The schematic representations of  silica transformations and probable sources of 
defects is shown in the following figure. 
 
.coarse grain          . incomplete        .silica refractories          .corrosion          .silica frost 
      sand                     melting            
                                                        .drops & run-downs                                .devitrification 
                               .segregation   
 
 
    Quartz                              Cristobalite                                                             Tridymite 
                                                                                                         1470oC                                                                                              
 
4.Silica Stones Arising from Corrosion of Furnace Refractories 
 
 Silica defects can be categorized into two main groups. The first group can be named 
as "drop-like" defects, arising mainly from increasing temperature, affected by fluxing 
agents and carryover, condensation of volatiles; the second group is "fragmental defects" 
originating from superstructure and crown by mechanical actions, slidings, sudden 
pressure differences , and repair activities. 
 
4.1. Drop-like Defects 
 
Crown drips: Drips are typically composed of secondary crystobalite /tridymite dentrites 
randomly distributed in a glassy phase having high silica content. Their forms are 
commonly apparent from the very smooth taper and the irregular shape of the larger end 
of the defect where they had broken away the parent drippage.  
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Drippage from expansion joints and silica mortars: They have the same form and 
crystalline characteristics as in crown drips, except the glassy-phase contains more iron, 
vanadium and nickel content, because of temperature drop within expansion joints and 
porous structure of mortar. Sometimes primary silica fragments can be seen besides 
secondary dentrites. 
Superstructure run-down: Stones are largely secondary dentritic cristobalite in a certain 
orientation surrounded by glassy phase drived from fused AZS blocks. The defect have 
sometimes dentritic zirconia besides cristobalites. The principal source of stone is the 
crown or superstructure and they run-down over AZS fused cast breast walls, which pick 
up some zirconia dentrites or glassy phases including AZS components. 
Breast wall run-down, arising from carryover: If the grain size of any batch 
component like sand, feldspar, dolomite and soda become finer, and the batch moisture 
content is low, improper firing and charging conditions can cause carryover. Dusty 
materials can be accumulated on the wet breast wall around doghouse and dissolve in 
time and run down to the melt. The petrographic features are the same as superstructure 
run-down, arising from crown. The only difference is rather fine and radial orientation of 
cristobalite dentrites starting from point sources. 
 
4.2. Fragmental Defects 
 
Silica fragments & spallings: Probable origin of such stones are the colder parts of the 
melter and refiner. Their common features show angular form, recent primary structure, 
mostly plate or lath-like tridymite crystals with no solution sac. 
Siliceous scales (frost): Siliceous scale, known as "frost" which is formed on the surface 
of the silica bricks of the crown and side wall around melting end in the flame free zone 
of the float furnace heated by natural gas. When these siliceous scales drop on the surface 
of the melt in cooler part of the melter, being drawn up before it is completely dissolved 
into molten glass, causing serious  production losses. Frost is composed of  conglomeratic 
plate-like tridymite crystals with a minor amount of glassy phase. Experiences show that 
the atmospheric conditions of the melter and the quality of the silica bricks are the 
effective parameters on the mechanism of frost formation. This problem can be solved by 
permitting excess oxygen into the refining area. 
 During a frost problem, two different kinds of silica bricks of super-duty quality 
manufactured by different suppliers were placed together in the peep hole at the critical 
region at refining zone for 6 months. Later the bricks were removed and detail 
petrographic identifications and EMP analyses were carried out. The first brick was used 
in furnace having frost problem which had a CaO content of 2.9% and a flux factor of 
0.32. The second brick had a CaO contents of 2.6% and a flux factor (Al2O3+ K2O) of 
0.39. 
 From the detail studies, the following points are summarized.  
-Grain size distribution of two original bricks were different before testing. 
-After 6 months of testing, the hot surfaces of both silica bricks were covered with tabular 
tridymite crystals with small amount of glassy phase. 
-Thickness of tridymite zone of first brick was 35 mm and the second brick was 27 mm. 
Tridymite formation of the first brick was loose, friable with finger nail and oriented in a 
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certain direction; but the tridymite formation of the second brick was interlocking to each 
other and was not friable in spite of a knife. The results of the surface differences of the 
two bricks under testing in the same place and atmospheric condition  were rather 
interesting. 
-Pseudowollastonite crystals were formed in a depth of 27 mm for the first brick, and 20 
mm for the second brick. That is to say the first brick was more permeable in such 
atmospheric conditions. 
-Both original silica bricks were submerged into the Na2SO4 melt in 1100oC and later 
they were kept for 5 hours at a temperature of 1450oC. After the testing, the first brick 
was completely disintegrated. 
 It is believed that, the silica brick quality is important but not the single factor for frost 
formation. As a matter of fact, the problem was solved in spite of those bricks. 
  
5. Silica Stones Arising from Batch Materials 
 
 These kind of defects may, from time to time, become the most predominant defect 
group. Their distribution is homogeneous along the ribbon and usually the defect density 
is suddenly increased. They originated from two principal factors. The first one is the 
batch feeding problems and contamination of batch materials (including coarse grain 
sand), the second one is the furnace operating conditions.  
 The following examples are given for such kinds of defects originated from batch 
materials. 
Batch stone drifting along the flux-line: When the stones are drifted along the corroded 
side blocks at flux-line, because of shadow effect they are not dissolved but partly 
transformed to cristobalite within a glassy-phase belonging to AZS refractories or some 
primary or secondary zirconia with them. They are identified from breast wall run downs 
arising from carryover by their partial transformation. 
Batch stone originated from incomplete melting: Small bubbles resulting from 
insufficient refining conditions are increased with such silica stones of batch origin. 
These kinds of defects show radial cristobalites started from a source points with a small 
amount of solution suc. Some small bubbles are commonly present within this kind of 
defect. Complete or partial cristobalite transformation is characteristic. 
Scum is originated from alkali volatilization from surface of the molten glass at high 
temperatures and it is characteristic for tabular cristobalite crystals showing New-York 
pattern. 
Silica segregation may arise from segregation of batch materials during storage, mixing 
or transportation. Nonconformity of grain size distribution of soda and sand may cause 
such silica defect also. This kind of defect is exactly the same with batch stones. The only 
difference is its lower density and no bubble defects beside it. It may not cause any severe 
production losses. 
Conglomerated sand is the result of clay contamination of sand where clay materials 
envelope the sand grains to prevent dissolving. 
Silica stones within aluminous matrix or silica with nepheline or mullite crystals are 
also the result of clay contamination of sand. 
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Silica defects arising from coarse sand grains identified by their massive structure, 
partial transformations and the absence of pore (no bubbles) within them. 
 
6. Devitrification 
 
 The main sources of devitrification of the glass into tridymite are the water boxes and 
mixers in the furnace. The order of devitrification of components on such coolers is; 
devitrite, tridymite, diopside/wollastonite from cold to hot end. Therefore these 
devitrification components may be released from time to time by glass currents, 
temperature differences or mechanical actions. Such tridymite crystals are single or as 
crystal piles in glass with no solution sac. Rarely some broken refractories under the flux 
line or bottom can cause such devitrification problems. 
 
7. Conclusion 
 
 Siliceous defects make up about 10 % of defects seen in glass production. They may 
originate from different sources like batch, corrosion of refractories and devitrification. 
These defects are all structural modifications of SiO2 occurring as quartz, trydimite and 
cristobalite. A certain uncertainty still remains during identification, but by a built up of 
experience the origin of defects, interrelated with operational parameters, can be 
delineated. 
 The quality of refractories used play an important role for some of the silica defects. 
Frost is of this types. However, the application of suitable operational parameters may 
take care of the problem. 
 It is deemed to be important during the identification process to notice all details of 
textural differences of the minerals so that a sound correlation can be made.  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
1Arman, B., Özgen, S. and Aydýn, E., Mater. Sci. Monogr., 1991, 66 (A) 455-63 



THE ADVANCED GLASS MELTER 
 

G.Turton  
KTG Systems, Inc., USA 

 
 
1.0 INTRODUCTION 
 
 The Advanced Glass Melter (AGM) is a project initiated and sponsored by the Gas      
Research Institute (GRI) of Chicago, Illinois, USA. The basic idea was to directly inject     the 
batch ingredients into a gas flame initiating rapid heating and melting of the fluxes     and 
decomposition of the other carbonates. The heated material is then collected in a     glass reservoir 
to continue homogenization and refining processes. In an initial project,     a pilot facility sized to 
produce 7 US tons (6.4 tones) per day was constructed and     operated by Textron Defense 
Systems (TDS) at their research facility in Everett,     Massachusetts. This unit operated with 
enough success that GRI decided to sponsor a     field unit, to include in a production line to 
produce a commercial quality glass. KTG     Systems was the successful bidder- on this project, 
proposing a join effort with Knauf     Fiber Glass and TDS to design, construct and operate a 13.8 
US tons (12.5 tones) per     day unit to produce commercial blown fiberglass wool. The unit was 
built at the Knauf     plant in Shelbyvile, Indiana. Klug Systems of Rochester, New York were 
subcontracted     to design the batch feed system. This paper describes the design, construction 
initial     testing and present situation of this utility. The main objectives of this program were: 
 
          ·    Transfer AGM Technology from the laboratory to a field installation. 
          ·    Use the AGM to manufacture fiber glass. 
          ·    Develop a fully integrated melt system with all necessary ancillary 
               components. 
          ·    Operate the AGM in a complete fiberglass run to life test to determine the 
               long term economics of the AGM. 
 
2.0 FIELD UNIT DESCRIPTION 
 
     The plan view overhead shows the main components of the system comprising: 
          ·    The batch supply cans containing Kanuf's normal pre-mixed batch. 
          ·    The melting unit. 
          ·    The prot, exhaust stack, and duct. 
          ·    The throat and riser. 
          ·    The forehearth and bushing. 
     The cross section overhead shows: 
          ·    The batch holing bins (2 off ) and the screw feeder locations (4 off). 
          ·    The vitiation burner (combustion air pre-heater) to simulate pre-heated 
   ·    The batch feed section (4 injectors). 
          ·    The combustion mounted on the meter roof. 
          ·    The exhaust stack. 
          ·   The melter superstructure. 
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          ·   The heat up burner. 
          ·   The batch material flow path. 
          ·   The glass holding bath. 
     The longitudinal section overhead shows: 
  · Further screw feeder detail and batch feed lines (rubber hose) to the 
       sectors. 
  ·    Further detail of the stack sized and location. 
  ·    Detail of the throat, riser and forehearth connections. 
 
     The longitudinal section does not show the throat electrode locations. Five (5) 1'/ "     diameter 
molybdenum electrodes were located in the throat (2) and riser (3) to assist glow  flow during 
heat-up. The main concerns were the green glass color with poor heat     conduction and the small 
throat opening of 6" x 10". 
 
3.0 COMPONENT DETAILS 
 
 The forehearth was a conventional fiberglass type unit, gas fired. 
    The melter was 3'-6" (1.067 in) square and 41" of glass. The overhead shows these     
dimensions and also the electrode locations. A variety of materials were used for the     glass 
contact areas and throat to monitor the performance and provide information for     future units. 
The refractories used were from the bonded chrome alumina class (30%     chrome upwards), the 
fused cast chrome class (30 % chrome upwards), and the 34 % and  41 % fused case AZS 
materials. The superstructure and stack was bonded AZS, and the roof was cast high alumina. All 
materials were typical glass furnace refractories with a glass wool compatibility bias. 
 The experimental and unique part of this system is the combustor. The important sections  of 
the combustor, as shown on the overhead are: 
          ·    The vitiation burner system comprising the burner assembly, and adaptor, 
               the burner block and housing and the de-coupling sections (flame 
               development section). 
          ·    The vitiation burner is intended to simulate pre-heated air. Gas and air is 
               burnt and air and oxygen are added to the combustion products through the 
               oxygen and air rings. The oxygen is added to bring the level up to that of 
               air (approximately 21 %). The air is added to cool the temperature to 
               approximately 1400o F -1450o F to simulate that of an efficient recuperator. 
          ·    An air and water cooled refractory lined spool section to align the gas flow. 
          ·    An air and water cooled, refractory lined batch injector section with four 
               (4) symmetrically positioned 3/4 " diameter batch injector tubes. The batch 
               injector tubes are connected by rubber hose to the discharge hoppers from 
               the four screw feeders shown on previous overheads. 
          ·    Immadiately below the batch injection section is the gas injector ring. 
          ·    Below the gas injector ring are three air and water cooled, refractory lined 
               combustor sections in which the particle heating occurs. 
          ·    The diameter and length of these sections are significant in affecting the 
               heat furnace. 
          ·    The final section is the nozzle section. This is refractory lined and air 
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               cooled. The pre-heated batch components are directed vertically 
               downwards by this nozzle onto the glass pool. 
     The unit had a significant instrumentation’s package, supplied by ACSI of Toledo, Ohio,  
comprising: 
          ·    Batch flow control variable through four (4) screw feeders. Each feeder 
               can be set at 0 - 100 % of total flow. Total batch flow is controlled from 
               a laser glass level sensor located at the exit from the throat via a glass level 
               control loop in the P.L.C. 
          ·    Significant temperature monitoring of the internal temperatures of the 
               vitiation burner, spool and combustor sections and temperature gradients 
               through the walls. 
          ·    Vitiation burner temperature, gas and air flows; dilution air flow and spool 
               temperature; batch carrier air flow; combustor temperature, gas and oxygen 
               flow and % of O2, in the gas stream prior to introduction of the gas. 
          ·    Melter superstructure and glass temperatures, exhaust temperatures, throat 
               and riser temperatures, throat boost volts and amps, forehearth 
               temperatures, melter pressure and 
     The unit described above was put into operation in February 1994. 
 
4.0 OPERATIONS 
 
     4.1 Heat-up and Fill 
 The unit was pre-heated with its own burner. The heat-up burner is a nozzle mix          gas-air 
unit with flame supervision and spark ignition. The heat-up is typical for          chrome and AZS 
refractories at 10 oF (5.6 oC) per hour up to 500 oF(260 oC), then          20 oF (11.1 oC) per hour up 
to 2200o F (1204 oC), the 25 oF (13.9 oC). The vitiation burner was lit off at 840 oF (449 oC), the 
main burner at 1800 oF (982 oC). Batch feed began at 2100o F (1149o C). The total heat-up and 
fill time was less than 7 days (164 hours). 
 
     4.2 Testing 
 The main objectives of the test run were: 
               ·    A 30 day continuous production run. 
               ·    Produce commercial quality fiberglass. 
               ·    Evaluate Combustor and melter wear rates. 
               ·    Evaluate combustor operational performance. 
                ·   Evaluate batch injection velocity/method. 
                ·   Evaluate AGM effect to glass chemistry. 
                ·   Evaluate AGM for melting other materials. 
 The system was fine tuned, and batch adjustments made for the first 7 days of          operation. 
Glass chemistry was adjusted to meet spinner requirements. The spinners were tested on day six, 
and at 7: a.m. on day seven a 24 hour fiber production run was started. The practical pull rate was 
about 850 lbs/hour 10.2 US tons/day; 9.3 tonnes/day). The melter superstructure temperature was 
250 oF (1371 oC). A burner malfunction, caused by an electrical problem, shut down the 
fiberglass production after approximately 16 hours. During the run commercial fiberglass 
insulation wool was produced, mixed with Knauf's existing production from other furnaces and 
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sold. The unit was operated for a further seven days testing batch injection and overall 
performance. Significant emissions testing was carried out during this period. During this period 
the burner developed a         significant "howling" and a burst sprinkler unit shut down the throat 
heating, which could not be saved, so after a total of 14 days operation the unit was shut. 
 Modifications have been made to the burner and burner related systems to solve          the howl 
problem, some minor repairs have been carried out, and the unit is now          ready to be 
restarted. 
  The main objectives and benefits of this unit for fiberglass wool production are          seen to 
be: 
               ·    Reduced capital costs and rebuild costs as compared to conventional 
                    systems. 
               ·    Reduced operations and maintenance costs due to the compact size 
                    of the AGM. 
               ·    Improved melting Thermal efficiency. 
               ·    Reduced pollution emissions. 
 
CONCLUSIONS 
 
     l. A commercial size AGM unit was built and operated. 
     2. Commercial quality fiberglass wool was produced. 
     3.   Data was collected to provide solutions to problems encountered, and provide 
          information for scale up to a larger unit. 
     4.   Further testing of the existing field unit is still required before commercialization 
          of the unit can be considered. 
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 Abstract 
 

 Significant improvements to furnace operations and emissions have been 
documented for oxy-fuel fired furnaces. However, accelerated corrosion of silica 
crown has been experienced in some of these glass furnaces. The corrosion problem is 
believed to be caused by the higher concentration of volatile alkali species in oxy-fuel 
fired glass furnaces. Progress in furnace design and burner 
selection/placement/operation has resulted in reduction of these corrosion rates. This 
paper discusses corrosion problems experienced in commercial glass furnaces, 
techniques to measure alkali concentrations and deposition rates, and the application 
of a computer model to predict alkali volatilization and crown corrosion rates. 

 
 
1. INTRODUCTION 
 
 Oxy-fuel firing can offer many advantages to the glass manufacturer. Cited1 advantages range 
from lower NOX emissions, capital reduction, energy savings, to production increase and 
improved glass quality. Typically, glass  companies adopts the oxy-fuel firing technology based 
on the combined benefits of two or three from these advantages. Potential increase of oxy-fuel 
use by the year 2000 in each segment of the US glass industry has been reported2. We believe the 
adoption of oxy-fuel firing may be further amplified by the continued decrease in oxygen 
production costs.  
 Engineers have become more experienced in oxy-fuel design specifications due to the 
continuing progress of the conversion. Nevertheless, the requirement to understand more 
underlying physical and chemical processes about oxy-fuel combustion is recognized. One of 
these concerns is the long term performance of the silica crowns.  
   In a well constructed air-fired furnace, experience suggests that little loss of silica crown bricks 
should be expected for the entire furnace campaign. For oxy-fired glass furnaces, evidence gained 
from more than 60 furnace start-ups indicates a much lower severity of silica crown corrosion 
than had been anticipated. However, accelerated corrosion of silica crowns has been reported in 
some of the oxy-fired furnaces under certain operating conditions. To circumvent the corrosion 
problem, some glass manufacturers are substituting the silica crowns with the more expensive 
fused-cast crowns. This substitution may not be viewed as soly due to the application of the oxy-
firing, since larger furnaces of over 50 m2 in melting surface area have been investing in fused 
cast materials for breastwalls and sometimes crowns, long before the acceptance of the oxy-fuel 
firing. 
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    The use of the fused-cast crowns can seriously off-set the capital savings gained from the 
elimination of the regenerators, primarily due to a cost increase of 20 to one. For example, in the 
50 m2 furnace this can increase the cost of the crown from $ 50,000 to a practically unaffordable 
cost of one million dollars. Clearly, the economic incentive to continue the use of the silica crown 
is immense. It Is this incentive that motivates our current interest in studying the corrosion 
phenomena of silica bricks under the oxy-fired environment. 
 
2. OBJECTIVE AND APPROACH 
 
   The overall objective of this paper is to discuss the methodologies that are being developed to 
minimize the corrosion of silica crowns. The approach to address the corrosion issue involves: (a) 
A brief literature review on previous understanding of the silica-crown corrosion phenomena; (b) 
Discussion of alkali-vapor measurement techniques; and (c) The development and application of 
a three-dimensional computer model to predict alkali volatilization and crown corrosion rates. 
The following section discusses these topics and presents examples of the modeling results. 
 
2. DISCUSSION AND RESULTS 
 
Silica Crown Corrosion 
 
    Structural changes and corrosion behaviors of silica bricks in air-fired glass furnaces have been 
reported in several studies. Morsanyi3 analyzed samples of slagged silica-brick taken from the 
superstructures of six glass tanks (float and TV). This study proposed a strong correlation 
between the total alkali contents (Na and K) in the slag and the brick temperature. Slag samples 
taken from the high-temperature zones contained low alkali concentrations, but those from the 
lower-temperature zones had higher alkalis. Loss of silica bricks was slightly higher for the 
samples with lower alkali contents, i.e., from the higher temperature regions. The author 
suggested that the rate of silica loss would depend on the mass transfer rate of alkali to the silicate 
slag layer.  
     In another investigation4 a comparison was made on the behavior of silica bricks in the crowns 
of two soda-lime glass tanks. The bricks were supplied by various vendors and had different 
physical properties. It was found that all silica brick showed similar wear rates but the rate was 
higher at regions where crown temperatures were lower. The higher corrosion rate was explained 
by the formation of liquid alkali-silicates at the lower temperature locations, due to the 
condensation of alkali components from the combustion atmosphere.  
  As can be seen, there are conflicting data and opinions regarding the effects of temperature on 
the rate of silica loss. Most high-temperature corrosion accelerates rapidly with increasing 
temperature, but literature data and field experience suggest that silica crown corrosion has a 
relatively weak temperature-dependence. 
    The formation of a liquidus layer of alkali-silicates on the silica brick surface, followed by 
dripping or running down to the side walls, appears to be the physical mechanism causing the loss 
of silica bricks. Available data3 suggests that the slagging can reach steady state after an 
"incipient" period. Under this picture, the alkali concentration in the slag builds up to a limiting 
level and makes the slag viscosity low enough for the slag to flow or drip. Morsanyi3 proposed 
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that under this situation the alkali contents in the sample bricks are no measure of the corrosion 
rates, and the corrosion rates should be assessed in unit of loss in brick-length per unit time. 
    In oxy-fuel fired furnaces accelerated corrosion of silica crowns were observed often in lower 
temperature zones and around brick joints. In some furnaces silica crown exhibited a "wet" 
appearance covered with a liquid slag layer. The cause of the corrosion is believed to be the 
higher concentrations of alkali vapor species in the furnace atmosphere. Although the mechanism 
and the rate controlling steps of the corrosion are not well understood at present, it is expected 
that the velocity of the furnace gas near the crown will be an important parameter influencing the 
rate of alkali transfer and crown corrosion. 
 
Improved Engineering Design 
 
   Alkali-rich silica rundown can cause glass quality problems if it erodes AZS breastwalls. The 
alkali-rich silica will pick up the more refractory-like alumina-silica glass and zirconia stones. 
Silica crowns can cause little damage to glass if they drip in the rear of the furnace and they do 
not carry other more refractory-like alumina-zirconia oxides. We have demonstrated that 
improved superstructure construction can greatly reduce the adverse impact associated with the 
silica rundown. This improvement includes additional care in brick sizing to minimize joints and 
in specifying chemical purity of the silica, as well as paying more attention to the quality of the 
superstructure construction. 
    Corning has engineered many improvements for the construction of the silica crown. Figure 1 
shows an example where some design changes are applied to furnace superstructure construction 
in order to prevent defects from the AZS breastwalls. As shown in Figure 1, the use of the AZS in 
fused cast or bonded form for skews can strengthen a potentially weak area. Adding a neutral 
course next to the AZS skew prevents attack of the first silica course from the alumina contained 
in the skew block. The neutral course alone may not provide satisfactory protection to the first 
silica course. 

 
Figure 1. Improved Silica Crown Construction 

 
 
Building a positive drip course starting several courses out from the first neutral course prevents 
drip from coming in contact with any AZS wall materials. Furthermore, the positive drip course 
are re-enforced by adding several more courses with each course extends more than the last one. 
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   It is important to keep minimum joints between silica crown bricks. A seal course on top of the 
silica performs as a second barrier, to prevent transportation of furnace alkali vapors through the 
crown. In addition to the seal course, appropriate insulation of the crown with multiple layers of 
insulation brick will save energy and prevent alkali vapor condensation. The location and number 
of the exhaust ports should be selected with a goal to minimize radiation heat loss and the 
concentration of the alkalis in the combustion products. 
 
Mathematical Modeling 
 
   Alkali volatilization is believed to be a major route contributing to particulate emissions and 
refractory corrosion in glass furnaces. Oxy-fuel conversion results in higher concentrations of 
water vapor in the flue gas stream and lower flue gas velocity in furnaces. Both of these factors 
have immediate impact on alkali volatilization rate, since higher water vapor concentration 
increases the volatilization rate while lower flue gas velocity reduces it. A 3D combustion space 
model has been developed and applied to evaluate the impact of burner elevation on the rates of 
alkali volatilization and crown corrosion.6-7 Our ultimate goal of developing the computer model 
is to minimize particulate emissions and refractory corrosion through furnace design modeling. 
    The current alkali volatilization model assumes that the most important mechanism for NaOH 
volatilization from the soda-lime glass furnaces is caused by water vapor reacting with Na2O in 
the melt, expressed as Na2O(l) + H2O(g) → 2 NaOH(g). The model also considers another NaOH 
volatilization route described as Na2C03 (batch) + H2O(g) →2 NaOH (g) + CO2. The alkali 
volatilization model at its current format does not include other forms of NaOH sources such as 
Na2SO4 volatilization directly from the glass surfaces. Field experience has indicated that for 
other type of glasses batch chemistry might alter the partition of the particulate sources. Current 
model development efforts are directed at understanding the extent of batch contribution to 
volatilization and conducting field measurement to validate the model's predictions. 
    At present, the refractory corrosion modeling is limited to silica crown only. The corrosion 
model assumes NaOH vapor in the furnace atmosphere reacts with silica to form a liquid layer of 
sodium silicates, which runs down the crown and sidewalls. Although a detailed description of 
refractory corrosion mechanisms is not yet available, the transport of NaOH vapor to the 
refractory surface by gas phase diffusion through the bulk boundary layer near the crown may be 
the rate-controlling step. With these assumptions in place, the rate of refractory corrosion can be 
expressed as a function of local gas velocity, flue gas temperature, crown surface temperature, 
and NaOH concentrations. It should be noted that this model provides the upper limits of the 
corrosion rate, since other potential rate-limiting steps such as pore diffusion and solid phase 
diffusion of sodium species are assumed to be faster than the gas phase diffusion. 
    The 3D combustion space model was used to assist a 330 TPD furnace design project. Several 
furnace geometries were examined and the burner elevation was a design variable. The design 
goal was to minimize the alkali volatilization and the crown corrosion rates, while maintaining a 
desired level of furnace thermal efficiency and a preferred range of crown temperatures. 
    Figures 3 and 4 compare the predicted alkali volatilization and crown corrosion rates for two 
furnace arrangements, named as the "conventional" and the "low emission" designs. The ∇ 
symbols indicate the burner axial locations. The numerical numbers shown in Figure 2 represent 
the rate of NaOH volatilization in mass per unit time per unit melting area, and those in Figure 3 
show the predicted silica corrosion rates in length per unit time. The modeling results show that 
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the low emission furnace has much lower alkali volatilization and crown corrosion rates. The low 
emission design reduces the peak volatilization rates from about 3.5 to 1.0, and decreases the 
peak crown-corrosion rates substantially from 2.0 to 1.0. In addition, the volatilization results 
imply a reduction of 43% in Na2SO4 particulate emissions downstream of the flue exit. Although 
not shown here, the model results also indicate the low emission furnace maintains the desirable 
thermal efficiency level and applicable crown temperatures. 
 

                  
                             Charge End                                                  Charge End 
                 (a) Conventional Design                          (b) Low Emission Design 

Figure 2. NaOH Volatilization Rate vs. Furnace Design (Prediction) 
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                              Charge End                                             Charge End 
                   (a) Conventional Design                      (b) Low Emission Design 

Figure 3. Corrosion Rate of Silica Crown vs. Furnace Design (Prediction) 
 
 
Development of Measurement Techniques 
 
   To understand the corrosion phenomena of silica crown better, it is desirable to measure the 
concentration of alkali species, crown temperature, gas temperature, and gas velocities near the 
crown. The measurement of alkali vapor concentration by gas sampling were carried out in 
several furnaces through peep holes. The procedure is tedious and time consuming because the 
volatile alkali-species can react with other gases in the sampling system during cooling and form 
various salts. For example, NaOH is the most dominant vapor species containing sodium in 
sulfate-fined soda-lime glass furnaces. As the sample gas is cooled down Na2SO4 formation 
occurs, which condenses on the sampling lines and also dissolves in the condensed water. 
Therefore, the entire sampling system must be washed with a pre-determined amount of water to 
dissolve all sodium-containing species. The water collected from the sampling system is analyzed 
for sodium content later. In theory, the same method can be applied to collect gas samples from 
near the crown but is very limited by available openings. In most cases the only available 
openings are thermocouple holes on the crown. 
    The measurement of gas velocity near the crown surface is extremely difficult. Model results 
indicate typical gas velocities near the crown surface are in the order of 0.5 to 5 m/sec, which 
provide only 0.0026 to 0.26 mm of water column in differential pressure and are difficult to 
measure accurately. Likewise, the access to the crown area is severely limited. By comparison the 
measurement of crown temperature is relatively easy. Extrapolation of crown thermocouple 
readings, if available, can provide good temperature data for use. Gas temperatures near the 



 7

crown may be estimated from the crown temperatures with the help of the modeling results, or 
measured by using conventional methods such as a suction pyrometer. 
   An alternative approach of alkali measurement is to use a deposition probe and measure the 
amount of alkali species deposited on the probe. The amount of alkali transferred to the probe 
surface depends on the probe geometry and materials used, gas temperature and velocity, local 
alkali concentration, and various gas transport properties. 
   Water-cooled probes are often used in glass furnaces to measure particulate carryover and 
volatiles deposition. To estimate the rate of alkali transfer to silica brick surface from the 
deposition probe measurement, the mass transfer rates of the alkali species must be correlated 
well with the deposition parameters mentioned above. Unfortunately, the cold surface of the 
water-cooled probe influences the mass transfer rate significantly. This is due to the formation of 
a cold boundary layer near the probe surface, and its subsequent interference with many chemical 
reactions of alkali species near the boundary layer5. It is better to use a "hot" deposition probe 
made of the same material as the silica brick, and maintain the deposition surface "hot". In this 
case, the amount of alkali deposition is closely related to the transport of alkali to a fresh silica-
brick surface, if the geometry factor of the mass transfer coefficient is compensated for. Detailed 
furnace measurements are currently underway using these techniques. 
 
 
 
 
3. CONCLUSION 
 
    This paper reviews the previous understanding of silica crown corrosion and discusses the 
methodologies that are being developed to minimize alkali corrosion of superstructure bricks. The 
paper shows an improved silica-crown construction method which has been applied to the full-
scale oxy-fired furnaces. A 3D combustion space model was applied to examine the furnace and 
burner design options of a 330 TPD soda-lime glass furnace. The model predictions show that 
significant reduction of particulate emissions and crown corrosion rates should be achievable if 
the furnace geometry and burner selection/placement are optimized. The paper also discusses 
measurement techniques for alkali vapor and identifies important measurement parameters. In- 
furnace measurement of alkali vapor species are currently underway and the results will be 
presented elsewhere in the near future. 
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Abstract 

 
 The increasing demand on higher quality of float glass by the customers, as 
the field of applications vary, exerts an everlasting pressure on the float glass 
producers. The quality of float glass is affected by several problems that are 
inherent to this production. "Peeling" or "flaking" of tin bath blocks is one of 
the most serious problems which the glass producers encounter. In extreme 
cases, flaking becomes so frequent during the production, there is not much 
that can be done to maintain the quality other than complete shot down. 
 Flaking occurs as the result of Na diffusion from molten tin to bath blocks. 
Na itself is diffused to molten tin from the glass substance during production. 
In this study, it is put forward that the diffusion of Na to the bath blocks is not 
uniform both along the width and length of the bath. It is shown that this 
phenomenon is clearly asymmetric in character in the float bath. A detailed 
mapping of the potential flaking depth, during a cold repair, has shown that 
the maximum depth of penetration (diffusion depth of Na) is reached at about 
1/3 of the width of the wide section of the bath in Bay 2. The depth measured 
at this points is about 30 mm, whereas values of 11 mm and 15 mm are 
recorded at the right and left sides of the bath respectively. 
 Flaking may be potential up to Bay 10; towards the cold end in the narrow 
section it becomes negligible. The Na2O content of the top layer of the blocks 
sampled as marker level in different Bays, varies from 2-10 %. However free 
flakes obtained during production show a higher Na2O content (7-14 %). 
 There is an intense formation of nepheline in this zone. The diffusion of Na 
into the glassy phase of the fireclay refractory has culminated in a clear rim of 
nepheline formation around the coarse grains of the tin bath blocks. The 
formation of nepheline leads to a considerable volume increase. 
 The diffusion of Na attains its maximum at the left hand side of the bath at 
Bay 2, where operational intervention is exercised. It is also believed that 
frequent thickness changes of the substance, inherently resulting in 
temperature changes, may accelerate the possibility of flaking. 

 
 
INTRODUCTION 
 
 The quality of float glass, as it stands, will not be surpassed for a long time still to 
come. However, the increasing demand on higher quality of float glass by the customers, 
as, the field of applications vary, exerts an everlasting pressure on float glass  producers. 
It is a challenge that goes on. The quality of float glass is affected by several problems 
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that are inherent to this production. "Peeling" or "flaking" of tin bath blocks is one of the 
most serious problems which the glass producers encounter. In extreme cases, flaking  
becomes so frequent during the production, that there is not much that can be done to 
maintain the quality other than a complete shot down. 
 Flaking essentially occurs as a result of Na diffusion from molten tin to bath blocks in 
contact with tin. The distribution of flaking is largely restricted to the wide section of the 
bath, nevertheless it can also occur down the cold end. 
 The depth of penetration of sodium into the bath blocks at the cold end, the narrow 
section, is much lesser than the depth observed at the hot end side. 
 
THE PROBLEM OF FLAKING 
 
 The problem of "flaking" or as sometimes is called "peeling", starts to appear after 2 or 
3 years from the start-up. The flakers are dull-grey in colour and a few millimeters in 
thickness depending on which bay it originated. As a rule of thumb, it is safe to say that 
the thicker the flake the hotter the region the flakes originate from. The chemical 
composition of the flake has very little relationship with that of the original block. The 
flake is characterised by a considerable enrichment in Na2O. Sodium oxide is originally 
absent in the bath blocks. The concentration of Na2O in free flakes may change between 
7-14%. Typical examples are given in Table 1. 
 

Table 1: XRF analyses of free flakes 
(Wt %) 

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O 

45.25 38.20 1.34 1.90 0.36 - 6.79 1.23 

46.42 36.10 1.19 1.72 0.51 - 8.23 1.67 

46.24 36.61 1.31 1.69 0.46 - 7.49 1.51 

46.36 36.88 1.14 1.54 0.39 - 7.65 1.30 

43.33 31.18 1.02 1.42 0.30 0.28 14.50 0.97 

 
 The microscopic, x-ray diffraction and electron microanalytical investigation of flakes 
reveal that there is an intensive nepheline formation around the coarse grains in the form 
of a well defined rim. Grains of smaller size grogs indicate more or less a total 
transformation to nepheline. The glassy phase is also enriched by Na2O. The formation of 
nepheline in the top few millimeters of the bath blocks results in a considerable volume 
increase ( 20%). The shearing forces set up in the top layers due to this increase in volume 
culminates in flaking. The shearing strength parallel to flaking is about 36% less than that 
of the perpendicular equivalent. 
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A CASE STUDY DURING A COLD REPAIR 
 
 A further study was carried out during a cold repair of a float bath to find out the extent 
of Na2O penetration on the blocks. Starting from the hot bays down to the cold end a 
careful mapping was carried out across the bath. The traverse lines were selected along 
the edges of the blocks. It was clearly noticed that the depth which has been affected by 
Na2O penetration displayed a distinctly grey colour. Figure 1, shows some of the traverses 
that were mapped along the bays by this approach. 
 

 
 
       Figure 1: Potential flaking levelat different bays       

     
 It can clearly be seen from the traverses that the penetration (diffusion) of Na2O is 
more prominant on the left hand side of the bath. Another important feature is that Na2O 
diffusion gets less pronounced down the cold end. These lines clearly delineate the 
probable levels of flaking along the bath. The most interesting finding of this study is that 
the Na2O diffusion into the blocks exhibits an asymmetrical nature. In other words, Na2O 
attains its maximum diffusion depth across 1/3 of the width of the wide section of the 
bath on the left hand side. This is the side where operational intervention is largely  
exercised. 
 Sectional XRF analyses of the bath block indicates that the compositional changes 
occur predominantly in the first centimetre; quickly reaching the normal refractory 
composition after 2 cm (Figure 2). 
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Figure 2: XRF analysis of Sectional samples 

 
  
     Figure 3: Figurative display of flaking both across and along the length of tin bath 
        



      
Figure 4: Anodic and cathodic reactions of tin and sodium 

 
 A figurative display of the flaking phenomena in the form of lines of equal depth is 
shown in Figure 3. Note that the focus of the lines converges around bay 2. Another point 
of interest is that the long axis of the figure is inclined towards the side of the bath rather 
than being parallel. 
 The same type of Na diffusion is seen in the side blocks of the bath where tin is in 
contact with the refractory. 
 
DISCUSSION OF RESULTS 
 
 In the float glass process sodium is transferred from the molten glass via the tin bath to 
the refractory lining. The overall character of the reaction consists of the reaction of Na+ 
ion to sodium which is dissolved in the tin bath(1,2). The anodic part of the reaction is the 
oxidation of tin to Sn2+ ion (Figure 4). 
 The glass melt, in the float glass process, is continuously supplied to the float bath, and 
the glass melt floating on the molten tin is continuously renewed, while the tin is left in 
the float glass bath unit over longer periods of time. Experience shows that under this 
circumstances there is no noticeable increase in the Na2O content of the molten tin. Na2O 
is transferred from molten tin to the bath blocks during the campaign of the plant. 
 Changes of temperature in the bath as a results of thickness changes increases the 
flaking potential. Flaking develops mostly at the edge of the glass ribbon, more seldom in 
the centre of the tin bath(3). The statement made by the above authors has been shown to 
be correct by the present study. 
 The refractory makers tend to act according to the needs of the glass maker. Therefore 
a good deal of research is carried out on bath blocks for improving the quality of 
refractory material, fired clay, so that flaking does not occur. 
 It is a fact that not all the refractories of this type act in the same manner. Currently, 
there are very few refractory suppliers which can meet the needs of glass makers. 
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Pilkington has set up several tests for bath refractories(4). These are the basic guidelines 
for the glass maker and refractory suppliers.  
 Extreme dimensional tolerances, the absence of cracks and laminations, chemical and 
physical homogeneity of the blocks are the main parameters that are strictly controlled. 
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Abstract 
 Today's experience of traditional silica refractories in the superstructure of oxy-fuel 
glass furnaces tends to show that the corrosion may significantly be accelerated when 
compared to conventional furnaces. Corrosion and degradation mechanisms of 
superstructure materials in conventional glass furnaces are well known as well 
through field experience as lab tests. This knowledge sets the base for the 
understanding  of the case of oxy-fuel furnaces. The new firing system has specific 
features which are today globally  perceived and acknowledged even though not 
known in too many details. Using available informations regarding chemistry and 
temperature of vapors as well of solid particulate, it has been possible by simple lab 
tests to propose several clues to explain what is occurring in the field at the level of 
the corrosion of silica refractories. It is also possible based on these tests to look for 
the trends in the area of optimised fused-cast refractories for the superstructure of oxy-
fuel furnaces. 
 The aim of this paper is to explain how we have gone through this process of 
understanding, testing and selecting the more adapted materials. 
 The paper also refers to practical issues which have been demonstrated to be of 
prime importance in the behaviour of glass furnaces superstructures because of the 
involvement of condensation mechanisms in the attack as minimising joints opening 
or using high insulation which creates the need for low creep refractories. 
 Finally, we comment industrial results of oxy-fuel furnaces equipped with fuse cast 
refractories which have been selected according to this global approach. 
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Abstract 
 

 The corrosion resistance of fused cast AZS refractories used in critical 
areas of the glass tank is a key factor for the duration of the tank campaign. 
To prolong the service life of structural AZS blocks like the throat cover 
block, an insert of Molybdenum has been incorporated in the body of a block 
based on 41 % ZrO2 material. The insert is completely immersed in the 
refractory  matrix, to which it is strongly bonded, and its shape matches that 
of the external surface of the block which is exposed to contact with the 
glass.1 Once in use, the purpose of the molybdenum reinforcement is to avoid 
the contact between the AZS material and the molten glass, thus acting as a 
separating barrier which prevents corrosion of the lying-behind AZS. The 
combination of the monolithic AZS material with a molybdenum 
reinforcement forms a new composite system with enhanced corrosion 
resistance properties when compared to the conventional AZS. 

 
 
Introduction 
 
 Modern glass-making process requirements have put a greater demand on the 
performance of the materials for glass furnace construction. Today process temperatures 
are higher, the melting rate capacities are increasing, glass quality requirements are 
greater and a longer service life of the furnaces are expected. Higher temperature and 
increased melting rate implies a greater convection flow which strongly affects the wear 
of tank refractories. 
 The wear of a glass tank is not homogeneous in the glass contact areas: it is necessary 
to reinforce the critical zones subjected to heavy glass corrosion such as the throat, the 
bubbling area; etc. 
 Therefore identifying new materials, that allow for the elimination of weak points in 
the construction of the furnace to prevent unexpected campaign interruptions, has become 
more important. 
 Over the last few years, composite materials have received close attention and more 
widespread use in refractory applications. In the case of shaped refractories the most 
frequently-adopted solution is to combine two or more monolithic elements of diverse 
nature to obtain a single structural system which offers performance that is superior to 
that of the individual constituents. 
                                                           
1Refel Patent 
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 These are referred to as "composed structures"; the component which is present in the 
greatest quantity and with continuity is considered the matrix of the composite, while the 
other materials are called reinforcements. The use of composed material has now been 
made more effective by the current development of the new metal and ceramic matrix 
composites. 
 A typical example of a composed structure consists of a refractory body which is the 
structural support for reinforcing materials which provide excellent corrosion resistance 
to the attack of aggressive agents. 
 The reinforcements are located in the critical areas of the entire body and strongly 
bonded to it (e.g. zirconia-reinforced submerged nozzles for continuous steel casting 
process). The reinforcing elements give the significant advantage of an increased service 
life of the whole structure when compared with the monolithic refractory matrix. 
 REFEL's aim is to improve the characteristics of critical elements of the glass furnace, 
such as the throat cover blocks, by producing a composed structure, based on a fused 
AZS block which incorporates a Molybdenum reinforcing agent that is extremely 
corrosion resistant to molten glass. 
 
Experimental 
 
 As far as corrosion attack by the molten glass is concerned, the throat is one of the 
most critical parts of the tank. During its service life the region around the cover blocks 
and the cover block itself are subjected to severe corrosion. 
 The corrosion resistance of the fused-cast materials selected to build the throat is a 
decisive factor in the duration of the furnace campaign. 
 Taking as an example the refractory attack on a throat cover block of a container glass 
tank by the flowing molten glass, a typical corrosion profile at different times t1, t2 and t3 
where t3 > t2 > t1, is shown schematically in fig.1a. 

 
 

 Fig.1. a) - Schematic progress of the corrosion profile of the throat cover 
block of a container glass tank. b) - Typical configuration of the composed 
structure REFEL 1240 FVMO, a Free-Void Block with a Molybdenum 
reinforcing insert. Section 500x300 mm. 

 
 The wear of the refractory tends to round the exposed edge of the block, thus 
progressively reducing its integrity. 
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 In practice, the basic idea is to manufacture by casting a Free Void cover Block (e.g. 
1200 x 500 x 300 mm) in Refel 1240 material which contains a glass corrosion-resistant 
body whose function is to prevent contact between glass and refractory. A view of the 
configuration of the resulting structure is indicated in fig.1 b; the Molybdenum insert is 
embedded into the AZS matrix which completely surrounds it while maintaining a strong 
bond with it. Every part of the insert is covered by fused-cast material thus avoiding 
Molybdenum from any contact with external agents. 
 In service after the initial removal, by the glass attack, of the outer layer of AZS 
material, the insert element will protect the remaining part of the block from corrosion. 
 In the design of the composed structure, the material selected as the reinforcing agent 
must meet different technological requirements and selection criteria, in order to obtain a 
composed structure with the desired properties. The most important characteristics of the 
reinforcing material are: corrosion resistance to molten glass, absence of harmful effects 
to the glass, adequate mechanical strength at the service temperature, no reactivity with 
the matrix, good thermal conductivity, thermal expansion behaviour similar to that of the 
matrix; finally, the presence of the reinforcing element must not require modification of 
the manufacturing process of the monolithic matrix. 
 Molybdenum, a refractory metal of high strength at high temperature, perfectly meets 
these requirements. Its excellent corrosion resistance to the molten glass and the 
characteristic of not altering the various properties of the glass, especially its colour, 
makes it the most commonly used electrode material in the glass furnace industry [1,2,3]. 
 Besides being used for electrodes, it is also used for metering valves, flow dividers, 
stirrers, liners for conduits etc. 
 At temperatures higher than those normally reached during service in glass furnaces, it 
does not react with alumina and zirconia, the main components of the AZS matrix. This 
chemical behaviour allows the reinforcing material to maintain its integrity and 
performance in working conditions. 
 In the composed structure, the two components must be bonded in such a way that the 
overall system retains its structural integrity while performing the intended function. In 
the temperature range of zirconia polymorfic transition the Molybdenum thermal 
expansion curve remains within that of zirconia. During the manufacturing cycle, after the 
initial densification of the matrix, since the thermal expansion behaviour of the AZS 
(fig.2) is slightly higher than that of molybdenum, the insert is compressed by the 
surrounding matrix, making it possible to obtain a continuous strong bond between the 
matrix and the insert. 
 In order to satisfy the block design requirements, the usual procedure for the 
production of AZS fused cast material has been substantially adopted for the manufacture 
of the composed structure. A molybdenum foil, whose profile is shown schematically in 
fig.1 b, is appropriately positioned inside the mould before casting. The clean foil must be 
cautiously handled to avoid any contamination. 
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 Fig. 2. - Thermal expansion behaviour versus temperature for molybdenum  
 and fused cast AZS refractory with 41 % of ZrO2 content. 
 
 During the casting of the melt, care must be taken to reduce the possibility of 
molybdenum oxidation by air and to improve the effectiveness of the wetting action of 
the matrix on the reinforcing element. After casting, the composed structure is subjected 
to a specific annealing cycle with a controlled cooling rate to allow a correct solidification 
process of the matrix around the reinforcing element. The cold composed structure is 
processed according the usual manufacturing cycle and machined as a normal fused-cast 
block. 
 Several problems frequently arise when using the casting technique to manufacture the 
composed structure. The most serious of these concern the possibility of chemical 
reactions in the interfacial zone between insert and matrix, due to the thermal 
environment necessary for the process to succeed, and the risk of obtaining an interfacial 
area without a strong bond. REFEL has overcome this problem: figure 3 shows in detail 
the insert/matrix interfacial morphology. 
 
 

 
    Fig. 3.  Molybdenum insert / AZS matrix interfacial region.  
    Backscattered electron micrograph. 
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 An interfacial reaction layer is not apparent. The absence of a separation layer means 
that a strong bond between the two components is achieved by the manufacturing process. 
This characteristic will guarantee that, in the composed structure, molybdenum and AZS 
matrix maintain their continuous connection during service. 
 The configuration of a reinforced block similar to that shown in fig. 1 b makes it 
suitable for use in the throat assembly as a cover block or a sidewall block and offers the 
significant advantage of an increased service life. Thanks to the availability of the 
molybdenum foils in numerous complex shapes and the technological possibility of 
inserting them in any suitable position inside the body of the block, the reinforced AZS 
structures can be applied to several types of critical corrosion-stressed elements of the 
glass tank, including the submerged weir blocks and the facing throat blocks (fig.4.) 
 

 
 
 Fig.4. - Designs for a throat (a) and a submerged weir (b) with molybdenum 

reinforced blocks REFEL 1240 FVMO (c). 
 
 In many glass furnaces, critical corrosion-resistant elements are supplied in fusion-cast 
chromia containing refractories. These refractories are extremely glass-corrosion resistant 
but present a number of disadvantages, causing defects such as glass pigmentation, 
interaction in the delicate redox systems of many modern glasses or the dispersion of 
dangerous pollutants from the furnace emissions. Furthermore, concern about the 
potential long-term health hazards raised by waste disposal in land fill sites, has resulted 
in many countries restricting the dumping of chrome-based refractory after use. The new 
environmental regulations are encouraging glass manufacturers to replace chrome 
refractory with other equally effective products. 
 The fused-cast AZS molybdenum reinforced "composed structure" meets the 
requirements both of high performance and an environmentally friendly material. 
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Conclusions 
 
 A "composed structure" formed by an AZS refractory matrix containing a 
Molybdenum insert as reinforcing agent has been produced by using the fusion casting 
technique. The aim of this composed system is to provide a product whose corrosion 
resistance to the molten glass is better than that of the AZS matrix. 
 
 REFEL's 41 % Zirconia Free Void Block / Molybdenum "composed structure" offers 
numerous advantages such as: 

- prolonged service life, compared with conventional AZS materials, with the 
benefits of reduced costs and less disturbance in glass production process 

- enhanced quality of glass, with no colouring effect or negative influences, 
compared to chromia-based refractories and 

- environmentally friendly material, designed to meet the strict regulations on 
pollution.  
 

The product appears especially suitable for the construction of those crucial elements of 
the glass tank, submerged by the molten glass, such as throat and submerged weir, for 
which the resistance to molten glass attack as well as structural reliability is essential for a 
guarantee of long service life. 
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1. Introduction 
 
    Magnesia-zircon bricks mineralogically are forsteritic magnesia bricks containing cubically 
stablized zirconium oxide. The original idea was to solve the problem of magnesium-sulphate 
formation in the condensation area of regenerators in particular with oil-fired furnaces and to 
subsitute for magnesia-chrome bricks. In fact under the influence of alkali vapors contained in the 
exhaust gas watersoluable toxic hexachromates are forming and there is a continous discussion 
about the disposal of contaminated used magnesia-chrome materials. In 1987 just 7 regenerators 
were equipped with the new material. Meanwhile there are approx. 60. 
    Initially it was intended to use magnesia-zircon bricks in the condensation area only because of 
a limited temperature of application. Their advantage in the upper part of regenerators, however, 
was obvious. Forsterite bursting due to sand carry-over which destroys magnesia bricks is 
drastically reduced if not eliminated because magnesia-zircon bricks contain forsterite already. 
Meanwhile a high temperature version of magnesia-zircon bricks is available. This low lime 
material is also resistant to the attack of vanadium-pentoxide and the formation of low melting 
calcium-vanadates. 
 
2. Chemical and mineralogical reactions 
 
    The common refractories for glass furnace regenerators are listed in table 1. 
 

    Table 1 
Common Refractories for 

Glass Furnace Regenerators 
 

Magnesia Bricks 
 

Forsterite Bricks and 
Forsteritic Magnesia Bricks 

 
Chrome-Magnesia and Magnesia-Chrome Bricks 

 
Alumina Containing Refractories 

 (high alumina bricks, fusion cast AZS materials) 
 

Silica Bricks 
    The major reactions with components of the brick material and foreign matter, e.g. sand carry-
over and aggressive vapors in the exhaust are shown in table 2. 



 
    Table 2 

 
 
Magnesium oxide and calcium-silicates which are present in almost all magnesia bricks react 
with silica as carry-over material. The reactions take place at high temperature. They are resulting 
in bursting because of forsterite formation or a reduction of the hot strength because of the 
formation of merwinite or monticellite. Details are shown in table 2 equations 1 to 3. Equation 4 
shows the reaction of magnesite with sulphuric acid taking place in the condensation area of the 
regenerator, i.e. within a temperature range between 800oC and 1100oC. The bricks are destroyed 
due to infiltration and bursting. 
    Equation 5 shows possible reactions between alumina-silicates and alkalies occuring above 
800oC, i.e. from the upper regenerator downwards into the condensation area. As a result the 
brick material is spalling, cracking or the surface is peeling off. 
    The reactions between silica and sodium are shown in equation 6. Above 1450oC the alkali 
resistant SiO2 modification cristoballite is stable. Cristoballite melts at 1725oC. Below 1450oC 
under the presence of alkalies, cristoballite is transformed into tridymite. Depending on the alkali 
concentration partial or complete melting of the silica material occurs. Silica is not recommended 
below 1450oC. 
 
3. Influence of environmental regulations 
 
    Recycling of external cullet and internal filter dusts lead to an increase of a carry-over of fine 
particals and an increase of alkali-sulphate vapors. 
    Restrictions in NOx emissions resulted in primary NOx reductions measures. Table 3 shows the 
disadvantages: 
 
 
 

    Table 3 



 
 
    Cullet and filter dust recycling cannot be seen as independent factors. Together with reduced 
air factors and low combustion temperatures redox conditions have to be considered. Besides of 
higher dust rates generated, under reducing conditions the melting temperature and viscosity of 
the dust particals is reduced with an increased danger of clogging in the regenerator. Free silica as 
contained in fusion cast AZS-material and certainly in silica bricks can be reduced, evaporate and 
the respective material is destroyed. Silicon vapors can sublimate, reoxidize and react with 
magnesia to forsterite with subsequent forsterite bursting. The NOx reduction with methane (R3 
technology) adds to the negative effect of reducing conditions. Oxy-fuel firing leads to a much 
higher concentration of vapors in the exhaust. In addition there is a higher proportion of alkali 
hydroxides which have a much higher impact in particular on silica refractories. Concerning 
regenerators this applies certainly only to oxy-fuel firing support. High batch moisture and 
recycling of hydroxides would have the same effect. 
 
4. The advantage of magnesia-zircon bricks 
 
    Fosterite (2 Mg0 x SiO2) has been identified to be resistant against the 2 most common 
reactions in regenerators, i.e. formation of magnesium-silicates and formation of magnesium-
sulphates. Its disadvantage however is the pronounced cleavage property of its grains if coarse 
genuine forsterite raw materials are used. In magnesia-zircon bricks forsterite is formed as a 
secondary mineral during firing as fol lows 
 
          ZrSiO4 + 2 Mg0 = Mg2Si04 + Zr02 
          zircon + periclase = forsterite + zirconia 
 
    The above reaction takes place between the fine magnesia grain, the zircon powder and on the 
surface of the coarser magnesia grain used as brick raw materials. The fines are transformed into 
forsterite and zirconia and the surface of the coarse magnesia grain reacts to form a protective 
forsterite coating as shown in the micrograph picture 1. Since the basic structure of the material is 
the coarse magnesia grain, cleavage of forsterite is not observed. 
 



 
Figure 1: Microstructure of Magnesia-Zircon Bricks 

 
5. Application of magnesia-zircon bricks in the condensation area 
 
    The furnaces in which magnesia-zircon bricks are installed in the middle section of their 
regenerators are shown in table 5. 
 

    Table 5 

 
 
    Many of the listed furnaces in previous campaigns showed clogging in their regenerator flues. 
It was interesting to note that in many cases clogging disappeared totally or was drastically 
reduced. The checker system with magnesia-zircon bricks included all standard types as well as 
box blockes even with 30 mm wall thickness. In all cases the expected life time was achieved. 
Most of the furnaces are still inservice without any sign of premature wear. 



    The magnesia-zircon brick for medium temperatures with the trade name RUBINAL EZ 
became standard. Alternative materials are manufactured by the supplier only on special request. 
6.Application of magnesia-zircon bricks at high temperature in the upper   regenerator and 
regenerator grown 
    The limited temperature of application of RUBINAL EZ is due to a calcium oxide content of 
approx.1.5 % resulting in an excessive formation of monticellite (CMS) with a melting point of 
1495 oC. The high temperature creep resistance was not acceptable for an appliction in the upper 
regenerator. In the early 90's a new recipe had been developed therefore whereby the calcium 
oxide content was reduced to 0.5 %. The new material which is on the market under the trade 
name RUBINAL VZ has lower creep values allowing the application in the upper regenerator 
side walls, the crown and the upper checker setting. Comparative data for different regenerator 
refractories are given in table 6. 
 

Table 6 

 
 
   The first installations of the high temperature version of magnesia-zircon bricks are rather 
recent, i.e. starting from 1994. The respective furnaces are listed in table 7. 
 
 
 
 
 
 
 
 

   Table 7 



 
 

 
 

Figure 2: Regenerator Lining Concept 
Some of the material was installed in a crown of a sodium-silicate tank. In one case almost the 
entire checker pack from top to bottom consisted of the high temperature magnesia-zircon 
material. This decision was made to be on the safe side in case of thermal cleaning of regenerator 



channels should be necessary. Suitable would be the medium temperature version of magnesia-
zircon material for this purpose too as a substitute of fireclay materials in the lower part of 
regenerators. 
 
7. Lining concept 
 
    The lining concept is shown in figure 2. Standard is to use the RUBINAL EZ type starting from 
the rider arch/spanner tiles up to a temperature of approx.1300oC followed by the RUBINAL VZ 
type up to the top. RUBINAL VZ is also used for the upper casing and crown. The checker 
setting consists preferably out of heat efficient box blocks. 
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 Abstract 
 

 Although glass is one of the oldest material for man, the interaction between 
physico-chemical processes taking place in inside the furnace is yet to be understood. 
However, with the introduction of 3-D numerical system modeling, quantification of 
interactive processes became a reality in the mid 1980's. Since then, numerical models 
developed for combustion space, batch melting, melt circulation, air-bubblers, electric 
boosting, refractory corrosion and regenerators can now be used not only to elucidate 
the coherent picture of the complex phenomena, but also as practical design tools to 
optimize the operational process and to reduce the pollutant emissions. The objective 
of this paper is to review the literature on glass melting process emphasizing the 
numerical studies published in the last decade. The recent developments in the 
general CFD trends along with some of the important experimental studies on glass 
are also discussed. 

 
 
1. INTRODUCTION 
 
   It is not too much speculation to state that the basic rules of conventional furnace design were 
probably established mostly by trial-and-error procedures conducted with actual melters. Later, 
however, dimensional analysis established for fluid dynamics and heat transfer in 1910's and 
1920's gave birth to the scaled physical models to be used for furnace development processes. 
These physical models not only illustrated glass currents in actual melters but also they offered a 
cost effective alternative way to test the design ideas before they are applied to the real furnaces. 
   By the early 1960's, the manufacture of computers for scientific and commercial use was in 
full swing. In the absence of the exact solution to the governing equations for fluid dynamics, the 
quest for solving these equations approximately on computers with iterative numerical procedures 
started giving the first successful results in the same years. Like other traditional industries, glass 
producers started seeing the opportunities in the predictive abilities of computer simulations. 
   In general, all prediction tools may basically be assessed on six requirements. They are 
accuracy (agreement with experience), speed (including learning time, set-up time, execution 
time, interpretation and design concept development), economy (with consideration of all costs), 
accessibility, and flexibility. Considering the complexity of the entire process among the 
predictive procedures employed by the glass industry, the tests, with simplified scale models, may 
be regarded as wishful approximations for the complete simulation of the melting operation; 
therefore, they suffer basically in the first and the last requirements. By late 1970's and early 
1980's, taking advantage of the developments in software and hardware, numerical or computer-
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based simulations (Figure 2) were transpired as the most promising predictive procedure for the 
glass industry with regard to the six requirements summarized above. But, economic cost was 
still high because numerical simulations necessitated the use of the main frame computers, and 
the algorithms specific to glass melting process were at their infancy.   Since the 1980's the 
platform for the numerical simulations moved from main frame computers to workstations and 
PC’s. While their price was decreasing, their computational power was increasing steadily. With 
the introduction of the 32 bit computer chips, speed in execution time has seen the most 
improvement. At present what used to be done on main frame computers a decade ago can be 
done much faster on PC’s and work stations. These improvements on computer hardware also 
have reflected on the accuracy. The memory restrictions on the main frame computers was one of 
the stumbling blocks in the improvement on accuracy of the numerical predictions. Declining cost 
of memory chips allowed them to be used extensively on PC’s, thus creating finer domain 
descritization for the numerical simulations. The new compilers and languages (such as 
FORTRAN 90, C++), and the advent of parallel processing along with the developments in 
software engineering designed specifically for PC’s and workstations provided indispensable 
flexibility for the numerical models. User interfaces working on new or upgraded user friendly 
operational systems such as Windows 95 and Windows NT substantially increased the 
accessibility to the numerical models. Hence, for the prediction processes on all grounds of the 
criteria summarized above, the prospects of numerical simulation of glass melting furnaces in the 
mid 1990's has become brighter than ever.    
 In the light of a brief summary given above, the primary purpose of this paper is to present a 
review of the literature on the numerical simulation of glass melting process. Considering the 
inherent dependency of the numerical methodologies on experimental studies, emphasis will also 
be given to some of the key experimental studies on glass. In addition, relevant papers published 
in the general scientific literature will also be mentioned. The scope of the review in this paper is 
primarily limited with the studies published in the last decade, but earlier studies can be found in 
two previous review papers [1,2] on the topic. 
 
2. A BRIEF SUMMARY OF NUMERICAL FORMULATIONS 
 
 As shown in Figure 1, in all domains of the glass furnace (i.e. batch, molten glass, combustion 
space, regenerators, forehearths etc.) the skeleton of the mathematical description is based on the 
differential conservation equation of mass, momentum, chemical-species, electrical charge (with 
electrical boost) and energy. Here conservation refers to the fact that one needs to balance all of 
the factors effecting changes. These laws are entirely reliable, more so than the transport laws 
which need to be implemented into the conservation laws to describe the flux of the conserved 
quantity. 
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  Figure 1 Schematical representation of a typical computer submodel used for 
         glass melting process simulation. 

 
 
2.1 General Conservation Equation 
   Although the complete mathematical formulation of the relevant conservation equations are 
not given here, it is sufficient to say here that the conservation laws in all physical domains of a 
typical glass melter can be casted into the following general differential equation: 
 

 
 
In this equation, the first term on the right hand side represents the time rate of change of the 
conserved quantity, ∅, the second term is for the combined advective (ρu∅) and diffusive (J∅) 
flux. The term on the right-hand side represents the source term which sometimes provides means 
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for the coupling of one conservation equation with another. The diffusive flux is sometimes 
referred to as the transfer law. It exhibits a similar form in the conservation equations mentioned 
earlier, and thus can be cast into the following formulation: 
 

 
 
 Here, Γm  ,Γt ,Γr represent molecular, turbulent and radiative diffusivities of the conserved 
quantity, ∅, respectively. In the glass bath, the flow is assumed to be laminar, and thus, the 
turbulent diffusivities are taken to be zero. The turbulent diffusivity, however, becomes important 
(roughly 2.5 times higher than the corresponding molecular diffusivity) in the combustion space 
only, and it may be calculated by the use of closure equation(s) such as k-ε method [3]. As 
employed by the researchers, Γr  , shows up only in the energy equation of the glass melt in the 
absence of rigorous treatment for radiative heat transfer. In all other equations and domains, its 
value should be set to zero. 
 
2.2 Discretization of the Governing Differential Equation 
   After defining the governing equations, the next step is to convert these (differential) equations 
into algebraic equations for finite regions of the calculation domains. In the general CFD 
literature, three major ways have been suggested for this step. They are: finite difference, finite 
volume and finite element methods, and a brief discussion about them can be found in [4]. 
   In each technique, care must be exercised for the numerical formulation of the combined 
advective-diffusive flux. It is well known that the effect of molecular diffusion needs to be 
suppressed in the combined flux formulation in the presence of strong advection [5]. Also, special 
attention must be given to numerical diffusion (error introduction when the direction of the flow 
is not parallel with the presumed coordinate system), which can be reduced by the higher order 
formulations [6] in the expense of computational speed. 
   It is worth remarking here that no attempt was found in the (general and glass) literature, 
which accounts for the radiative diffusion in the combined (i.e. advective, diffusive and radiative) 
numerical flux formulation of the energy equation for the molten glass. To rectify the situation, 
work to this end is currently underway and will be reported elsewhere. 
 
2.3 Algorithms 
   In the computational fluid dynamics (CFD) literature, the sequence of steps that solves the 
discretized governing equations (algorithms) shows a wide range of schemes [4]. The main 
reason for these variations is not the result of how the discritization is carried out, but rather, 
arises from the fact that the continuity of mass is linked to the momentum equations through 
pressure gradients, yet pressure does not explicitly appear in the continuity equation. In other 
words, pressure has a dual role as both the enforcer of the continuity and as a force in the 
conservation of momentum. 
   Exact enforcement of continuity typically involves eliminating the pressure by recasting the 
problem in terms of a derived state variable, the vorticity. Conservation of mass can then be 
satisfied automatically by coupling the resulting vorticity transport equation to a stream function 
(in 2-D) or potential functions (3-D). 
   Formulations designed to produce inexact or approximate enforcement of continuity of mass 
require modification of the continuity equation to find the (imperfect) pressure field. Developed 
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by the Imperial College CFD group in the early 1970s, the semi-implicit method for pressure-
linked equations (SIMPLE) and the subsequent revision suggested by Patankar [5] (SIMPLER) 
found clear acceptance in simulations specifically designed for glass melting furnaces. Another 
formulation, the SIMPLEC method of Raithby and his coworkers [7] was originated from the 
same root. Although no systematic publication can be found in literature comparing these 
algorithms, comparative assessment of SIMPLER and SIMPLEC was reported for four different 
situation in the general CFD literature [8]. Accordingly, it was found difficult to ascertain clear 
superiority of SIMPLER over SIMPLEC or vice versa. In general, the steady-state formulations of 
these methods were found to be more robust than the unsteady formulations [8]. 

 
 

Figure 2. Typical computer system model for the numerical simulation of  
glass conventional glass furnaces. 

 
 
3. TYPICAL DOMAIN SUBDIVISION FOR GLASS MELTING PROCESS 
 
   Following the physical subdivision in a typical conventional glass furnaces, the overall process 
simulation model is usually divided into parts as shown in Figure 2. The following sections 
summarize the recent developments in each submodel. 
 
3.1 Glass Circulation Model 
   The first 3-D numerical studies designed for numerical simulations of glass melting furnaces 
preferred the finite difference discretization and the exact enforcement of continuity [9] by using 
streamline and vorticity as the dependent variables. However, in this approach, the difficulties in 
assigning boundary conditions especially for vorticity presented convergence problems. The first 
3-D finite volume approach in glass furnace simulation was used by Moult [10]. In his work, 
inexact enforcement of continuity with the SIMPLE algorithm and the primitive variables 
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(velocities and pressure) as the dependent variables were used. Although this algorithm is still 
being used by some of the researchers, the majority of the subsequent studies [11] on glass 
melting tanks opted the use of the SIMPLER algorithm 
   In the literature, there are a few studies [12] in which finite element Discretization technique 
was used for the glass circulation model. The finite volume approach seems to be the most 
favored scheme used in the glass furnace simulations. Although some studies aimed to increase 
the convergence rate by using multi grid technique [13], most of the effort in glass melt 
circulation models were devoted to the coupling of the melt circulation model with the other 
submodels or to the inclusion of enhancement schemes such as air bubblers and electric boosting 
as discussed below. 
   Air Bubblers: Air bubblers are one of the enhancement schemes used in glass melters to 
improve glass uniformity and fining [14]. The effect of air bubblers on glass circulation patterns 
has been demonstrated by the numerical simulations [15-18]. It has been shown that the empirical 
correlations in the two-phase flow literature [19] can be used to estimate the friction force 
between an ascending train of bubbles released from the bubbler tubes [15]. The estimated force 
in turn can be implemented into the vertical momentum equation as a source term. In the other 
studies, the numerical predictions were compared with the experiments conducted in crucibles 
[17] and actual tank practice [18], and the agreement between them was found to be satisfactory 
[17]. 
   Electric Boosting: The mathematical formulation of the other popular enhancement scheme, 
electric boosting, may find its roots in the magneto hydrodynamics literature. In addition, an 
extensive treatment of the subject as applied to glass melters can be found in the classical book of 
Stanek [20]. The first formulation of glass electric boosting process using Argand diagram and 
AC electric source was reported by Hoffman and Hilbig [21]. In the last decade, the problems 
with electric boosting were summarized [22]. With numerical simulations, the effect of electrodes 
on the melt circulation patterns were depicted in conventional [23], cold-top electric [24,25] and 
nuclear waste melters [26]. 
   An important development on the topic in the past decade was the publication of the corrective 
remark on the inclusion of the Lorentz force [27] into the vertical momentum equation. This 
effect was ignored by the earlier studies. After comparing the results of temperature and flow 
field calculations, it was found that only the models which do not neglect this force were able to 
describe the true picture of electric heating. 
 
3.2 Combustion Space Model 
   For conventional fossil-fuel fired glass melters, the performance of combustion space is 
measured by its ability to transfer maximum heat to the batch, to create favorable glass currents 
by controlled heat flux distribution on the glass bath, to create minimum amount of heat waste, 
NOx and soot and particulate formation, and to achieve all of this while extending the life of 
refractories in the superstructure. In the last decade glass producing companies were faced with 
an immediate problem of complying with clean air legislation especially in the US and Europe; 
therefore, the major effort of glass producers was directed to the last objective [28] and the use of 
various degrees of oxygen has become popular [29,30] 
   The need for numerical simulation of combustion phenomenon is not specific to glass melting 
furnaces. Performance of the internal combustion engines, copper smelters, boilers etc. all depend 
on efficient use of combustion. They include turbulent flows and all share one common aim 
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which is minimizing the emission of the pollutants. Therefore, numerical models developed for 
one field may see direct or indirect application in the other. One major difference, however, is 
that in the engines the ultimate aim is to convert the released energy to work, in the furnaces and 
boilers, however, the aim is to transfer the released energy to the load. Because of this difference, 
the radiant energy is tried to suppressed in engines, while, it is encouraged in the furnaces and 
boilers. 
   In the past, several numerical studies devoted to the combustion space of glass furnaces have 
been published [31-42], and the importance of the combustion model on the overall furnace 
simulation has been stressed [41,42]. Three-dimensional flow patterns in the combustion space of 
a glass furnace were visualized [31,32]. The importance of radiation (95%) over convection heat 
transfer (5%) to the batch and glass has been established [33], oxy-fuel fired furnace 
characteristics have been documented [34,35] and compared with air-fuel fired furnace [36]. The 
effect of the crown emissivity was investigated [37], and found that increasing crown emissivity 
can improve the overall furnace efficiency [38]. Attention was also given to the comparative 
studies of oil and natural gas furnaces [39] It was found that in the oil fired furnace the total 
radiative heat flux was 5% higher and more localized in the vicinity of the burners [39]. In 
addition, the efforts were also directed to NOx formation [40], and comparisons between 
predicted results and experimental measurements have been conducted [40]. 
   Since the radiation is the dominant mode of heat transfer in combustion space, one may 
consider to focus on the radiation models used in the simulation. Because of its high accuracy, the 
Hottel's Zonal Method [43] was the clear choice in early system simulations in the absence of 
combustion gas flow or cross fired two-dimensional investigations [44]. Although highly 
accurate, the solution procedure for this method is quite different than the one usually used in the 
flow models discussed earlier. In order to increase the computational efficiency and to overcome 
the hardware limitations, in all kinds of industrial furnace or boiler simulations, researchers had 
to resort to use of approximate but fast radiation heat transfer methodologies [45]. 
   At present, the quest for a flow field compatible radiation model is yet far from complete, but 
considerable strides have been made in the past decade [45-49]. Among the reported models 
which are compatible with the flow equations and which can be written on a spectral (per unit 
wavelength basis) are Lockwood and coworker's flux model [45], PN method [46], SN method 
[47]. They all eliminate the integral term in the radiation transfer equation by approximation, 
yield the same order of accuracy and simplify considerably in the absence of scattering [33]. 
   Recently, new angular and spatial discretization practices called "Finite Volume Method" for 
predicting radiant heat have been suggested [48] in the general numerical heat transfer literature. 
In this approach, radiant energy is conserved within a control angle, control volume, and globally 
for any number of control angles and control volumes arranged in any manner. The test results 
indicated that the accuracy and convergence behavior is in the same order as the models 
mentioned above [49]. 
   In glass melter system simulations, among the approximate models, only flux model [45] has 
been used by Carvalho and her coworkers [32, 34, 35, 39, 40], and utility of the other models 
have not been fully explored yet. One of the possibilities with these models include the extension 
of the radiation heat transfer into the glass bath, rather than using the effective thermal diffusivity 
in the glass melt as currently being done. To rectify the situation, efforts are presently underway 
and the results will be published elsewhere. 
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3.3 Batch Melting Model 
  In the conventional glass melting process, raw materials are fed into a furnace in the form of a 
blanket, pile, log, pellet, or briquettes. The physical and the mathematical description of each 
form differs due to its geometry and charging scheme. Typical cross sectional views on the top 
and the bottom of a blanket batch are shown in Figure 3. 

 

 
 

Figure 3. Phase transformation layers on the top and the bottom of a batch blanket [50] 
 
 
Despite the incomplete rheological and thermophysical data, some detailed models have been 
published [50-54] in the past on the subject. Through these models, it has been revealed that the 
temperatures at the gas/batch and glass/batch interfaces basically remain constant [50]. Due to the 
poor conductivity of the raw materials, the interior regions maintain the original temperature, and 
the effect of vertical gas percolation within the blanket on the heat transport is not significant 
[50]. Therefore, it has been recommended that the best strategies to hasten the melting of batch, 
on practical terms, are to increase the heat transfer from glass rather than combustion space [53], 
decrease the thickness of the batch, increase the feed-speed [52], and to increase the batch 
preheating using a fluidized bed and flue gas [53]. Somewhat less practical nevertheless 
invaluable recommendations are on the sequence of the batch reactions and granular size/ heating 
rate [51]. In addition, the importance of batch melting on the overall energy saving strategies has 
been stressed and batch preheaters are rated as the most important systems to improve for the near 
future [53].  
   Some of the assumptions made for the numerical modeling were reviewed and assessed by the 
experimental study of Coradt et al. [54]. It was found that the primary melt did not form along 
any specific isotherm. Thus, the concept of a uniform melting temperature, valid for the entire 
batch heap as used in several theoretical models, was not confirmed [54]. 



 9

   These detailed numerical and experimental studies have quantified the batch melting 
phenomenon, revealed a coherent picture as well as the relative importance of various transport 
mechanisms, and paved the way for the construction of less detailed but fast batch melting 
models. From the overall furnace simulation point of view the most important single parameter is 
the extent of the batch layer on the glass melt, given the raw material feed rate, the charging 
temperature and the feeder type. This basically requires (correct) an energy balance or a heat flux 
distribution on the batch, and in turn necessitates estimation of temperature distribution on the 
batch. 
   A detailed batch model can predict both of these requirements along with the melt velocity 
under the batch. However, an educated guess for the interface temperature and the melt velocity 
profile, based on detailed batch models and/or practical furnace operation on the batch, may also 
serve the purpose while accelerating the prediction of the final results in the combined system 
simulations. 
 
3.4 Homogenizing and Refining Models 
   Since one of the primary goals behind the numerical simulations of glass process is to improve 
the final glass quality, the mathematical formulation of homogenization and defects resulting 
from the bubbles and infused (silica) grains should be given special importance. In the past 
decade, important strides have been taken in this field also. 
   Quantification of the homogenizing process is one of the most difficult concepts in glass 
melting process. Although (the variation in ) viscosity is the best parameter to assess the 
homogeneity, the numerical models having much coarser grid size typically ignore this small 
scale variation, and therefore, they are incapable of assessing homogeneity unless peripheral 
mathematical modeling is employed. To this end, three major theoretical papers appeared [55-57] 
in the literature on the topic. Another important experimental and numerical research on 
homogeneity was conducted by Hogerl and Frischat [58] in the presence of air bubbling. 
   Defects (bubbles and grains) were given more attention than the homogeneity. Tracing 
individual bubbles while they grow or dissolve in the glassmelt as a result of multi-gas diffusion 
has been investigated by several researchers [59-63] mostly by using the invaluable research 
conducted by Nemec and his coworkers in the 1970-90s. Since homogenous nucleation is 
strongly unlikely in glassmelts, the majority of the bubble tracing studies were devoted to bubbles 
originating in the batch by chemical reactions. However another possible site for bubble 
nucleation/generation is the refractories and dissolving sand grains, and three research papers [65-
67] appeared to put this phenomenon into perspective. Several studies [70-72] numerically 
investigated the foam formation on the melt surface as a result of bubble disengagement from the 
glass melt, while giving special attention to the laboratory investigations [70], and the silica 
grains [72]. 
   Dissolved gas concentration mechanisms [70] and fields [64] within the glass melts were 
investigated by combined system models giving attention to the gaseous composition of the 
combustion space and the batch to be used in bubble studies. They found that the concentration 
field within the melt is fairly uniform [64]. In addition, the effect of air bubblers and electric 
boosting on dissolved gas concentrations were investigated and quantified for the given 
operational conditions [64]. 
   Since there may be numerous bubbles of different size and composition present in the glass 
melt at a given time, two approximate mathematical/numerical formulations were suggested to 
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investigate all the bubbles at once [68,69] Although these models are approximate, they may be 
used to assess the bubble disengagement ability of a given furnace for given operational 
conditions [68]. 
   Having less complicated dissolution behavior, silica grains in glass melts are easier to describe 
mathematically than bubbles. The behavior of silica grains were also investigated in the last 
decade [73-75] from the individual [73,74] and the global point of view [75]. Mutual relations 
between refining and sand dissolution was discussed and ideal conditions were defined [74] 
Melting behavior of silica grains in the presence of air bubblers and electric boosting were 
demonstrated [75]. 
 
3.5 Channels and Forehearth Models 
   Among the studies devoted to numerical simulation of glass furnace channels and forehearths, 
Choudry [76] investigated variable cross sections. In this three-dimensional model specific 
attention was given to the radiative heat transfer. They found that the presence of natural 
convection significantly affected the flow paths lines. The distribution of the surface and bottom 
glass streams entering a channel into different forehearths was also investigated [76]. In the more 
recent study [77], it was found that, due to the shallowness of the forehearths, the effective 
conductivity approach for modeling heat transfer was not appropriate. This was valid especially 
for colorless glasses for which below 2.8 micrometer they are not optically thick. The exit 
temperatures were found to differ with and without radiation heat transfer modeling [77]. 
 
3.6 Regenerator Models 
   Regenerators used to increase the efficiency are one of the most important and old components 
of conventional glass melting processes. In the last decade, their performance was numerically 
evaluated [78-80]. One of them [78] was specifically designed to predict the decrease in the 
thermal performance due to fouling by flue gas condensates. The model included volatilization of 
sulfur, chloride and sodium components from the melt. The other [79] was devoted to the 
simulation of the dynamic behavior with the objective of assisting the design of control systems. 
Comparisons of numerical results and measurements in a clear glass furnace was presented [79]. 
In addition the effects of various geometric parameters which characterize the checkerpieces were 
investigated [80]. 
 
3.7 Refractory Models 
   Minimizing the refractory corrosion [81-83] is one of the prime aims in glass furnaces, and 
prediction of refractory corrosion can be implemented into the glass furnace simulation process. 
To this end, a mathematical formulation was developed in the last decade to calculate the rate of 
corrosion in the presence of free convection in the melt [81]. The formulation involved the 
convection of the melt, conduction in the refractory, and the cooling outside [81]. Recently, an 
assay appeared in the literature [82] on the topic to elucidate the recent developments. 
 
4. CONCLUSION 
 
   Taking advantage of developments in the computer hardware, important strides were made in 
the numerical simulation of glass melting process in the past decade. As summarized by the 
review, the numerical researchers around the globe investigated the most pressing needs of the 



 11

glass industry via computer modeling. Also as indicated from the review, it was found that the 
experimental and numerical investigations started to complement each other, which can only 
speed up the quest for accurate, quick and economical predictability of glass formation. 
   In order to increase the usefulness of the numerical simulations, however, the following areas 
seem to be needing the most attention in the near future. 
 
1) Homogenizing process: Although initial ground work has been laid down by 
    some initial studies, rigorous modeling of the subject which measures the sub- 
    grid viscosity variation at the outlet appears to be incomplete. 
2) Radiation heat transfer: Although radiation heat transfer is the dominant mode of 
    heat transfer in the combustion space, its interaction with the glass bath has not 
    been fully investigated. The studies to this end are only limited to the forehearths 
    and channels. They clearly showed some of the limitations of the effective 
    conductivity concept in heat transfer in the glass melts. 
3) Cyclic-firing with regenerative furnaces: Except a few studies,  most of the 
    studies published to date assume steady-state operational conditions even for 
    the furnaces equipped with regenerators. However, important insight on batch 
    stability, glass homogeneity, and furnace efficiency may be obtained from the 
    simulations specifically designed for the simulation of cyclic-firing operations. 
 
   Finally, it is worth remarking here that the success of numerical simulations largely depends 
on the thermophysical and empirical data used in the numerical simulations. Thus, aside from 
numerical simulations, the supportive data generated by experimental investigations will gain 
more value in the future as they find an important role in the quest for the full comprehension of 
the complex nature of the glass melting process. 
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Abstract 
 

 Mathematical models of refining demand accurate bubble growth and decay data.   
 The paper describes an experimental technique developed to measure the growth 
rate of bubbles in sulphate refined float glass. Gases of known composition are 
introduced into a melt contained in a silica crucible through a platinum capillary. The 
bubbles are monitored by time lapse photography and their growth rates determined 
as they rise to the surface. 
 Measurements on the growth of carbon dioxide and nitrogen bubbles in the size 
range 0.2 mm - 6.0 mm diameter at a temperature of 1150oC, show that the growth 
rate is proportional to bubble diameter. 

 
 
1. INTRODUCTION 
 
    A computer flow model programme has been developed to improve the design, operation and 
understanding of Pilkington float glass furnaces. This computer programme relies upon a bubble 
growth or shrinkage model to predict the behaviour of these bubbles in the complex flows of a 
furnace. This model can only be generated from accurate scientific data describing the behaviour 
of these bubbles under specific conditions. 
    A number of workers have developed methods to observe bubbles in molten glass, however 
few appeared to meet the requirements of allowing a bubble of known composition to rise freely 
in a glass melt at high temperature. A method which allowed these criteria to be met was thus 
developed building on existing Pilkington methods. The apparatus designed to do this is shown in 
Figure 1. 
 
2. EXPERIMENTAL PROCEDURE 
 
    The apparatus consists briefly of a Pentax LX camera, bellows, extension tubes and a 300mm 
lens mounted on an optical bench. The bubble to be studied is introduced into a vitreous silica 
cell using a platinum capillary after carefully purging the line to ensure that the gas to be studied 
is of known composition. The cell has been specially designed with a flat window at the front to 
enable direct observation of the bubbles without distortion and is maintained at the desired 
temperature using a furnace heated by silicon carbide elements. 
 



 
 
 
Bubbles are photographed using a time lapse photographic system for time intervals between 10 
and 240 seconds. From the photographic negative bubble diameters can be measured and a 
growth or shrinkage rate determined.  
    A new vitreous cell is used every day and refilled with standard UK float glass. The cell is held 
at 1150oC overnight to remove unwanted bubble before introducing the bubble of known 
composition. 
 
3. RESULTS 
 
Nitrogen 
    Plots of diameter vs. time for individual nitrogen bubbles were drawn from the time lapse 
photographs and a least squares linear regression plotted for each line. 
 
 

FIG 2 LINEAR REGRESSION FOR NITROGEN BUBBLE 

 
 
    This linear regression enabled a bubble growth rate to be calculated from the slope of the line 
and a subsequent plot made of bubble growth rates vs. bubble diameter to be made. 



 
               FIG 3 GROWTH RATES FOR NITROGEN BUBBLES 1150oC FLOAT GLASS 

 
 
    The graphs show that the bubbles grow at a constant rate and that the bubble growth rate is 
dependant on bubble diameter. 
 
Carbon dioxide 
    Plots of diameter vs. time for individual carbon dioxide bubbles were also drawn using the 
same procedure employed for nitrogen bubbles and a growth rate calculated. 
 
                       FIG 4 LINEAR REGRESSION FOR CARBON DIOXIDE BUBBLE 

 
 
    Again the bubbles grow at a constant rate and the bubble growth rate is dependant on bubble 
diameter. 
 

  FIG 5 GROWTH RATES FOR CARBON DIOXIDE BUBBLES 1150oC FLOAT GLASS 



 
 
 
4. DISCUSSION 
 
    It has been shown in these experiments that the growth or shrinkage rates for each of the gases 
studied, is diameter dependant. The growth rate for a diameter change of less than 5 % is virtually 
the same as that for the full change in diameter. This shows that there are no species rapidly 
diffusing into the bubbles at an early stage, for example water vapour. 
    The equation which assumes the contraction of a bubble is diffusion controlled and uses the 
value of the concentration gradient valid for a stationary boundary was derived by Epstein & 
Plesset (1) : 
 

                 (1) 
 
where  
a is the radius of the bubble 
t is time 
D is the diffusivity of gas in liquid 
ci is the concentration of gas in the liquid 
c0 is the initial concentration of gas dissolved in the liquid around the bubble 
ρ is the density of gas inside the bubble 
 This equation has been used in its original and modified forms by many other workers(2-4) to 
describe the diffusion of gas into a bubble. 
 Applying statistical analysis to the growth rate vs. diameter curves from this work gives the 
following equations for nitrogen and carbon dioxide:- 
 
Nitrogen 



             (2) 
 
Carbon Dioxide 
 

             (3) 
 
 These equations have been successfully incorporated into the 3D computer model and accurate 
predictions made. 
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 Abstract 
 

 The evolution of electric glass melting furnaces brought changes in the geometry 
of their melting tank, in the location of the throat, in the configuration of electrodes 
and in their connections with the feeding transformers. New furnaces for melting of 
crystal glass have tanks with square ground plan, which has higher heat efficiency and 
the glass melt   entering the throat is good stabilized. The feeding of these furnaces is 
either single-phase or three-phase. When a single-phase feeding is used the released 
energy in the tank is better distributed which from technological point of view is very 
important. On the other side when using three-phase feeding system then only the 
electrical network is more   uniformly loaded. The further following study tries to use 
the advantages of both feeding systems. There have been used two different physical  
models - one made from electroconducting sheets, the second was a  three-
dimensional one with model-liquid. By means of these models was  the situation in 
the melting furnace simulated. There were obtained data  especially from the liquid 
model, that by proper distribution of the feeding    electrodes and their correct 
connections with the three-phase source  (transformer) is possible to obtain 
conformable technological conditions  in the furnaces as when using the single-phase 
feeding system. 

 
 
I. INTRODUCTION 
 
 Electric melting furnaces have been used in the glass melt production for many years. Their 
evolution during those years brought changes in the geometry of their melting tank, in the 
location of the throat, and in the configuration of electrodes. Melting, homogenizing and 
conditioning of the glass melt are performed in the tank of an electric furnace. The space in which 
melting and conditioning zones are located depends on the geometry of a melting tank and on the 
way in which electric energy is released - the distribution of electrodes and their connections with 
the feeding transformers.  
 The experiences with the glass melting electric furnaces’ run and the results of model 
investigations show that it is of advantage to use the melting tank with approximately square 
ground plan. In this square-shaped tank, heat losses through walls and the bottom are 
minimalized and the flow of the glass melt into the throat is uniform. The feeding of this furnaces 
is either single-phase, or three-phase. It is known that a single-phase feeding enables the more 
uniform distribution of electric energy in a melting tank, and the current load of electrodes can be 
modified by changing their number. Symmetrical current and power loads of the electrical 
network represent the main advantage of the three-phase feeding. The following study tries to 
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find the solution which would connect the advantages of the uniform distribution of released 
energy with those of symmetrical power load of a three-phase electrical network. 
 
2. EXPERIMENTS 
 
 To get the data necessary for the choice of an optimal design of a melting furnace, the methods 
of measuring on electroconducting sheets and on physical liquid model were used. When 
choosing optimal arrangements of electric heating system in a melting tank, we took into account 
present technological possibilities of the electric melting furnace design, the experiences with this 
furnaces’ run, and also the professional and patent literature. The uniformity of the distribution of 
released electric power and the current load of electrodes were evaluated. The measuring were 
carried out by means of three runs of a single-phase feeding system, and three runs of a three-
phase feeding system, Fig.1. 
 For these runs 1 to 6 were measured potentials fields on electroconducting sheets models in 
horizontal crossection of the melting tank in the level of electrodes and power fields were 
calculated from those potential fields according to the relation: 
 

 
 
Pij - electric power in the point with i, j co-ordinates 
κ - conductivity of a medium 
h - the distance of the nodes of measured potentials 
ϕ - electric potential 
 
  The computer provided by the Surfer program was used for the graphic evaluation of power 
fields. The results of the individual arrangements of the electric heating systems are in following 
pictures. 
   The runs 1 to 3 were feeded from single-phase feeding system and distribution of the released 
electric power is in Fig. 2a, 2b and 2c. In the run 1 (Fig.2a) the electric circuit is closed between 
two trios of opposite horizontal electrodes. The highest values of released electric power are near 
the electrode tips, low values of power can be noticed near the walls with electrodes and there is a 
central zone of uniformly released power between the electrodes in the tank. In the run 2 (Fig.2b) 
were increased number of electrodes to 10 pieces. Trios of electrodes were substituted by 
pentades in walls of the tank. The measuring were carried out with the constant value of the 
electric power in the model. The zone of uniformly released power between electrodes were 
enlarged and values power released on electrodes by this run 2 were decreased because it was 
divided on 10 electrodes. In the run 3 (Fig.2c) were connected neighbour pairs of electrodes in the 
corners of the melting tank with the transformer in such a way that an electric current can flow 
along the walls. The highest values of power being on the electrodes and the lowest ones in the 
center area and in the corners of the tank. 
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Fig. 1. The survey of the runs of the electrode arrangements in the melting tank of a furnace and 
their connections with the feeding transformers,  a) run 1, b) run 2, c) run 3, d) run4, e) run 5, f) 
run 6 
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Fig. 2 The power fields in the melting tank of a furnace for the runs 1 to 6: a) run 1, b) run 2, c) 
run 3, d) run4, e) run 5, f) run 6 
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 The runs 4 to 6 were feeded from three-phase feeding system and distribution of the released 
electric power is in Fig. 2d, 2e and 2f. In the run 4 three pairs of electrodes were connected with 
the second windings of the transformer with the delta connection. The power field in picture 
(Fig.2d) shows that electric power is not released uniformly. Larger part of the power is 
concentrated in one half of the melting tank and the highest electric power values are on 
electrodes. In the run 5 the number of electrodes has been increased to nine and their location on 
the walls of a melting tank and the way of the connection with the feeding transformer is in the 
Fig.1 e. The distribution of power field in a melting tank is in Fig.2e and shows that the electrical 
power is released decisive by the periphery walls. There are zones of a lower concentration of 
electric power. One is in the center of the tank, the next are around the tank wall with a pair of 
electrodes located in its center and finally in the corners of the tank. In the run 6 were located six 
electrodes on the walls of the tank and were connected to three-phase feeding transformer. Its 
second windings have the open delta connection. The resulting distribution of electric power in 
the melting 
tank is on Fig.2f. The highest electric power values have been released near the electrode tips and 
zone of uniformly released power is between electrodes in the central part of the tank. The 
distribution of electric power is similar as in runs 1 and 2. Lower values power on electrodes in 
the corners of the tank in the both trios, can be compared with the geometry of the tank and the 
location of electrodes.  
    The technology of glass melting requires not to exceed the current load value 1 A/cm2 on 
electrodes. Using all six runs with various distribution of electric heating system given before, the 
data for the calculation of electric resistance of a real furnace were measured on a physical liquid 
model, and the current load of electrodes for the electric power output 500 kW, which 
corresponds to the pull of the furnace, was determined on a base of this calculation. Table I gives 
a survey of calculated values of currents and voltages for the feeding transformer and the current 
load of electrodes. 
 

Table I. Parameters of the feeding transformer, electrode currents and 
          current load of electrodes 

transformer electrodes 
run voltage 

U [V] 
current 
 I [A] 

number 
for phase 

Ie [A] Ie [A/cm2] 

1 144,4 3460,4 3 1153,4 1,37 
2 130,8 3819,2 5 763,8 0,91 
3 121,7 4106,5 4 1026,6 1,22 
4 126,8 2275,6 2 1137,8 1,35 
5 84,9 3395,8 3 1131,9 1,35 

6A 130,3 1278,9 1 1278,9 1,53 
6B 113,3 1471,2 2 735,6 0,88 

 
     As can be seen from the survey given above, the current load of electrodes smaller than 1 
A/cm2 can be found only in the run 2 and the run 6B with doubled electrodes. The other runs 
were eliminated because of a higher current load of electrodes or due to the way of electric power 
releasing. The run 2 represents a single-phase feeding system and 6B a three-phase one. 
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Comparing measuring of power fields carried out on electroconducting sheets models, we can 
notice a similar distribution of released electric power in both types of feeding, there are run 2 
with single-phase feeding system and 6B with a three-phase feeding system. We can assume, 
thus, that the distribution of temperatures and the characteristics of the flow in the melting tank of 
the designed furnace will be similar for both compared runs -2 and 6B. 
   The results of physical modelling of temperature and velocity fields of the designed furnace by 
means of a three-dimensional liquid model confirmed that the same characteristics of the released 
electric power distribution in the melting tank causes very similar distribution of temperatures 
and flows. 
 
3. CONCLUSION 
 
   We can conclude that the important thing for the technology of a melting process is the 
distribution of released electric power, and, consequently, it does not matter if this power is 
released by means of a single-phase feeding system or by means of a three-phase one. But there 
can exist some other reasons to use either the single-phase feeding system, e.g. melting of a lead 
crystal by means of alternate, low-frequency current, or the three-phase feeding system, if huge 
electric power values are needed. 
     It is possible to reach the uniform distribution of released electric power in the melting tank of 
a furnace fed by a single-phase system. The results of the study above showed that by means of 
the optimal electrodes configuration and connection nearly equal technological conditions could 
be obtained, even when a three-phase feeding system is applied. 
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 Abstract 
 

 For the Oberland Glas AG end-fired furnace, subject to a German AIF funded 
study, results of coupled 3D simulations for both combustion chamber and glass tank 
will be discussed. For the glass tank the finite-volume based model TNO-GTM is 
used. A batch blanket model for calculating the raw materials melting process is 
incorporated in the model as well as electrical boosting. By aid of sub-models it is 
possible to study the effects of changes on glass quality. For the combustion space the 
finite-volume based model TNO-WISH3D is used. In this model radiative heat 
transfer between superstructure sidewalls, crown and glass surface as well as radiative 
absorption and emission by the flame and the flue gases is calculated. For combustion 
a diffusion flame model is used. In case of oxy-fired combustion the heat effects of 
formation and recombination of intermediate radicals is accounted for. Both 
numerical models can be used separately or coupled. In the coupled case, in an 
iteration loop, the most recent temperature distribution on the glass surface as 
calculated by the glass tank model is used as boundary condition for the combustion 
model whereas the most recent heat flux distribution on the interface as calculated by 
the combustion model is used as boundary condition for the glass tank model. The 
two models can have different numerical mesh-sizes. In this numerical study the 
effects of firing rate, air preheat temperature, air excess, etc. on flame length and 
shape, temperature and heat flux distribution on the glass surface, thermal efficiency, 
residence time distribution and glass quality in the melter will be discussed. The 
effects of oxy-firing as opposed to air-firing will be shown. 

 
 
1. INTRODUCTION 
 
   Furnace design is a critical key for the glass industry. For every type of glass product, only one 
optimal glass tank exists. In order to reduce risks, until now for a new tank design existing tanks 
are only slightly modified. Especially because modern tanks last 5-14 years a wrong decision or 
too high investment is a long burden. Currently, typical modifications to existing furnaces are 
stretching the furnace slightly in length, width and depth making new furnace design more like an 
evolution process. Recently, the glass industry changed from an evolution to a revolution by 
applying oxy-fuel combustion to heat the glass melt. This option is so drastically different from 
air-firing, that it is astonishing to see that many furnaces have adapted this 'new' technology 
already. It is estimated that presently about 2% of all worldwide produced glass is melted by 
using 'pure' oxygen. 
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 It is clear to the glass industry that for constructing the optimal glass tank, mathematical 
simulation models are a valuable tool. Especially when applying a new technology as oxy-fuel 
combustion, simulation models are indispensable for exploring all possibilities at a low risk. 
 All oxygen suppliers try to assist the glass industry by offering mathematical simulation of the 
combustion space and sometimes the glass bath. However TNO Glass Technology as an 
independent Research Institute can offer a complete glass furnace simulation, glass bath and 
combustion space, and predict the effects on melting performance and glass quality. Starting with 
extensive laboratory studies, melting experiments and industrial support, TNO-TPD has 
developed a Glass Tank Model and combustion model with great potentials (see Fig. 1). 
 

 
Fig.1 The TNO Glass Tank Model 

 
 One of our present studies is funded by the German AIF. In close cooperation with the HVG 
Frankfurt, we want to show the German glass industry the capabilities of advanced simulation 
models for medium and small glass producers. A furnace of Oberland Glas AG is subject to this 
study. The results in this paper were studied as an example and outside the scope of the AIF 
funding. To keep some information confidential for Oberland Glas adapted glass properties and 
process conditions were used. 
 With this paper we want to show how Glass Tank Modelling can help to optimise new 
furnace design. However, the majority of the results will be shown during the presentation. 
 
2. THEORY 
 
2.1 Glass Tank Model 
    For the glass tank the finite-volume based model TNO-GTM is used. In this model the mass 
continuity equation, Navier-Stokes equations and energy equation are solved in three dimensions 
according to the numerical method as described by Patankar (1980). A batch blanket model for 
calculating the raw materials melting process is incorporated in the model. Conduction in the 
furnace walls has been taken into account and the physical properties of the glass are temperature 
dependent. By aid of sub-models it is possible to study the effects of changes on glass quality. 
 
2.2 Combustion Space Model 
    For the combustion space the finite-volume Patankar-based model TNO-WISH3D is 
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used. In this model the mass continuity equation, Navier-Stokes equations, energy equation, 
species concentration equation and k-ε turbulence equations are solved in three dimensions. 
Radiative heat transfer between superstructure sidewalls, crown and glass surface as well as 
radiative absorption and emission by the flame and the flue gases is calculated by means of  the 
Discrete Transfer Model. For combustion a diffusion flame model is used. In case of oxy-fired 
combustion the heat effects of formation and recombination of intermediate radicals is taken into 
account by correcting the heat capacity of the gas mixture. Conduction in the furnace walls has 
been taken into account (conjugate heat transfer). Physical properties of the gas mixture are both 
composition and temperature dependent. 
 The most commonly used turbulence model for engineering applications, the two- equation k-ε 
model (Launder et al., 1972), has been used. For both variables k and ε a convection-diffusion 
differential equation is solved. The k-ε model with its set of empirical constants applies only to 
fully developed turbulent flow. In near-wall regions viscous effects play an important role. 
Therefore, for k and ε wall-functions have to be used instead of boundary conditions. The 
standard wall-function method is extensively described in literature (Gosman et al.,1969 and 
Launder & Spalding, 1972). 
 Radiative surface-to-surface heat transfer and radiation absorption and emission by non-
transparent gas components in the combustion atmosphere (H2O and CO2) is modelled with the 
Discrete Transfer Model (Lockwood & Shah,1981). The DTF method is based on a direct 
solution of the radiation transfer equation. For each wall point the solid angle is discretized in a 
number of beams. The incident heat flux on a wall point coming from opposing wall points after 
crossing the non-transparent gas mixture is determined by summation of the contributions for 
each beam. The gas mixture extinction coefficient is calculated from the emissivities of H2O and 
CO2. The emissivities depend on temperature, partial pressure and on a characteristic length 
scale: the internal furnace dimension. Emissivities are taken from charts presented by Hottel and 
Egbert (1973). 
    In the flame sheet model the combustion process in a flame is approximated by a one-step 
irreversible infinitely fast global reaction (Burke & Schumann,1928). The reaction occurs on a 
very thin flame front. Outside this flame sheet no reactions take place, and hot combustion 
products are mixed with the oxidant or fuel stream. On the flame front itself only combustion 
products (and diluents) are present and outside the flame front either fuel and products (and 
diluents) or oxidants and products (and diluents) are present. Fuel and oxidants can not coexist at 
the same time and on the same place. It can be shown that with these assumptions all species 
mass fractions are piecewise linear functions of one conserved scalar variable: the mixture 
fraction. For this single variable a convection-diffusion differential equation has to be solved 
coupled with the Navier-Stokes, turbulence and energy equations. From the mixture fraction mass 
fractions of the individual species (CO2, H2O, O2 etc.) are determined. More complex combustion 
models are incorporated in WISH3D, such as the turbulent mixing model with presumed 
probability density function (PDF). For the problem under consideration where the heat flux to 
the glass surface has to be predicted accurately, the global heat released by combustion is the 
most important parameter. This parameter is not very sensitive to the type of combustion model 
used. Therefore, the cpu-efficient and numerically more stable f-model is used in the present 
simulations. For predictions of NOX -levels the actual maximum flame temperature should be 
predicted accurately and more complex combustion models, such as the turbulent mixing model, 
should be used. 
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    A drawback of the flame sheet model is the absence of radical species. The existence of 
intermediate radical species (eg. OH, O, H) in the reaction zone gives lower flame temperatures. 
This can be modeled by an empirical correction function (Post,1988; Kee et 
al.,1991) for the mixture specific heat, thus reducing the temperature. The correction function 
becomes effective for temperatures above 2200 oC. In oxy-fuelled combustion, the standard 
dissociation correction has to be modified. The dissociation correction function has been tuned 
for a 1D oxy-fuelled flame by comparing flame temperatures with a constrained-equilibrium 
model as developed by Peeters (1995). This detailed model takes over 150 chemical reactions 
into account, including the formation and recombination of many intermediate radicals. 
 
2.3 Complete Furnace Model 
    Both numerical models (WISH3D and GTM) can be used separately with assumed or measured 
boundary conditions on the glass surface. The models can also be coupled with shared boundary 
conditions on the glass surface. In the coupled case, the distribution of the total heat flux (the sum 
of convective and radiative) on the interface between the models (the glass surface) is calculated 
by WISH3D and is transferred to GTM where it is used as a new boundary condition. GTM 
calculates new temperature and velocity fields and transfers the temperatures on the interface to 
WISH3D where it is used as a new boundary condition. This procedure is repeated until 
convergence is obtained. The general procedure is to initially run both models separately. The 
coupled simulation is started when the solution for both the glass tank and the combustion space 
are sufficiently converged.  
    As usually both models have different meshes, determined by the specific geometrical 
requirements of the combustion space and the glass tank, temperatures and heat fluxes on the 
glass surface have to be interpolated from one mesh to the other and backwards. Care has been 
taken that the (linear) interpolation procedure is conservative. 
 
3. RESULTS 
 
3.1 Glass Tank 
 A schematic of the glass tank is given in Fig. 2. The glass surface area is 10.75x6.60 m. Green 
sodalime glass is melted and an additional 800 kW electrical boosting is applied. The pull rate is 
220 metric tons/day or 3.1 metric tons/day per m2 furnace area. Two different combustion 
chambers are considered with the same glass tank: an end-port air-fired regenerative U-flame 
combustion system and a cross-fired oxy-fuel combustion system. Both furnaces are fired with 
natural gas (Dutch natural gas, approximate composition: 81 vol% CH4, 4 vol% higher 
hydrocarbons and 15 vol% N2). For the glass tank a non-linear mesh of 93x45x82 gridpoints is 
used amounting to a total number of 343.000. Effects of alternated firing is taken into account by 
mirroring the heat flux around the furnace centre line. 
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Fig. 2 Geometry and temperature distributions for the Glass Tank 
 
3.2 End-port Air-fired Furnace 
    An end-port fired regenerative U-flame furnace is considered (see Fig. 3). Two burner ports are 
located below the air port (underport firing). Preheated air enters the combustion 
space at a downward angle with the normal to the furnace front wall of 20o. The upward directed 
injection angle for fuel is 15o. Both fuel and air are slightly directed towards the furnace midplane 
(2o). The furnace is operated at an air factor of 1.075. In the regenerator 
air is preheated to 1300 oC. The total firing rate is 8.45 MW, equally distributed over the two 
burners. The sensible heat carried by the preheated air corresponds with 4.55 MW leading to a 
total heat input of 13.0 MW. The curved crown of the furnace is approximated by a number of 
steps. The thermal conductivity of the refractory material, determining the combustion chamber 
heat losses, is set to 3 W/mK. On the exterior surfaces of the furnace, a heat transfer coefficient of 
15 W/m2K to an ambient temperature of 30oC is prescribed. Glass surface emissivity is assumed 
to be 0.75 and refractory emissivities have been set to 0.60. For the combustion space a highly 
non-linear mesh of 68x43x75 gridpoints is used amounting to a total number of 220.000. 
Gridpoints are concentrated near the fuel inlets. The number of radiation beams is 16. 
    The results of the coupled simulations show an average heat flux from combustion space 
towards the glass of 54 kW/m2 leading to a total heat flow of 3.8 MW integrated over the glass 
surface. The maximum flame temperature in the large U-flame is 2360 oC. The radiative 
contribution to the surface heat flux is 3.7 MW or 97%, which means that heat transfer is totally 
radiation dominated. The thermal efficiency, defined as the ratio of heat flow towards the glass 
surface and the total firing rate, is 45%. The average gas composition in the outlet and in a large 
part of the furnace is:17 vol% H2O, 8.5 vol% CO2, 72.5 vol% N2 and 2 vol% O2. Superstructure 
wall heat losses are typically of the order of 3 to 5 kW/m2 amounting to a total wall heat loss of l.l 
MW. The flue gases in the exhaust carry 7.2 MW with an average temperature of 1623 oC (this 
implies that regenerator efficiency is 63%). Due to the large size of the regenerator ports and its 
relatively low temperature, radiative heat losses through these ports are not negligible: 410 kW is 
lost through the air inlet and 140 kW through the flue gas outlet, in total 550 MW (4% of total 
heat input). 
 
3.3 Cross-fired Oxy-fuel Furnace 
    A cross-fired oxy-fuel glass furnace is considered as an alternative for the above discussed end-
port air-fired furnace. Operating conditions and geometry of the glass tank have been kept the 
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same as for the end-port air-fired furnace. The oxy-fuel furnace is an eight-burner non-staggered 
system (see Fig. 4). The oxy-burners are pipe-in-pipe burners. The oxidizer has a 99 vol% O2 
content and all burners are operated with 4.5% O2-excess. Each burner has a firing rate of 900 
kW (total firing rate 7.20 MW). The firing rate has been tuned to give the same heat input to the 
glass as for the U-flame furnace. Refractory material properties and ambient heat losses are the 
same as for the end-port furnace. For the combustion space a non-linear mesh of 80x53x49 
(208.000) gridpoints is used. Gridpoints are concentrated near the burners. The number of 
radiation beams is 16. 
 The results of the coupled simulations show an average heat flux from combustion space 
towards the glass of 55 kW/m2 leading to a total heat flow of 3.9 MW integrated over the glass 
surface. The maximum flame temperature in the oxy-flames is 2710 oC which is considerably 
higher than maximum flame temperature in the air-fired furnace. Due to oxygen combustion 
instead of air, the average gas composition in the oxy-fired furnace is very different: 60.5 vol% 
H2O, 31 vol% CO2, 6 vol% N2 and 2.5 vol% O2. Due to the much higher concentrations of H2O 
and CO2 the combustion products are more effective in radiating heat to the glass surface and 
therefore the thermal efficiency is much higher: 54%. 

 

 
Fig. 3 Temperature distributions in End-port Air fired Furnace 
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Fig. 4 Temperature distributions in Cross-fired Oxy-fuel Furnace 

 
The radiative contribution to the total heat flux is 95%. Superstructure wall heat losses again are 
l.l MW. The flue gases in the exhaust carry 2.2 MW which obviously is much lower than those 
for the air-fired furnace. The average flue gas temperature is 1613 oC which is more or less the 
same for both cases. 
 
4. CONCLUSIONS 
 
 The results presented in this paper and on the symposium show the capabilities of the TNO-
TPD complete glass furnace simulation model. With this model it is possible to predict the effects 
of primary process variables as pull rate, firing rate, oxidizer preheat temperature and excess 
values, furnace and burner geometry on process performance parameters as thermal efficiency, 
residence time distribution and ultimately glass quality. It was shown that for the design of a new 
furnace, especially when switching from air-firing to oxy-firing, a simulation model for the 
complete furnace is a valuable and essential tool. 
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 Abstract 
 

 The contribution is divided into four parts. The first part contains the  
advantages of electric melting of crystal glass. The electric melting of  glass is 
discussed from the point of view of ecology, energy, and material 
consumption and mainly from the quality of products. The types of electric  
furnaces used for melting of crystal glass is described in the second part of the 
contribution. The third part of the contribution contains the results of  the 
modelling of all-electric melting furnaces. The physical modelling was used 
in order to find the optimum conditions for the operation of the furnaces. The 
investigated conditions cover up the influence of the shape and position of 
electrodes in melting end of the furnace on the surface current density, the 
temperature of glass in vicinity of electrodes, the distribution of power density 
and the position of thermal barrier in the furnaces. The final part of the 
contribution contains the evaluation of the measured variants on the physical 
models by means of six criteria important for the optimal operation of the 
furnaces. 

 
 
I. INTRODUCTION 
 
    The usage of electric energy for melting of glass by Joule heat generated directly in a 
glass melt has a long tradition in the world. In the Czech Republic, electric melting of 
glass has been applied for more than 30 years. During that time significant experiences 
with both the electric melting furnaces design, and the technology of electric melting of 
glass have been obtained, as well as good knowledge of the questions of refractories and 
heating electrodes corrosion. We can say, thus, that there is sufficient knowledge to 
prepare the design of electric melting furnaces processing all types of industrial produced 
glass melts. Besides container glass, technical glass and jewelry glass, there are also 
crystal glass involved. 
 
II. THE ADVANTAGES OF ELECTRIC MELTING OF CRYSTAL GLASS 
 
    It has been showed in practical application that for the most of glass melts, except for 
container glass, the all-electric melting furnaces with the pull below 50t/d are preferred to 
gas-fired ones [1]. There is also the special reason why to use electric melting furnaces 
instead of the gas-fired ones - it is the fact that there are places on the Earth with limited 
supplies of natural gas but with high supplies of electric energy (e.g. from water power 
stations). 
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 Crystal glass melts are always melted in furnaces with the pull lower than 50t/d, which 
supports the application of electric melting instead of gas heating. Other reason why to 
use electric melting of crystal glass are connected with ecological, energetic, material and 
qualitative aspects. 
 
 Ecology 
 Electric melting contributes particularly to decreasing of the air pollution in smelting 
halls and near glass works. This effect is also connected with the cut of raw materials, 
first of all the expensive ones, e.g. boron oxide or lead oxide. Tables 1 and 2 show 
decreasing of the air pollution and the cut of raw materials if electric melting is used. 
 

 Table 1 
Furnace NOx SO2 Cl- F- Dust 
regenerative 1823 257 15,7 4,3 85,8 
recuperative 799 140 10,1 25 35 
all-electric 258 5 4,5 0,5 2 

 
 

 Table 2 
Furnace PbO  losses 
gas-fired pot 2,5 
gas-fired continuous 2,0 
gas-fired BM type 1,2 
all-electric 0,1 

       The values are in kg of Pb0 per 100 kg of the glass melt. 
 
 
    Energy 
    During electric melting Joule heat is generated directly in the glass melt, and therefore 
the efficiency of electric heating is three times higher than that of gas heating [2]. In 
electric melting, the layer of a glass batch on the surface which has very good insulating 
ability contributes significantly to the cut of energy. Higher value of the rate between the 
volume and the surface of a melting tank represents the next aspect which determines 
energetic profitableness of electric melting. Figure 1 demonstrates the data given above. 
The utility of electric melting is shown also in Figure 2 which demonstrates the 
dependence of a specific energy consumption on a pull for various types of furnaces and 
glass melts. 
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 Fig.1 Energy requirements for gas and electric furnace 

 
    Material  
 From the point of view of materials, the consumption of refractories and heating 
electrodes is considered. The consumption of AZS refractories is always lower in electric 
furnaces when compared with gas ones, also due to higher specific pulls and the simple 
design of electric furnaces. It was proved in practical application that it is of advantage 
(from the AZS refractories consumption aspect) to use electric heating for furnaces with 
the pull lower than 30t/d. The utility of electric heating is accented also by increasing 
durability of melting furnaces which reaches more than 5 years. It is caused by the 
application of AZS refractories of a high quality, as can be seen from the corrosion 
indexes for various glass melts and AZS refractories given in Table 3. 
 
 

Fig. 2 Energy requirements for various glasses, compared to gas-fired furnaces 
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Table 3  Corrosion indexes of AZS refractories 
Refractory container fiber glass technical glass lead crystal glass 
E R 1681 100 100 100 100 
ER 1711 130 130 130  130 
ER 2161 340 380 - - 
ER 1195 150 - 520 170 
 
    When melting leaf crystal glass, either molybdenum electrodes, or tin oxide electrodes 
are used for heating. As tin oxide electrodes significantly restrict the durability of melting 
furnaces, the producers of lead crystal glass prefer molybdenum electrodes which, 
however, must be protected from a corrosion. One of the methods protecting 
molybdenum electrodes during melting of lead crystal glass is the low-frequency current 
melting. On the basis of ten-year practical experiences [3], [4], we can take this method 
for managed. 4,5 times lower consumption of molybdenum electrodes and more than 3 
times lower content of molybdenum dissolved in the glass melt is reached. 
 
 The glass quality 
 According to the competition on the world markets, the lead crystal glass products 
must show the high quality. To provide this quality constantly, it is necessary: 
· to use electric melting furnaces of an appropriate design 
· to use the AZS refractories of the highest quality for the melting furnace construction 
· to protect molybdenum electrodes from a corrosion by means of low-frequency current 
melting 
· to provide efficient technological measures during the melting furnace run  
· to control all technological nodes by means of computer 
 
III. ELECTRIC FURNACES FOR MELTING OF CRYSTAL GLASS 
 
 Modem (from the point of view of their design) electric melting furnaces work on the 
CTVM (Cold Top Vertical Melting) principle, i.e. vertical melting with a cold surface. 
They are always double-space furnaces in which the glass melt from the melting tank pass 
through a cranked throat followed directly with the feeder channel. The size of the 
melting tank is derived from the furnace pull. The melting tank is, from the technological 
point of view, divided into two parts, a melting zone in which melting, refining and 
chemical homogenization are carried out, and a conditioning zone in which thermal and 
chemical homogenization of glass melt is provided. Only a thermal barrier separates these 
two zones. 
    These are the parameters in which electric furnaces for melting of crystal glass differ: 
· the shape of a melting tank - the most frequent ones are melting tanks with the   shape of 
a square, rectangular or hexagon · the position of electrodes - furnaces with horizontal 
electrodes prevail, furnaces  with top-electrodes are starting to appear nowadays  
· the shape of the melting tank bottom - when melting lead crystal glass, the shape   of the 
bottom must be adapted to be able to drain liberated lead from the melting  tank 
    The second group of electric furnaces for melting of crystal glass is represented by the 
furnaces with tin oxide electrodes whose design and refractories are nearly identical to 
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those of furnaces with molybdenum electrodes. The only difference is in the way of 
bedding the electrodes - tin oxide electrodes are usually put on two opposite shelves. 
 
IV. MODELING OF ELECTRIC FURNACES 
 
 Designing of new melting furnaces or the reconstruction of older ones are based on 
modeling. Three methods of modeling given below are used in our institute: 
· the method of physical modeling 
· the method of modeling on electroconducting sheets 
· the method of mathematical modeling 
    The task of modeling: 
    a) the design optimization of a melting furnace 
    It includes the optimization of the shapes of melting tanks, throats and feeder channels. 
The optimum shapes and parameters of these parts of melting furnaces are investigated in 
the relation to technological conditions in a furnace which are represented by: 
· the distribution and magnitude of temperatures and flows in examined parts of a   
furnace 
· the position of a thermal barrier 
· the volume of melting and conditioning zones 
· the pull of a furnace 
· the kind of melted glass 
    b) the electrode optimization  
    The task of electrode optimization is to find an optimum position, connection and 
shape of electrodes in a relation to the technological conditions in a furnace given above, 
and to the corrosion of electrodes. The extent of the corrosion can be concluded from: 
· the magnitude of surface current density on electrodes 
· the distribution of surface current density along individual electrodes 
· the temperatures of electrodes, or the distribution of the temperature along   individual 
electrodes 
    To be able to realize the design and electrode optimization, it was necessary to define 
the optimization conditions as a optimum criteria which could be enumerated. In such a 
way, a lot of optimum criteria have been defined. Given below there are the criteria most 
often used for the optimization of electric furnaces for melting of crystal glass: 
1. The electric input magnitude criterion                                                           

 
   [V.A] 
 

2. The electrode current load criterion 
 
 
      [A/cm2] 
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3. The electrode load uniformity criterion 
 
 
                       [%] 
 
 
 

4. The electrode positioning criterion 
 

 
         [1] 
 
 

 
5. The ohmic resistances criterion 
 

 
 
      [W] 
 

 
6. The distribution of the temperature along the electrode criterion 
 

 
 
      [ oC/m ] 
 

 
 
V. THE EVALUATION OF VARIANTS MEASURED ON A PHYSICAL MODEL 
 
    The optimum position of horizontal molybdenum electrodes has been examined on the 
physical model of all-electric melting furnace for melting of lead crystal glass. The 
position of electrodes was defined by the mutual distance between electrodes (X1 - X5) 
and by the distance  of  electrodes  from the  bottom of  a furnace  (H1 - H3) - see Tables 
4 and 5 and Figure 3. 
 

 Table 4 The position of electrodes in the tank of a furnace  
(The distance from the bottom) 

      Variant       H1[mm]          H2[mm]        H3[mm] 

           1         840           684           372 

           2         720              564           312 

           3          600           564           312 
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Table 5 The position of electrodes in the tank of a furnace 
 (The distance between electrodes)                                                                     

  Variant    X1[mm]   X2[mm]  X3[mm]  X4[mm]  X5[mm] 

       1      984      192     1200       204     1044  

       2      984      204     1260       192        984 

       3       984      204     1236      210        984 

 

 
 Fig. 3 The position of electrodes in the tank wall 

 
 
The enumerated optimum criteria are presented in Table 6. 
 

 Table 6 The values of optimum criteria      
 Variant  Pi [kVA] I [A.cm-2]     N[%]     PE    Ri [Ω] KTi[oC.m-1] 

      1     504     0.66      7.2    1.36    0.024      18.3 

      2     525     0.72     10.6     1.72    0.021      35.0 

      3     507     0.68      7.0    2.87     0.023      22.6 

 
 
 After the evaluation of optimum criteria the following sequence of variants was 
obtained and the variant to be used in real furnaces run was found: 
 1. Variant 1          2. Variant 3          3. Variant 2 



 8

VI. CONCLUSION 
 
    The significance of all-electric melting of crystal glass from ecological, energetic, 
material and also qualitative aspects has resulted from the data given in this study. The 
modeling methods which enable us to find design and technological data for the melting 
furnaces construction are applied on a significant scale for designing of electric furnaces 
and their optimization. 
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Abstract 
 

 A coupled model that consists of a three-dimensional (3D) combustion  
model, a heat transfer model including thermal radiation exchange in a  
combustion chamber and a two-dimensional (2D) molten glass flow model,  
has been developed. A numerical simulation is performed, and the calculated 
results are in close agreement with the measured results in a test furnace. 
Moreover, evaluation of oxy-oil conversion in an actual ceramic furnace will 
be reported. 

 
 
1. INTRODUCTION 
 
    In recent years, full or partial oxy-fuel conversion has been widely adopted in many 
segments of glass manufacturing to save energy, to increase production, to reduce 
environmental emissions, and decreasing maintenance. Since oxy-fuel firing has different 
physical phenomena from air-fuel firing, the prediction of furnace performance is 
required. A mathematical model is useful for studying the physical phenomena in a glass 
furnace.This provides information about furnace performance, new furnace design, 
furnace construction, furnace operation, and control. 
 This paper presents a coupled model that includes a three-dimensional (3D) 
combustion model, a heat transfer model including radiation exchange in a combustion 
chamber, and a two-dimensional (2D) molten glass flow model [1]. Comparison will be 
made with measurements from a test furnace. The paper also discusses the application of 
actual oxy-fuel conversion in a ceramic furnace. 
 
2. MODELING 
 
2.1 Flow and Combustion Model 
 First we modeled the following items in a combustion chamber by using a 
commercially available code, STAR-CD ver.2.30 [2]. Here, 3-D steady-state conservation 
and chemical transport equations are solved. Two equation (k-ε) turbulence model, which 
gives us reliable prediction results on the whole, is considered in the temperature and 
flow field in a combustion chamber. The combustion model is based on the ideal of a 
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single step and the Eddy Breakup Concept. In this model the following six species are 
considered: fuel, O2, N2, H2O, CO2, and Soot. The absorption coefficient distribution, 
which is necessary for thermal radiation exchange in a combustion chamber, is obtained 
by the radiative species. 
 
2.2 Heat Transfer Model with thermal radiation exchange 
 It takes much calculation time to analyze the combustion chamber by a fully coupled 
model of combustion and molten glass flow, which is not for practical use. In this paper 
we adopt a coupled model of heat transfer including thermal radiation exchange in the 
combustion chamber and the molten glass flow, which accelerates computation. To 
evaluate heat transfer in the combustion chamber, the conditions of fixed velocity, 
absorption coefficient, and heat generation distribution obtained by the flow and 
combustion model are assumed. Hottel's Zonal method [3] is adopted to evaluate thermal 
radiation exchange between gas to gas, gas to surface, and surface to surface in the 
enclosure. The absorption coefficient distribution as total emittive data is obtained by 
mixed-gray-gas formulation [4]. Multiple diffuse reflection is assumed at the surface. The 
heat energy equations are formulated in Table 1. Direct exchange areas are computed by 
numerical integrations, without recourse to tabulated values with fine mesh [5] in the 
complicated furnaces. 

 
(Nomenclature) 
Gi: radiosity, Ji: irradiation of boundary element, εi: emissivity, Ti: surface temperature,   
Ai: area, h: heat transfer coefficient between gas and surface, K’: overall heat transfer   
coefficient without contribution from inner total heat transfer, Tref: reference temperature , 
TGi : gas temperature, σ: Stefan- Boltzmann constant, Qi: heat source or sink, ss: direct 
interchange area for surface-surface, sg: direct interchange area for surface-gas,  gg: direct 
interchange area for gas-gas. 
 
2.3 Molten Glass Flow Model 
For the numerical calculation of molten glass flow and temperature fields, the 
noncommercial code "GSMAC3D" in laminar flow with a high Prandtle number is 
applied. Details can be found, for instance, in [1]. 
 



 3

 
Fig. 1. Linkage among the flow and combustion model,the heat 
transfer model, and the molten glass flow model. 

 
 
2.4 Coupled Model 
  This coupled model consists of three models: a flow and combustion model, a heat 
transfer model including thermal radiation exchange, and a molten glass flow model [1]. 
Linkage among these three models is shown in Fig. 1. First, calculation of the flow and 
combustion model is performed under a given glass surface temperature distribution. 
Then we can get (a) the velocity distribution, (b) the absorption coefficient distribution 
obtained by the concentration of each species, and (c) the heat generation distribution 
resulting from chemical reaction. Second, calculation of the heat transfer model including 
thermal radiation exchange is performed based on previous results. The heat flux 
distribution on the top surface of the molten glass flow, which is calculated in the molten 
glass flow model, is also incorporated as a boundary condition. Third, calculation of the 
molten glass flow model is performed. The heat flux distribution on the top surface of the 
molten glass flow, which is calculated in the heat transfer model, is also used as a 
boundary condition. The above procedures are iterated until the error in the temperature 
distribution becomes less than the predetermined value (Fig.1 ). 
 
3. APPLICATION TO ACTUAL FURNACES AND DISCUSSION 
 
3.1 Test Furnace 
 To verify the validity of this model, experiments were conducted in an enclosed test 
furnace. The measured results were compared with calculated results. An outline of the 
test furnace is shown in Fig. 2. The temperature of the refractory is measured by setting 
five thermocouples in a roof  refractory. The water cooling box is located at the bottom of 
the furnace along its length, which is separated into five zones. The water-flow rate, and 
the inlet and outlet temperatures are monitored in each zone to evaluate the heat flux from 
the combustion chamber. 
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Fig. 2. Sketch of a test furnace on the vertical plane 
along the centerline of the furnace. 

 
Three cases (Oxy-LNG, Oxy-Oil Firing), which are briefly characterized in Fig. 6, were 
chosen for the simulation. The comparison between the experimental and calculated roof 
temperatures in every experimental case are shown in Fig. 3 and 4. The comparison 
between experimental and calculated heat loss by the water-cooling box is also shown in 
Fig. 5. The heat balance is shown in Fig. 6. In this Figure, an arrow indicates the direction 
of heat transfer and the number indicates the magnitude of the heat energy, which is 
normalized by the total input energy and is expressed by percentage. The maximum 
temperatures of the refractory in Cases 1 and 2 are measured at the position of T2 and T5, 
respectively, which is caused by the flame length difference attributable to the input 
energy difference. The tendency for heat loss via the cooling-water box is also seen as 
well as the maximum refractory temperature. The heat loss of the water-cooling box No.4 
and 5 covered with refractory is much less than any others. The heat loss via cooling 
water is uniform in Case 3 because of the different cooling box, which is not covered 
with refractory. In this test furnace, about 70%-80% of the total input energy is lost to the 
water-cooling box. Close agreement is obtained between the measured and calculated 
results. The longitudinal trend for the temperature of the refractory and the heat loss 
attributable to the water cooling box can also predicted. It appears, however, that the 
calculated roof temperature tends to be underestimated. The calculated temperature 
gradient in the longitudinal direction is slightly smaller than in the experiments. We think 
room for improvement still remains. Further investigation will follow. 
 

 Fuel Type Fuel Input (a) (b) (c) (d) 
case 1 LNG 37.1 (Nm3/h) 100 80.6 8.5 19.9 
case 2 LNG 77.6 (Nm3/h) 100 68.6 4.6 26.9 
case 3 HFO 260 (L/h) 100 71.4 3.7 24.8 

  (a) Total Input energy        (c) Heat loss via Refractories 
  (b) Heat loss via Water Cooling Box    (d) Heat loss via Exhaust gases 
 

Fig. 6. Heat balance in the test furnace. A number indicates the magnitude of 
the heat energy, which is normalised, and is expressed by percentage. 
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Fig. 3. Longitudinal roof temperature distribution of the test 
furnace (Case 1, Case2) in Oxy-LNG combustion. The 
temperature and longitudinal distance are normalized. 

 

 
Fig. 4. Longitudinal roof temperature distribution of the test 
furnace (Case3) in Oxy-Oil combustion. The temperature and 
longitudinal distance are normalized. 

 

 
 

Fig. 5. Heat loss via Cooling Water Box(Casel, Case 2). No.4, No.5 Box are 
covered with refractories. The magnitude of heat loss is normalized. 
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3.2 Ceramic Furnace 
 A sketch of a ceramic furnace is shown in Fig. 7, which is an air-oil fired  ceramic-frit 
furnace. The process is essentially continuous with batch material loaded through the 
charge door. The burners are directed at the charge material that is set at the opposite end 
of the furnace. The furnace's combustion gases are forced to induct through the incoming 
charge enable maximum heat transfer. Exhaust gases are ducted through a recuperator by 
using an induced draft fan. The furnace is operated to maintain positive pressure.To 
evaluate oxy-oil conversion testing, the presented model was applied to the ceramic 
furnace. The calculated roof temperature distribution is compared with the measurements 
in Fig. 8. 

 
 

Fig. 7. Sketch of a ceramics furnace on the vertical  
plane along the centerline of the furnace. 

 
Fig. 8. Longitudinal crown temperature distribution of the 
ceramics furnace. The temperature and longitudinal distance are 
normalized. 

 
The roof temperature was measured by thermocouple. The measured results are modified 
to inside-surface temperature by assuming one-dimensional thermal conduction. In the 
Figure the temperature is normalized by maximum temperature in the furnace. The 
calculated results are in good agreement with the measurement. These results indicate that 
(a) the flame length of oxy-oil firing is slightly shorter than in air-oil firing, and (b) the 
crown temperature (distance from burner: 0 to 0.4) in oxy-oil firing is about 10 % higher 
than in air-oil firing (Fig. 8). The heat balance is shown in Fig. 9. In this Figure, an arrow 
indicates the direction of heat transfer and number indicates the magnitude of the heat 
energy. The magnitude is normalized by the combustion heat of air-oil firing and is 
expressed by percentage. In oxy-oil firing, the amount of oil is about 75% of that used in 
air-oil firing. It is assumed that the pull rate and heat required to melt material are equal 
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for the air-oil and oxy-oil cases in this simulation. The sensible energy from the exhaust 
gases is largely reduced in oxy-fuel firing by a considerable reduction in the volume of 
fuel gases. This is the result of the practical elimination of nitrogen in the combustion 
process. Sufficient heat for the pile and molten ceramics exists in oxy-oil firing with 
convective and radiant heat transfer in comparison with air-oil firing. This result has 
made it clear that ceramic-furnace conversion to oxy-oil firing is possible. Based on the 
simulation, the oxy-oil firing trials were conducted in an actual ceramic furnace in 
February 1996, confirming that the usual pull rate can be continuously obtained. 
 

 
 

Fig. 9. Heat transfer in the ceramics furnace. An arrow indicates 
the direction of heat transfer. A number indicates the magnitude 
of the heat energy. The magnitude of the heat energy is 
normalized by heat generation of   Air-Oil Firing case, and is 
expressed in percentage. 

 
 
  4. CONCLUSIONS 
 
 A coupled model that consists of a 3D combustion model, a heat transfer model 
including thermal radiation exchange, and a 2D molten glass flow model, has been 
developed for practical use. A numerical simulation was performed with calculated 
results that are in good agreement with the test-furnace measurement. Moreover, 
evaluation of oxy-oil conversion in an actual ceramic furnace is reported. We think that 
the of ceramic-furnace conversion to oxy-oil firing is possible. This coupled model can be 
utilized to study the mechanism in the furnace, and moreover to optimize operating 
conditions and to design furnaces. 
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Abstract 
 
 A comprehensive mathematical model for the prediction of the performance of a 
glass furnace has been developed by IST research group. The model is based on the 
solution of conservation for mass, momentum, energy and combustion related 
chemical species, and comprises three main coupled sub-models: the combustion 
chamber, the batch melting, and the glass tank. 
 The simulation of the whole glass furnace was performed through an integrated 
method. The three main sub-models were coupled by a cyclical iterative way, matched 
by the relation between the heat flux from the flame to the molten glass and the top 
surface of the batch blanket, and the heat flux from molten glass to the bottom surface 
of the batch blanket. The whole procedure is calculated until "convergence" of the 
coupled process is achieved. Interface temperatures between the flame and the batch, 
the flame and the molten glass, the molten glass and the batch were calculated by a 
cyclical iterative way. 
 The above referred comprehensive model was applied to an oxy-fuel glass furnace. 
The simulation results are comprised by the temperature field, the flow field of the 
glass tank and the combustion chamber, the chemical species concentration 
distribution, the radiative fluxes, the batch blanket area floating on the surface of the 
molten glass, and the batch melting process. Numerical results show that the glass 
furnace with oxy-fuel has higher thermal efficiency, yielding an energy save and a 
decrease in air pollution. Very useful information about whole oxy-fuel glass furnace 
may be supplied by the model. Analysis of the furnace performance is therefore 
possible. The presented comprehensive model constitutes a very powerful tool for 
understanding the thermal physical phenomena occurring in a oxy-fuel glass furnace, 
improving glass furnace design furnace control, and furnace operation. 
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Abstract 
 

 Original mathematical model is being successfully used for three-
dimensional simulation of industrial glass-furnaces since 1991. This 
mathematical model-package (well-known as Glass  Model and as 
Combustion model ) was developed in company     Glass Service as a special 
CFD program accommodated for  application in glass industry. The presented 
mathematical model has reached the state of technological evaluation of 
important features of melting process. The results of mathematical simulation 
enable for characterization of the melting aggregate as a complex system. 
 Some experiences of simulations of large industrial glass furnaces with 
respect of technological function of melting process are presented. The 
character of flow- and temperature-pattern and of batch melting influenced by 
heat conditions in glass level and in combustion space are shown using three-
dimensional graphic. 

 
 
I. INTRODUCTION 
 
 The stage of mathematical simulation of glass furnaces has made a big step in the last 
five years. The need of mathematical models covers practically whole glass technology. 
The glass quality represents one of the main tasks which may be solved by means of 
mathematical modeling. Such a computer simulation opens a new view into melting 
process. The simulation results, glass-flow and temperature-distribution within glass and 
walls, show some trends which enable to predict the furnace behaviour by various 
conditions and by changing furnace design. The location of possible corrosion or the 
refining capability or function of throat dimensions may serve as examples. 
   The main controlling phenomena for furnace design and glass quality can be 
summarized as follows: 
 
I. Sand dissolution 
     The process of sand dissolution is bounded with flow- and temperature  distribution of 
glass. These distributions (called physical fields) represent direct results of furnace 
simulation. 
 
II.  Removal of bubbles 
     The refining process again depends on glass flow and on glass temperature. The time 
needed for bubble removal from glass not only rapidly rises with decreasing temperature 
but it is also influenced by glass circulations. 
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III. Generation of the defects due to high temperature 
     A high temperature increases the time needed for melting but it also increases the 
danger of material corrosion and consequently the generation of defects. These 
phenomena can be predicted by study of flow-and temperature-profiles within glass 
furnace. The furnace geometry is very  important. 
 
IV.  Generation of the defects due to booster, bubbler, homogenisation and glass 
conditioning. 
     This situation is similar to that described in points II. and III. but it is more 
complicated. The analysis of all simulated fields (flow, temperature, electrical potential 
and Joule heat generation) has to be made. 
 
The company Glass Service Ltd. has developed two original codes called Glass Model 
and Combustion model. This computer flow -, temperature- and combustion-simulation 
software has been created for special use in glass industry. This program package 
represents a complex software system including solvers, preprocessors and 
postprocessors. A set of special postprocessors is available for 2D and 3D displaying the 
physical-fields and for tracing sand- and bubbles-behaviour in glass melt. During the last 
three years about 100 industrial furnaces had been simulated by this software. Practically 
all kinds of glass furnaces (melters, regenerative and recuperative furnaces, all-electrical 
furnaces, electrical pot-furnaces and big float tanks) had been modeled up to this time. 
The influence of throats, distributors, barriers, forced bubbling, booster and of burners 
distribution had been analyzed by model case-studies. 
 Glass Model and Combustion Model are based on numerical solution of transport 
equations in three dimensions and they enable to simulate flow-, temperature- and 
electrical-fields within a glass furnace. Moreover, the Combustion Model enables to 
simulate turbulence, combustion chemistry and radiation within combustion space of 
glass furnace. A11 glass- and gas- thermophysical properties are represented by 
temperature functions. The thermal- and electrical-conductivity of building materials 
(refractory, insulations) are also specified as temperature functions. All property functions 
may be modified by user. Both models involve full scale that means the realistic furnace 
design is taken into account, including wall composition. The full set of actual boundary 
conditions (pull and thermal situation on glass level and on outer surfaces of all walls) is 
specified by user. The time needed for complete simulation depends on furnace 
dimension, on complexity of furnace geometry and on type of computer (Pentium-or 
workstation-base) which is being used. That is why the requested calculation-time lays 
between one half and seven days. 
 Examples of case studies of various types of furnaces are presented on slides. The 
high-standard 3D graphic is being used which had been created on SGI computer Indigo2. 
 A part of one of the case studies made in Glass Service is present in the next section of 
this paper. All pictures, numbers and furnace geometry were modified due to 
confirmation. 
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II. FLOAT TANK BEHAVIOUR 
 
  Several case studies of float tanks had been provided in Glass Service in the last two 
years. There are several types of float-furnaces working in glass industry. 
These types are defined by following main features: . 
* total dimensions and pull 
* heating system 
* length of melting part, of refiner and of working part 
* batch charging system 
* using the bubbling system 
* presence of various types of skimming pockets 
* waist type: geometrical shape and dimensions 
* various assembly of mechanical stirrers located in waist 
* type, number and design of barriers (coolers) located in waist 
* step- or flat-bottom 
* insulation and cooling of side-walls 
* way of bottom insulation 
 
   The general flow pattern is schematically drawn on Fig.1. In common sense there are 
two main circulation flows in melting part (including refiner) and one circulation in 
working end. The position and intensity of these circulation-flows define the behaviour of 
whole furnace and consequently the quality of glass. 

 
Fig. General flow pattern 

 
 
The batch is melted in melting part where first circulation occurs which supports 
dissolving remaining sand particles in glass-melt. Between hot spring and waist there is 
area of second circulation which is responsible for refining. Location of this circulation is 
determined by position of hot spring (which depends on position of temperature 
maximum) and by position of turning point near bottom. The position of turning point is 
of great importance and it depends on several factors : temperature maximum on glass 
level (position and intensity), total pull, position and immersion of barrier, intensity of 
barrier cooling, shape of bottom (flat or step-wise). In case of step bottom the depth 
difference between melting part and working end is important. The turning point is a 
meeting point of forward and backward flows near bottom. The forward flow coming 
from melting area is stopped by backward flow coming from working end. Remaining 
sand particles, non-refined bubbles and possible defects from melting- or working-end are 
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brought up into hot spring. The glass temperature in hot spring is high and the conditions 
for dissolving are much more better then they are near bottom. 
     The disadvantage of such a system is very high energy consumption because the glass 
which had been cooled down in working end must be heated up again. But, the benefit is 
very good quality of sheet glass. 
 
III. FLOAT TANK CASE-STUDY 
 
     The presented case study was realized by Glass Model which was run on Pentium 133 
MHz computer. All pictures were created on SGI workstation Indigo2 by original 
graphical postprocessor based on Iris Explorer. The study deals with two phenomena: 
 
A. immersion of cooled barrier in waist 
B. variation of glass depth due to special design of step-bottom 
 
 The simulated float furnace is 60 m long and 11 m wide. Batch is charged into a 
doghouse located at back wall. There are no skimming pockets. In the waist there are 
stirrers and one cooled barrier. The pull varies between 530 and 610 t/day. The 
temperature maximum on glass level is around 1600 oC. 
 The general view of whole furnace is displayed on Fig.2. Temperature field on glass 
surface and on vertical central cut are displayed in left part of the tank. The process of 
batch melting is well visible due to variation of temperature (changing colours from dark 
to light ones). Temperature profile of "V"-shape is visible on the vertical cut. Glass flow 
in horizontal cut close to surface is displayed in the right part of the tank. The intensity of 
flow corresponds to the length of arrows and their colour (grey intensity) denotes 
temperature. Because of huge tank-dimensions zoomed displaying is necessary to detail 
analyzes. 
    Two partial parts (A and B) of case study are presented here as an example of using 
mathematical simulation: 
 
Part A - change of barrier immersion 
    A step-bottom, slanting type of barrier and constant pull were used. Two cases of 
different immersion of barrier were simulated: 
 
Case A1: normal slanting barrier 
Case A2: deep slanting barrier : the immersion is 6.5 cm deeper than in case A1 
 
    Melting part, refiner ,waist and part of working end of the case A2 are displayed on 
partially zoomed Fig.3. Five longitudinal vertical cuts are displayed in various positions: 
four cuts of velocity fields and one cut of temperature field. The positions of hot spring 
and of bottom turning point are well visible on this graph. Estimation of the exact 
position of turning point was made in a similar way as it is done in the next part B. 
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Fig.2 Float Tank : General view 

 

 
Fig. 3. Float Tank: deep slanting barrier, longitudinal cuts 
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 After simulation analysis had been provided it was estimated that the position of 
turning point was shifted by 370 mm closer to waist in case A2. It means the forward 
flow is stronger in case of deeper barrier but it is still within reasonable range. The second 
circulation flow is more intensive and the refining ability is becoming more stable. In 
complete study of this phenomena it is necessary to  make more case-calculations 
including critical stages. The result is a criterion function of value of immersion versus 
stability of main circulation. This function is being used by changing furnace design and 
by technological control. 
 
PartB - change of bottom steps 
    A straight type of barrier (perpendicular to the waist side-walls) and constant pull 
(same as in part A) were used. Three cases were simulated having different glass depths 
in working end. The resulting flows in two longitudinal vertical cuts are displayed on 
three zoomed-graphs: 
 
Case B1: Fig.4., flat bottom: normal stage, straight flat bottom through whole tank 
Case B2: Fig.5., low step bottom : glass depth in working end is lower of 8 according to 
the case B 1 
Case B3: Fig.6., high step bottom: glass depth in working end is lower of 8 cm according 
to the case B2 
 
On this pictures the different positions of turning point, the bottom flatness and different 
bottom-steps are well visible. 
 Two dimensional graphics was used to estimate the different positions of turning 
point. These 2D-graphs of three cases B1, B2 and B3 are displayed on Fig.7. There are 
marked the distances xo, xo-δx1 and xo- δx2 of turning point from waist entrace. 
     The simulation analysis shows that the position of turning point is being shifted closer 
to waist as the bottom step increases. This function is not linear, see TAB.1. 
 

type of bottom turning point-shift 
flat (reference) 
low step = flat - 8 cm 
high step = flat -15 cm 

δxo = 0 (reference) 
δx1 =1.3 m 
δx2 =1.7 m 

 
  Tab.1. Shift of the turning point versus magnitude of bottom step 
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FLAT BOTTOM 

 
LOW STEP BOTTOM 

 
HIGH STEP BOTTOM 

 
Fig.7 Estimation of positions of turning points (TP) using 2D graphics 

 
It means the forward flow is stronger in case of higher bottom step. If the bottom step is 
greater and the backward flow still exists (it must not vanish) the second circulation flow 
will be more intensive and the refining- and defect dissolving-ability will become more 
stable. The result is a criterion function of value of bottom step versus stability of main 
circulation. This function has to be used for prediction of furnace operation before 
furnace design will be modified. 
 
IV. CONCLUSIONS 
 
     Mathematical modeling of glass furnaces represents an important tool for furnace 
designers and technology engineers. The application of a specialized software package 
Glass Model has been demonstrated by a particular case study of float tank. Making 
complete study the results of mathematical simulations are being processed and various 
criterion function are created. These function are used before proper modifying the 
furnace design will be made. The process of creating two types of criterion functions was 
demonstrated: changing bottom type and variation of immersion of barrier. Using of this 
type of analysis is necessary to keep good glass quality and to maintain stability of glass 
furnace operation. 
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Abstract 
 

 Flow structure of molten glass in a glass melting tank was investigated by 
a three-dimensional FEM mathematical model.  
 It is well known that flow structure in a glass tank furnace makes 
significant effect on quality of glass products. The structure consists not only 
of global flow by longitudinal temperature distribution but also of local 
current by batch shape, side wall, electric booster, bubbler and so on. These 
local current sometimes gives rise to change in flow structure and glass 
quality. 
 A three-dimensional mathematical model of molten glass flow was 
presented, and some effects on local current by cooling of side wall were 
shown. Finite element method was used for space discretization because of its 
ability of analyzing complex shape and evaluating local flow structures. 
 We investigated effects of cooling rate of side wall on flow structure by    
mathematical model in typical glass melting tank for container glass. It was 
found, in case of throat tank, that the path of glass melt changes greatly by  
the condition of side wall. 

 
 
 
1. INTRODUCTION 
 
 The flow of molten glass in a tank is largely related to the quality of glass products. 
While raw materials experience thermal history in the tank, physical and chemical 
phenomena such as melting of sand grain, homogenizing, chemical reactions of refining 
agents, and removal of bubbles take place. If there are some paths on which glass 
materials cannot experience good history, these glasses are supposed to be causes of 
defects. In fact, a variety of glass defects are observed which is thought to come through 
some kind of "short paths", such as relatively large sized bubbles, inhomogeneity and 
zircon-rich stones. To evaluate performances of tank designs and operations, it is 
necessary to know not only global flow of tank furnace but local paths such as currents 
near wall, under batch, near electric booster and so on. 
    Recently, with improvement of computer hardware, mathematical model of glass tank 
furnace has become a powerful tool for analyzing flow structure inside glass melts [1]-
[4]. There still remains, however, a considerable gap between numerical results and 
quality of glass products in real process. As one of the ways to bridge the gap, we paid 



 2

attention to the role of local currents and studied some effects of the local currents on 
global flow structure and glass quality. 
 This paper presents a mathematical model to analyze three-dimensional unsteady 
molten glass flow and temperature in a tank. Finite element method was used for space 
discretization because of its ability of special interpolation, analyzing complex shape and 
evaluating local flow structures. 
    By numerical simulations of this model, we investigated effects of cooling rate of side 
wall on flow structure in typical glass melting tank for container glass. 
 
2. MATHEMATICAL MODEL 
 
 We assumed the model to be as follows ; 
 
 Glass melt is incompressible 
 Governed by the Boussinesq approximation as the buoyant force 
 Effective thermal diffusivity is used for energy equation. 
 
 The three-dimensional molten glass flow in a glass tank furnace is described by the 
continuity equation, Navier-Stokes equations with the Boussinesq approximation, the 
energy equation, and mass transfer of glass inhomogeneity (variable di) equations. 
The governed equations are as follows; 
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where viscosity and thermal diffusivity are supposed to be functions of temperature and 
inhomogeneity in the following forms; 
 
µ= µ(T,d1,...,dn)                            (7) 
 
λ= λ(T,d1,...,dn)                                                   (8) 
 
 The inhomogeneity equation (6) represents concentration of minor contents in glass, 
such as new glass at glass change, refractory dissolution, volatilization, bubble density 
and  so on. The buoyant force of Navier-Stokes equation (4) is made not only by 
temperature distribution but by density distribution caused by inhomogeneity which is 
governed by the inhomogeneity equation. 
 These equations are specially discretized by 3-dimensional Galerkin finite element 
method respectively, and integrated in time by the fully implicit scheme. Finite element 
method is applied because of; 
 
 1)  Its applicability for analyzing arbitrary shaped domain, which enables not only any 
shapes of melting tank, but many kind of delivery process such as forehearth or working 
zone to be analyzed easily. 
 
    2)  Its convenience for treating boundary condition, such as non-slip condition at wall 
or natural boundary condition for energy equation, which is important to consider local 
phenomena as flow by wall with accuracy and simplicity. 
 
 Fully-implicit method is applied to solve these equations because of analysis of slow 
transition of flow, temperature and inhomogeneity patterns with high viscosity in glass 
melt. 
 Each discretized equations are solved by using Conjugate Gradient and Conjugate 
Gradient-like methods, which enables faster solution of large-scaled discretized equation. 
 The validity of the model was assured by calculation of experimental model of tank 
furnace [5]. Both measured and calculated results agreed very well, including local flow 
structure near wall and Rayleigh-Benard cell under batch covering [6]. 
 
3. STUDY ON FLOW STRUCTURE BY SIDE COOLING 
 
 As a study of flow structure in melting tank, we investigated effects of side wall 
cooling on the flow by using the numerical model. A typical tank furnace for container 
glass is assumed for consideration. Schematic of the furnace is shown in Fig. 1, including 
definition of three-dimensional axes of coordinates. 
 Properties of glass melts, temperature distribution of glass surface, batch pattern and 
temperature are given beforehand. Thermal boundary conditions of wall are also defined 
initially. To investigate effects of cooling rate of side wall, heat transfer coefficient of 
side wall is changed as follows; 
 
    Case (A) :   1.0 [W/m2/K] 
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    Case (B) :   5.0 [W/m2/K] 
    Case (C) : 15.0 [W/m2/K] 
    Case (D) : 30.0 [W/m2/K] 
 
 The reference temperature outside the wall is supposed to be same as room 
temperature. Several other conditions for calculation are shown in Table 1. 
 The inhomogeneity of glass melt is neglected because of simplicity of discussion. To 
evaluate steady state results, unsteady calculations are done for sufficiently long time to 
converge. 

 
           Fig.  1 Schematic view of the Glass furnace to be investigated 
 

Table 1 Several conditions for calculation 
Glass Feed Rate [kg/s] 0.5787 
Temperature at Batch cover [K] 
Maximum temperature at glass surface[K] 

1523.0 
1823.0 

Heat transfer coefficient on bottom[W/m2/K] 
Heat transfer coefficient on back wall[W/m2/K] 
Heat transfer coefficient on front wall and throat W/m2/K] 

  4.0 
10.0 
10.0 

 
 
4. RESULTS AND DISCUSSIONS 
 
 Numerical results of each cases are shown below. Fig. 2-5 show stream lines on X-Z 
cross section at center of the tank (Y=0). These results show typical macroscopic flow 
pattern of container glass tank. From these patterns, little differences are observed for 
consideration. 
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    Fig. 6-7 show stream lines on Y-Z cross section at X=5[m]. As cooling rate of side 
wall getting stronger, local downward currents near side wall are observed. Fig. 8 shows 
Z-directional velocity distributions of each cases on Y-direction at X=5[m], Z=0.5[m]. In 
case (A) and case (B), local currents near side wall are not found or relatively small from 
main flow. In case (C) and case (D), however, there exists relatively large local current by 
side wall. The thickness of local current is around 0.2[m] at these calculation, which 
requires fine special discretization for analysis. 
 To evaluate quality of glass by the flow structure, we investigated loci of glass which 
exits through throat by back-tracing method. This evaluation was done by positioning 
many particles at throat initially and tracing the movements of particles upstream by 
integrating velocity on time inversely. Fig. 9-12 show loci of glass melt which exists 
through throat in each cases. In case (A) and case (B), glass melt which exits through 
throat mainly comes from batch melting zone through bottom of the tank. These paths are 
easily conjectured from global flow pattern of the tank as shown in Fig. 2-5. On the other 
hand, in case (C) and case (D), most of glass melt which exits through throat comes from 
side of the tank. There, we can see loci of glass melt which comes from batch melting 
zone near side wall. These trajectories form some kind of "twisted tunnel" in the flow 
structure, which is different from global flow structure and can be hardly conjectured 
from the global flow pattern of the tank as shown in Fig.2-5. 
    It can be seen from these results that some kind of phase transition is raised and the 
flow structure in glass melting tank, which is thought to have great influences on the 
quality of glass product, is changed greatly by the local current. 
 
5. CONCLUSION 
 
 A three-dimensional FEM mathematical model of molten glass flow was presented 
and effects of cooling rate of side wall on flow structure by mathematical model in typical 
glass melting tank for container glass were examined. It is found, in case of throat tank, 
that the path of glass melt changes greatly by the condition of side wall.  
    These studies were held with only very simple model, but in practice, there are many 
factors which affects the flow structure, such as dimension of tank, auxiliary equipments 
like bubbler or electric booster, shape of batch cover, and other physical and chemical 
phenomena like unsteadiness or glass inhomogeneity. To evaluate glass quality with 
mathematical model, sufficient analysis of flow structure including local current is 
needed about each factors mentioned above. 
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      Fig. 8 Z-directional velocity distributions of each cases on Y-direction  
        at X=5[m], Z=0.5[m] 
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            Fig. 9 loci of glass melt which exists through throat in case(A) 

 
 
             Fig. 10 loci of glass melt which exists through throat in case(B) 
 

 
 
             Fig. 11 loci of glass melt which exists through throat in case(C) 
 

 
 
 
           Fig. 12 loci of glass melt which exists through throat in case(D) 
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 Abstract 
 

 In this study, the glass currents in an end-fired 200 t/day container furnace 
are investigated with a physical model. The data of the furnace and the data 
from the physical model are used to attain a reliable mathematical model of 
the furnace.  
 Since the physical models enable an easy access to convection currents 
within glass and since their results are verified by experience from the 
furnaces; the data from these models are used in the evaluation of the 
mathematical modelling results.  
 A commercial software is used to simulate the convection currents in the 
furnace. The data required for the boundary conditions are taken from the 
furnace and the physical model. Many data related to velocity and temperature 
within the glass are measured in the physical model, so that a pointwise 
comparison of the models could be achieved for the verification of the 
mathematical model.  
 The investigations are carried out at two different pull rates for both of the 
models. The effects of increasing the pull from 200 t/d to 250 t/d are 
discussed. 

 
 
1. INTRODUCTION 
 
     With physical and mathematical modelling of glass furnaces; It is possible  
• to improve production for better glass quality, higher pull rates and less energy 

consumption 
• to develop the existing furnace designs and 
• to make research studies for the realization of new glass melting technologies. 
 In Þiþecam, the physical modelling studies have started back in 1981 with the 
establishment of the necessary theory and the experimental set up. After the evaluation 
and testing of the results with furnace data wherever possible, the physical modelling has 
become an important tool for the research studies.  
 In order to be able to work on parameters which could not be handled with physical 
models, mathematical modelling has also been started along with physical modelling. 
Before the mathematical models could be used in the research studies, they have to be 
verified for a close simulation of the actual furnace processes. 
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 In this respect, the experience in glass, glass furnaces and physical modelling have all 
been incorporated to realize a plausible mathematical model which could also be used as 
a reliable tool in the research studies. 
 In this study, first of all the glass currents in an end-fired 200 ton/day container furnace 
are investigated with a physical model. The velocity and temperature data have been 
collected at many points through various cross-sections. 
     Then the mathematical model of the furnace is formulated with a commercial 
software. The data required for the boundary conditions are taken from the physical 
model and the actual furnace. 
     The results of each model are compared at all measurement points for temperature and 
velocity. Also the general pattern of glass currents are investigated for the degree of 
similarity. 
     These studies are carried out at two different pull rates for both of the models. The 
effects of increasing the pull from 200 t/d to 250 t/d are discussed. 
 
2. FURNACE AND THE PHYSICAL MODEL 
 
 The furnace physical model is set-up according to the similarity criteria. In the picture 
below, the main characteristics of the furnace could be seen. 

 
Figure 1: The main dimensions of the furnace. 

 
2.1. The Observations and the Measurements with the Physical Model 
 The general pattern of the glass currents are observed and the velocity and temperature 
values are measured at three x-y and three y-z cross sections at 1 m gradients by length 
and width and at four x-z cross sections at 0.2 m gradients by height. 
     These measurements are carried out for two pull rates; 200 t/d and 250 t/d. 
 
 2.1.1. The Temperature and Velocity Measurements 
 The temperature profiles obtained from the model and the actual furnace for 200 t/day 
and 250 t/day are given in Figure 2. 
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Figure 2: The surface and bottom temperature profiles along the centerline of the 
furnace, for a) 200 t/day and b) 250 t/day 
 
     The values of the measurements for velocity in the physical model are summarized in 
figures given below. 

 
    Figure 3: The surface velocities along the length of the furnace for   
    a) 200 t/day, b) 250 t/day 
 

 
       Figure 4: The bottom velocities along the length of the furnace for 
                  a) 200 t/day and b) 250 t/day 
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2.1.2. Glass Currents for 200 t/day and 250 t/day Pull Rates. 
 Glass currents as shown in Figure 5, form the two main circulations, one at the back 
until the hot spot and the other in the front before the front wall. The main glass current 
which rises at the hot-spot is mainly pulled towards the throat from a height of 0.4-0.5 m, 
and the remaining part rises to the surface at the hot- spot and completes the forward 
circulation at the front wall. The hot spot is formed at 67% of the furnace length. 
 

 
 Figure 5: Glass currents for the 200 t/d pull; along the center line at the x-y plane 
 
 At the surface, the currents spread towards the back wall and the side walls. After the 
hot-spot there are low velocity bottom currents which move back from the throat side to 
the hot-spot.  
 Similar investigations are carried out for 250 t/day as well. 
 The two observations are compared to see the effect of increasing the pull by 50 t/day 
in this specific furnace. 
 The glass currents have changed as shown in Figure 6 for the centerline. 
 

 
Figure 6: Glass currents for 250 t/day; along the center line at the x-y plane 
 
 The effect of increasing the pull from 200 t/day to 250 t/day has been as follows; 
• The hot-point has moved from the 7 th meter to the 8 th meter. Increasing 
     the pull by 50 t/day has changed the place of the hotspot from 67% to 
     77% of the total length of the furnace. 
• The velocity of the main glass current has increased. 
• The backward currents at the bottom from the throat towards the hot-point 
     have completely disappeared. 
• Also the velocity of the inner circulations backward from the hot-point and 
     forward at the front corner have decreased. 
 
3. MATHEMATICAL MODEL OF THE FURNACE 
 
 The furnace under consideration is modelled by a commercial software for fluid flow 
where the momentum, energy and mass transfer equations are solved by the finite 
difference method. The SIMPLE algorithm is used for the solution and the continuity 
equation is used to check the velocity values at each iteration. 
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3.1. The formation of the model 
     The furnace is investigated at 22 grids in length, 28 grids in width and 8 grids in height 
with a total of 4928 nodes. The symmetry function is employed in order to increase the 
number of nodes. The grid formulation is shown in Figure 7. 

 
 Figure 7: Grid formulation used in the mathematical model. 

 
 The boundary conditions for glass surface and furnace walls are taken from furnace 
and physical model data. The necessary temperature profiles and velocity values are set-
up lengthwise along different sections through the width of the furnace. 
 The values related to glass like density, viscosity, specific heat and thermal 
conductivity are expressed either as constants or as functions of temperature. 
 The model has been developed with the use of symmetry, by varying the functional 
effects related to boundary conditions and by the use of different solution techniques 
involved in the software. 
 The final form of the model is run for the two different pull rates under consideration, 
200 t/day and 250 t/day. 
 
3.2. The Results Obtained by the Mathematical Model 
 
3.2.1. The Results with 200 t/day 
 The solution of the model for 200 t/day resulted in the following pattern of glass 
currents along the centerline (Figure 8). 

 
Figure 8: Glass currents for 200 t/d along the centerline. 

 
 The general pattern of glass currents have been formulated similarly with the   
mathematical model as in the physical model; with the bottom current rising at the hot-
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spot to a certain height and with the main current being pulled to the throat.  The hot-spot 
has been formed at the 67% of the furnace length. The inner circulations at the back of 
the hot-spot and at the front upper corner have again been similarly formed as can be seen 
from the Figure 8 above. 
 The velocity distribution for the surface and bottom currents along the centerline of the 
furnace are given in Figure 9 for 200 t/day mathematical model solution. 
 These velocity distributions when compared with the former physical model results for 
200 t/day, show very parallel behavior, Figure 9. 
 The velocity values at the surface are in the range of 5-6 m/hr in the physical model, 
whereas they are in the region of 4-6 m/hr in the mathematical model. The similarity can 
also be seen at the trend of the profiles along the length of the furnace. The bottom 
current velocities are in the range of 2.5-5 m/hr in the physical model and 2-4 m/hr in the 
mathematical model. The values are very close as can be seen from the figure. 
 

 
 Figure 9: The velocity distribution for the surface and bottom currents both in the  
 physical model and in the mathematical model studies for 200 t/day. 
 
These values from the physical and the mathematical model show that a close simulation 
has been achieved for both models. In comparing temperature profiles, it has been seen 
that similar values are obtained from both of the models. 
 
3.2.2. The Results with 250 t/day and the Comparison of the two Pullrates with 
the Mathematical Model. 
 The results from the investigation for the 250 t/day pull case also show the same 
parallelism with the physical model results for velocity and temperature. 
 The flow pattern obtained from the mathematical model can be seen in Figure 10. 

 
    Figure 10: The glass currents for 250 t/day along the centerline. 
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 The increase in pull has lead into changes which were predicted from the physical 
model. 
     These could be summarized as; 
• The hot-spot has moved from 67% to 77% of the furnace length. 
• The velocity of the main glass current in the refining zone has increased. 
• The back currents in the refining zone at the bottom, have disappeared 
     completely. 
• The velocity of the inner circulations have decreased. 
 
     The velocity profiles along the length of the furnace at the centerline could be seen in 
the figure below for both 200 t/day and 250 t/day, as obtained, from the mathematical 
model. 

 
 
 Figure 11: The velocity vectors along the furnace  a) for 200 t/day   b) for 250 t/day 
 
3.2.3. Interpretation of Model Results for Furnace Operation 
    There has also been made an investigation for 220 t/day with both the physical and the 
mathematical model to enable a more realistic evaluation of the effect of the furnace 
pullrate on glass quality. The results for three different pull rates have been compared as 
in the figure below, for 200, 220, 250 t/day. 
 From the results of these investigations, it has been concluded that it is not possible to 
pull 220 t/day and higher from the furnace under consideration. As the pull is increased, 
the length for refining has decreased and the velocities of the main glass current have 
increased. Thus, the time for refining of the glass will be insufficient for the required 
glass quality. 
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Figure 12: The glass currents for the three different pull rates 

 
 
4. CONCLUSION 
 
 Detailed investigations are carried out in the physical model of an end-fired 
regenerative 200 t/day container furnace for different pullrates. The same investigations 
are repeated with a mathematical model. The glass currents, velocity and temperature 
distributions obtained from both of the models show good similarity. After the 
verification of the mathematical model, it is used to evaluate the effect of different 
pullrates on glass quality. 
 Physical modelling is used as an important tool in examining the behavior of glass in 
the furnace and in predicting the nature of the changes applied. Before using the 
mathematical model, it has also been verified with extensive data basis from the physical 
model and the furnace. Both of the modelling techniques are now utilized for design, 
operation and research purposes. 
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Abstract 
 

 A procedure for the characterization of the surface roughness of glass is 
presented. It is based on a Fourier analysis of the height profile recorded 
along linear traces. Measurements are performed with Atomic Force 
Microscopy (AFM) at the nanoscopic and microscopic scales, and with 
Mechanical Profilometry (MP) at the microscopic and macroscopic scales. 
The roughness spectral density can thus be obtained over seven decades in 
wavenumbers. From this knowledge, it is possible to derive the roughness 
value in any spectral window. Roughness values of  different glass samples 
for the [10 nm ;100 :m] window are compared. It is found that the surface of 
float glass is remarkably smooth and presents a self-affine geometry. 

 
 
I. INTRODUCTION 
 
 The characterization of the roughness of glass surfaces has became an important issue 
in the last past years, mostly because of the development of more and more sophisticated 
products. For instance, low roughness substrates are needed to improve the physical 
performance of thin optical coatings, and very flat and smooth surfaces are necessary to 
use glass as a material for computer hard disks. 
    Various experimental techniques are traditionally used to measure the roughness of 
glass: optical interferometry, X ray reflectometry, optical profilometry, mechanical 
profilometry (MP) [1]. X ray reflectometry and optical interferometry need an assumption 
about the distribution, often chosen Gaussian, of the height histogram. Mechanical and 
optical profilometries are limited by a lateral resolution not better than about one 
micrometer. The recent development of Atomic Force Microscopy (AFM) extends the 
scale of measurement of height profiles down to one nanometer. In the present paper, we 
show that it is possible to get a complete roughness analysis from the nanoscopic to the 
macroscopic scale, by jointly performing AFM and MP measurements. 
 
II. BACKGROUND 
 
 Both AFM and MP measurements are based on the recording of the surface height 
profile h(x) along a trace of given length L. The number N of independent data points is 
limited either by the digitalization rate of the recording or by the shape function of the 
diamond stylus, in the case of MP, or the tip, in the case of AFM. In other words, for a 
given trace, the roughness analysis is valid for a spatial window limited by the two cut-off 
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values L and L/N. For example, the root-mean-square (rms) value of the roughness can be 
written as: 
 

                     (1) 
 
where the distance between nearest neighbour data points i and i+1 is L/N. 
 An important consequence of equation (1 ) is that the roughness value depends on the 
two spatial cut-off values. This is illustrated in figure 1 where the rms roughness 
measured by AFM for two glass samples are plotted as a function of L, keeping N 
constant and equal to 256. Clearly, a single number is not sufficient to characterize the 
roughness of a sample. One have to think of roughness in terms of a spectral parameter, 
and therefore, the suitable mathematical tool is Fourier analysis [1]. 
 

 
 
Figure 1. Variation of the rms roughness measured on AFM height  profiles using 
relation (1 ) as a function of the profile length for two  glass samples. a: clean float glass, 
air side, b: sample a after etching in a dilute solution of NaOH. 
 
 
    If we assume that h(x) is a random variable, as, for example, noise vs. time is in 
electronics, we can describe the roughness by its spectral density g(q): 
 
g(q) = 1/q |H(q)|2                       (2) 

 
where H(q) is the Fourier transform of h(x), and q is the wavenumber in the Fourier 
space. 
 As already stated, whatever the experimental method used, h(x) is measured in a 
limited spatial interval [L/N ; L]. Consequently, only a well defined domain of the 
spectral density g(q) can be inferred from each experimental profile. This domain is 
limited by, roughly, the two cut-off wavenumbers (or spatial frequencies) L-1 and (L/N)-1. 
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In order to get g(q) over a large wavenumbers range, we make the superposition of 
different g(q) sections obtained from profile measurements in different spatial intervals. 
AFM is used to record short traces, below 100 :m, and MP is used for long traces, up to 
5 mm. 
    In return, from the knowledge of g(q) for a given sample, it is possible to predict the 
rms roughness value σrms that would be measured on this sample by using any 
experimental technique, provided that the two cut-off wavenumbers qmin and qmax, that 
characterize the technique, are known. This value is given by: 
 

                    (3) 
 
   For example, in an optical interferometry measurement, qmin would be the inverse of the 
dimension of the light beam and qmax would be the inverse of the optical wavelength. 
 
III. EXPERIMENTAL SECTION 
 
    Squared samples, 1 x 1 cm2, were cut from a plate of glass. When float glass is used, 
only the air side of the sample has been examined.  
    It is important to choose a well-defined cleaning procedure, if a reliable comparison 
between various kinds of glass is desired. In this work, the following treatment was used: 
    . washing in clean water + Liquinox detergent, for 30 minutes, at 30oC, in an ultrasonic 
bath. 
    . rinsing in deionized water 
    . drying in a pure nitrogen gas flow 
    . UV irradiation under an 02 gas flow for one hour. 
    This last step is very efficient for the elimination of carboneous contaminants [2]. 
However, it leaves the surface with small inorganic contaminations, possibly sodium 
carbonate crystallites, as it can be seen on the AFM image given in figure 2. 
    After cleaning, the sample is mounted on the AFM head. We used a Park Scientific 
Instruments AFM, which is used both for standard imaging and for recording linear 
height profiles. In this latter case, a trace is chosen on the surface in such a way that it 
does not cross any of the crystallites described above. In fact, three different AFM heads 
are used successively, in order to record three traces of different length: 2.5 :m, 10 :m 
and 100 :m. As the software of the AFM does not allow for traces with more than 512 
data points, a special subroutine has been written and the data has been aquired using an 
analog-to-digital conversion unit, model 2505 from Tektronix. It is thus possible to record 
10,000 data points for each trace. 
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Figure 2. AFM image of a 2 x 2 :m2 region of a float glass sample cleaned as described 
in text. The height grey scale, from 0 to 2 nm is given on the right. Small inorganic 
contaminants appear  in white. 
 
 A Dektak model 1600 mechanical profilometer is used to record a height profile over a 
trace 5 mm long. 
 Therefore, for each sample, four height profiles are recorded, the mathematical 
treatment described in part II is used to compute the four different sections of the spectral 
roughness density. 
 
IV. RESULTS AND DISCUSSION 
 
 On figure 3 are given in logarithmic scales the results of the roughness analysis 
performed on the air side of float glass. It can be seen that the overlap between the four 
different sections of the spectral density is quite satisfactory. Although a few points are 
dispersed, due to electronical noise during the profile recordings, most of them can be 
fitted, over more than six decades, using a power law g(q) % q-a, with a =1.73. It is worth 
noting that this behavior extends the result obtained by Dumas et al. on a smaller spatial 
range [3], although that, strickly speaking, the materials are different and should not 
necessary have the same roughness exponent. The power-law dependence is also 
compatible with the theoretical variation that is expected for a self-affine surface of 
roughness exponent ζ[4]: 
 
g(q) ∝ q-( 1+2ζ )                                                                                 (4) 
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Figure 3. Roughness spectral density of the air side of a clean float glass sample. As 
explained in text, it is obtained from the roughness analysis in four different wavenumber 
domains, using experimental height profiles of different length measured by AFM for the 
three shorter ones and by mechanical profilometry for the longer one. 
 
 
 We recall that a self-affine surface is kept invariant by the transformation (x,y,z) → 
(8.x, 8.y, 8.z.), where 8, is a scaling factor and z is the direction perpendicular to the 
surface. Therefore, we conclude that the surface of float-glass is self-affine, with a 
roughness exponent equal to 0.36. We want to emphasize that the self-affine geometry is 
a very powerful approach of surface topography, as it can be shown by the analysis of 
fractured glass surfaces [5], for which two roughness exponents are relevant. 
    In order to compare quantitavely the roughnesses of different glass surfaces, including 
superpolished surfaces of two optical vitroceramics [6], we have chosen the spatial 
spectral range [10 nm ; 100 :m]. By integrating expression (3) between these two cut-off 
values, we have obtained the rms roughness values given in table 1. 
 
   sample                          rms roughness (nm) 
  as produced float glass (air side)     0.45 
  optically polished float glass       0.82 
  superpolished amorphous silica      0.45 
  superpolished Borkron®        0.25 
  superpolished Zerodur®        0.43 
 

Table 1 
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    Float glass is found remarkably smooth up to the tenth of millimeter scale, at least. No 
polishing procedure able to lower this value has been found. It is only by using special 
substrates, such as optical vitroceramics, and superpolishing techniques that a 
significantly smaller roughness has been measured. 
 
V. CONCLUSION 
 
 In this paper, we have shown that the analysis of surface topography should be carried 
out in two steps. First, localized defects (e.g. contaminants) must be identified since they 
are likely to obey a peculiar statistics in terms of size and spatial distribution. Second, 
wherever this is possible, the height vs. position may be treated as a random variable 
which is well described by the roughness spectral density. This approach permits to 
reconcile the results obtained by different experimental techniques. In the case of glass, 
the power law behavior which is observed over almost seven decades supports the 
relevance of self-affine geometry to model the surface. 
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Abstract 
 
 The complexity of surface design for automotive windshields  and back-windows 
has presented new challenges to the suppliers in the glass industry . The refractive and 
reflective optical distortions, through and from a glass  surface, become highly 
objectionable with increasing curvature and angle of  incidence. Such is frequently the 
case with recent automotive styling trends. Additional distortions are introduced by 
the forming process which induces strains in the glass sheet; these are primarily 
compressive strains along or near the edges which cause localized wrinkles. 
 A method has been developed for the evaluation of optical in quality in formed 
automotive glass which takes into account the material behavior of glass, the forming 
process and the required  design geometry. The method uses mathematical modeling 
techniques. A forming process can be modeled by describing all the operational 
parameters which influence directly  on the deformation of the glass sheet. The 
resultant surfaces can be further manipulated by the model to minimize the distortions 
by following a prescribed criterion, such as the rate of change in curvature and 
localized optical distortions. 
 This method provides the automotive body engineer with a tool optimize the 
surface definition of the windshield or back-window for minimum optical distortion. 
 
 
 
-------------------------------------------------------------------------------------------------------- 
∗ Full manuscript not available at the time of printing 
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Abstract 

 
        It is problematic to heat up Low-E glass in a traditional radiation type furnace, 
because the glass will bend during the heating cycle which leads to different problems 
such as viscoelastic changes, coating distortion, surface defects, uneven bending etc. 
        If we add forced convection to radiation furnaces it becomes possible to temper 
Low-E glass with the current manufacturing methods on the market. However, the 
emissivity requirements will be lowered in the future and for this reason we need new    
manufacturing solutions. One such solution is the use of a high convection furnace. 
        This paper will give you an idea about the latest developments and test results in 
this field. 

 
 
INTRODUCTION 
 
    I shall use the case of tempering Low-E glass for the purpose of describing the application of 
convection in a demanding process for a product growing in popularity. 
    Before the 90s, furnaces were mostly designed for the tempering of clear glass. For this reason, 
the main focus at the time was on even application of radiation heating in the furnace. 
    This was quite understandable, because clear glass has high emissivity and it absorbs heat very 
well. When the new low-emissivity glass products hit the market at the end of the 80s and early 
90s, great difficulties in tempering of this kind of glass were initially experienced. 
    Most of the problems resulted from the unsymmetrical emissivity of the coated glass. See 
Figure 1. 
    The bottom of the glass displayed high emissivity and absorbed heat effectively, the coated 
side with low emissivity reflected heat radiation. This unsymmetrical behavior led to the bending 
of the glass in the furnace, as the uncoated bottom of the glass heated up more quickly.  
    The situation could have been helped by placing the coated side against the rollers, which 
would have resulted in less curving. This method has not, however, been used in Europe, because 
it causes defects to the coating. 
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       Fig. 1 UNBALANCED HEAT                    Fig.2   TYPICAL PROBLEMS 
                 TRANSFER- A REASON  
                 FOR PROBLEMS 
 
    When the coating is on the top of the glass, the curving causes the following typical problems 
as displayed in Figure 2. 
 
      1. White haze           2. Optical lens    3. Coating burn 
      4. Large fragmentation  5. Optical distortion  6. Unstable bow 
 
 Low-emissivity glass has been available on the market since the 80s. Its emissivity was, 
however, rather high by today's standards. It was not until the late 80s and early 90s that 
toughenable Low-E glass with an emissivity of 0.1- 0.23 became available. 
    The demand for Low-E glass is expected to grow very quickly in the future. A typical 
indication of the preference put on this product is found in German legislation, where the 
requirements to save energy are so tough that Low-E glass is practically always required in 
window structures. The same trends are also visible in other European countries. 
 
HEAT TRANSFER 
 
    The design of the heating section in a tempering furnace requires that the heat transfer process 
between the glass plate and the furnace environment is understood. This is also necessary when 
the furnace behavior is adjusted for different types of glass. In order to understand the importance 
of different heat transfer processes, the conduction in glass, radiation, convection and conduction 
from the rollers must all be considered. 
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     Fig.3                                         Fig.4 
      
 The temperature distribution of a glass plate as in Figure 3, is governed by the well-       known 
heat conduction equation: 
 

 
 
where T is the temperature of the glass, t and x stand for time and space and a is the thermal 
diffusivity. 
    In order to solve equation (1 ), initial and boundary conditions have to be fixed. Using the 
notations of Fig. 3 they are: 

 

 

 
 
    In the equations above qrad is radiation heat exchange between the furnace and the glass, hu and 
hl are convective heat transfer coefficients of the upper and lower surfaces respectively. hl also 
includes conduction heat transfer from the rollers. k is the thermal contactivity of the glass. To is 
the glass temperature before it goes into a hot furnace. 
    The solution to equation (1) is straight-forward with a numerical method if the boundary 
conditions (3) and (4) are known. According to equations (3) and (4), heat transfer from the top 
and bottom surfaces should be the same and uniform. For instance, if the emissivity of the glass 
to be heated is changed, it affects the radiation heat transfer qrad . In order to keep the heat 
exchange from the top direction constant, convective heat transfer should be changed by the 
application of forced convection. 
    In order to control the heat transfer process of tempered glass, theoretically, the spectral 
radiation properties of the glass should be known. The understanding of convective heat transfer 
is most difficult. It has been approached with numerical simulation as well as experimental 
measurements. Heat transfer from the rotating rollers on the bottom side of 
the glass is also all but understood. 
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FORCED CONVECTION HEATING METHODS - THE SOLUTION TO TEMPERING 
LOW-E GLASS 
 
 In this context, convection is defined as heat transfer by a flow of air. 
 Glass can be heated or cooled by applying convection. When it is heating glass, the heat is 
moved to the surfaces of the glass with the aid of air flow. The heat then penetrates the glass 
through conduction. 
    The coefficient which denotes the speed of heat transfer is called alpha. It expresses the rate of 
speed at which heat can be applied to the surface of an object and conducted into it. 
 When heat is transferred by convection, the efficiency of the process depends mainly on the 
speed of the air flow and the difference in temperature between the glass to be heated and the 
surrounding air (Figure 4). 
 We are dealing with a complicated process and I shall not go into too much detail about that in 
this presentation. 
 A cold glass sheet to be heated in a furnace is affected by different types of heat transfer 
phenomena which are shown schematically in Figure 4 (Heat transfer). 
  Traditionally, radiation heating from hot, electrically heated resistance elements in the ceiling 
of the furnace is used. 
    When dealing with coated glass, however, this technique is not suitable because coated glass 
does not absorb radiation as effectively or as symmetrically as clear glass. In addition to radiation, 
we always have the presence of natural convection from the top and bottom surfaces of a glass 
plate. The heat transfer is not uniform, but rather results in a large temperature variation. 
 In order to avoid temperature non-uniformities in a radiation-type furnace, forced convection 
heating has been applied. Tamglass's first patent in this area is actually from 1980. Forced 
convection is applied by arranging small jets, from which air is injected in order to create a forced 
flow. The design of a jet configuration which leads to a uniform heat transfer coefficient is a 
complex problem. 
 Another heat transfer mechanism, in addition to those mentioned above, is the heat conduction 
from the rotating support rollers. That in turn, depends on the material properties of the rollers 
and on their geometry.  
 
CONVECTION HEATING METHODS IN THE GLASS INDUSTRY 
 
 Convection has certainly been applied in a number of different ways in different types of 
processes. Convection has always been used in autoclaving. Convection is applied for the first 
stage in which the glass sheets need to be heated up to 130 degrees C and cooled down again 
before any pressure can be released. 
    Or take the case of windscreen production. In the pre-pressing stage of that production hot air 
is circulated around the glass pair while maintaining vacuum between them. In this way the glass 
panes and the PVB couple together before autoclaving. 
    Convection applies to bending in windscreen processes as well. That has actually been the case 
since 1985. Convection is used in the front end of the furnace to cool down glass which has 
already been bent. The energy released is transferred to the pre-heating stage of the glass. 
 Convection is not used just to transfer heat energy from the glass to be cooled to the glass to be 
heated. This process also ensures that the low- emissivity stainless steel mold heats up 
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simultaneously with the pair of glasses. It is a well known fact that emissivity is of no 
consequence in the convection heating method. The new solutions apply to the use of forced 
convection. 
    Flat laminating lines also utilise convection. The PVB is first heated up by short-wave 
radiation before the first pressing. The short-wave radiation penetrates the glass and is absorbed 
into the PVB. After the pre-pressing stage, forced convection is applied. Achieving a uniform 
temperature is vital when laminating Low-E or multiple-layer glass applications. 
 
FORCED CONVECTION IN TEMPERING TECHNOLOGY 
 
    Flat tempering furnaces have used forced convection since 1980. That coincides with 
Tamglass's first patent in the area. The method was later modified to meet today's needs. 
    Forced convection, so called "Heating Balance", is used to compensate the heat transfer flow 
and to make the top and bottom surfaces of the glass heat up at the same speed. As a result, the 
glass remains flat during the heating process (Refer to Figure 4 - heat transfer). This is of 
particular importance in the case of Low-E glass. 
    It is well known that keeping glass, particularly Low-E glass, flat during the first half of the 
heating cycle is most difficult. To avoid the problems in this area there are four different 
possibilities: 
 
    1. the use of a one-stage radiation furnace and forced convection 
 
    2. the use of a two-stage radiation furnace with forced convection 
 
 The principles of one- and two-stage furnaces were explained earlier. 
 
    3. the use of a one-stage high-convection furnace (see Figure 5), or 
 
    4. the use of a two-stage convection system (see Figure 6). 
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HIGH CONVECTION SINGLE CHAMBER FURNACE 
 
 The Cattin high convection furnace is a very compact roller hearth furnace. The furnace design 
is modular and the top and bottom furnace shells are symmetrical. 
 The inside nozzle system generates a high convection heat transfer to both surfaces of the glass 
panels with reduced pressure loss of the circulating hot air and a high air exchange rate. The 
uniformity factor of the temperature distribution inside the furnace is very high due to the special 
nozzle tube system. 
    The glass charge is heated up to the tempering or bending and tempering temperature in such a 
way that non-uniformities of heat transfer for top and bottom of the glass sheets (i.e. reflective 
layer of Low-E glass and thermal conduction between ceramic rollers and the lower glass surface) 
are compensated for by the control of the top and bottom furnace ventilators. The thermal shock, 
especially for thicker glass (10 mm and more) is also eliminated by reduced heat transfer during a 
certain time at the beginning of the heating cycle. The optimal operating point of the top and 
bottom hot air ventilators can be easily reached by the continuous and accurate control system. 
    For this reason, the larger sized glass panels of more than 4 square metres can be kept very flat 
in the furnace during the whole heating process. The mechanical distortions of the lower surface 
are minimised for each glass thickness and thus for the weight of the glass sheet.  
  The phenomenon of anisotropy can be positively influenced by reduced furnace temparatures 
without any significant reduction of productivity. 
 Independent of the kind and type of glass (coated, tinted, structural or clear), the heating time 
will be shorter because the asymptotic heat-up curve has a steeper gradient at all times in 
comparison with the heat-up curve of glass heated in a radiation furnace. 
 

 
     Fig.5                                             Fig.6 
 
 
TWO STAGE CONVECTION FURNACES 
 
    In a two-stage high-convection furnace, the first furnace would be heated up to around 400 
degrees C and the heating method would be high convection produced by blowers. See Figure 6. 
    In a low-temperature convection furnace, the glass is pre-heated in what is known to be the 
most difficult part of the process. It is natural that the control of temperature and heat flow are 
easier at lower temperatures. 



 7

    Once the glass sheet has been heated up in the first chamber it is moved into the second 
furnace. In this chamber heating is applied by convection and radiation. The key point in this part 
of the process is that we can focus heat by radiation and a sophisticated heating system on the 
middle of the glass sheet which is necessary in order to heat up a large glass surface evenly. 
    An important point is that this works well for both thin and thick glass, such as 3 -19 
millimeters can be processed without difficulty in this kind of process. 
    This way we can also be sure that the glass does not break inside the furnace and we can send 
this evenly pre-heated glass to the second furnace where convection and radiation are used. 
 Whatever the application of convection, the soul of the process always remains the furnace 
itself. Even if we use high-convection in the furnace, radiation is a factor which must be 
considered. The structure of the cooling section is also very important because it influences the 
tempering glass quality. 
    I should mention here that our experiences of how to temper Low-E glass are based on the 
products listed in Figure 7 (Toughenable Low-E glass). 
 

 
         Fig.7 
 
 When new coating materials are introduced, we usually carry out the first test runs at our 
factory in cooperation with the manufacturers. From time to time, we also get involved directly in 
the setting of process parameters with our customers. 
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CONCLUSIONS - 4 MM LOW-E 
 
         Radiation      High-     Two-stage 
           furnace    convection   convection 
                        system 
 
Heating time/batch   200 sec ± 5%  125 sec ±5%  100 sec ±5% 
Top temperature    675 - 695 °C   680 °C     350/695 °C  
Tempering pressure    +10...25%      +10%         10...25% 
  
 
 In summary, our findings are that successful tempering of Low-E glass requires even and 
proper control of the heat transfer during the heating cycles where convection plays a very 
important role. 
 
 
 
  

This presentation is a modification of an address given by Mr. Jorma Vitkala during the 
Glass Processing Days at Tampere in 1995 prepared jointly with professor Reijo Karvonen 
of the Tampere University of Technology and Dr.-Eng. Volker Thiessen of Cattin Machines 
S.A. 
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Abstract 
 

 With an attempt to meet the increased demand for sheet glass from the 
market, a multidisciplinary program has been applied to a sheet furnace at the 
eighth year of its campaign to upgrade the glass quality, improve production 
performance, and decrease cost.  
 The goals of the study were set as; increasing net furnace pull by 5%, net 
production by 8% and the machine life by 10%. 
 Each of the above mentioned goals were assigned to a team as a project. 
The furnace pull was increased by securing the sagging refractory blocks in 
the furnace, minimizing the regenerator problems resulting from the furnace 
age, optimizing the batch chemistry, and temperature profile in the furnace. 
 The melt production and machine life was increased by taking the 
necessary precautions as a result of analyzing the reasons for reduced 
productivity due to aging in the furnace and short machine life. 

 
 
1. INTRODUCTION 
 
 At the eighth year of its campaign, a flat glass furnace, producing sheet glass with 
Pittsbourgh technology, was facing certain production problems. These problems have 
mainly originated from the lack of energy fed to the furnace because some refractory 
blocks in the regenerator packing were damaged, and  the sagging blocks, especially at the 
port arches carried the risk of falling. As a result, the glass defects have increased and the 
pull decreased.  
 In 1995, with an attempt to meet the increased demand for sheet glass from the market 
, an upgrading program has been applied out to eliminate the existing problems and 
increase production, improve glass quality and decrease cost.  
 This presentation reports the work done to reach this aim and results obtained. 
 
2. PLANNING AND CONTROL OF THE UPGRADING PROGRAM 
 
 The goals of the upgrading program were set as; 
  1. increasing furnace pull by 5%, 
  2. increasing net production by 8%,  
  3. extending the machine life by 10%. 
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 For realization of these goals, a multidisciplinary action was planned and applied as a 
team work. Three different teams were set, and to each of them, one of the goals 
mentioned above, was assigned as its project. Project teams defined their sub-targets as an 
integral part of the main target and made and applied their project plans. 
 
3. EXECUTION OF WORK 
 
3.1. Project No-1: Increasing the Pull Rate 
 
3.1.1. This project was handled as three sub-project. Regenerator Problems and 
Solutions 
 The furnace was side-fired and had box-type vertical regenerators. Especially for the 
first 3 regenerator chambers, the following problems, which affect melting and therefore 
the pull rates negatively, were considered: 
 1. Breakage and corrosion of cruciform blocks which were used at the upper course of 
the regenerator packing,  
 2. Damage and sagging of blocks in lower courses, and 
 3. Intensive clogging at the cold regions. 
 These problems prevented the transfer of sufficient air, and thus energy, to the melting 
area, decreasing the melting capacity of the furnace. Existing air cross section was about 
20% of the necessary amount.  
 Since it was ascertained that breakage and sagging at the upper courses blocked the air 
gates from the bottom level, the upper cleaning doors of the regenerators were released 
and the bricks in this region were removed.  
 As expected the source of blockage in the cold section was sulphate condensation. 
Longer inversion periods (45 minutes instead of 30, increased in a stepwise manner) were 
applied for 3 days, to melt down the condensed sulphate. In order to eliminate this 
problem completely, the flow-down process was carried out periodically by heating the 
regenerators from the bottom by gas burners. 
 
3.1.2. Problems Due to Furnace Refractory Structure and Their Solutions 
 To increase the pull rate of the furnace, it was planned to reset the temperature profile 
of the melting chamber. This change in temperature profile would result in new 
expansions and shrinkages of the furnace refractory structure and cause the existing 
broken blocks to partly fall down to the bottom of the ports, especially at the port arches. 
 The sagging  blocks in the port arches were supported by pipe coolers inserted into the 
ports through holes drilled at the bottom of the ports. The top of these risky port arches 
were covered with Zircon mortar. 
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Figure 1: Securing the sagging block 
 
 
3.1.3. Development of  batch and glass composition 
 In addition the work carried out on the furnace itself, measure to modify the working 
properties of glass, was also undertaken to increase the pull rate of the furnace. The 
chemical composition of the glass was modified to make the glass "shorter" and easier to 
melt. Another dimension in this compositional modification was to decrease both the 
liquidus temperature and the crystal growth rate of the glass. Thus, the negative effect of 
devitrification on the machine life would also be minimized. 
 In conventional soda-lime-silica glasses, the mechanisms which affect both the 
viscosity properties and the crystallization character of the glass are: 
 1. The very strong Al-O bonds. Al2O3 increases the viscosity and reduces the tendency 
for devitrification by decreasing the  liquidus temperature, when present up to 4% in a 
soda-lime glass compositions and by suppressing crystal growth. 
 2. The single electron on last orbital of sodium ion. This can make non bridging Na-O 
ionic bonds, which reduce the overall bond strength of glass and thus, decrease viscosity. 
However, the reduction in high temperature viscosity causes the crystal growth rate to 
increase in lower temperatures. 
 3. The bond strength of bivalent Ca++. It  is double that of monovalent Na+ and results 
in a distinct strengthening of the structure when substituted for Na2O. It makes glass 
"shorter" while increasing both the liquidus temperature and crystal growth rate.  
 With the use of this information, in the present work, the Al2O3 content of the glass 
was increased by 0.15%  and total alkali earth oxides was increased by 0.15% but 
reducing the CaO/MgO to dolomitic ratio. After this variation in the chemical 
composition of the glass, the new composition displayed the following properties 
(Table1). 
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Table 1: Physical Properties of the glass before and after the modification. 

 Before modification After modification 
Melting temp.,  C 

(log   = 2) 
Gob temp.  C 

(log   = 3) 
Working temp.  C 

(log   = 4) 
Softening  pt.  C 

(log   = 7.65) 
Annealing pt 
(log   = 13) 

Working Range 
(Gobtemp.-Soft.pt) 

Liquidus temperature 

 
1458 

 
1201 

 
1033 

 
722 

 
544 
479 

 
941 

 
1458 

 
1202 

 
1034 

 
725 

 
547 
477 

 
929 

 
 
 As can be seen from Table 1, low temperature viscosity values increased by 3  C, while 
keeping the high temperature viscosity almost constant. As a result, the glass became 
shorter, resulting in an increase in the pull rate at the machines. Another important 
property observed during this compositional change was the crystallization character of 
the glass. The liquidus temperature was decreased by  10  C and the crystal growth rate 
reduced (Figure 2). 
 

 
 

Figure 2: The results of the crystal growth study 
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3.1.4. Sub-project-4:  Improvement of the Furnace Temperature Profile 
 The maximum crown temperature at the six-port furnace was originally located at the 
third port axis. Because of the problems of the first 3 ports, sufficient energy could not be 
supplied to the region between the doghouse and the hot-spot. The batch sometimes 
forced and passed the hot spot, resulting in seedy glass with many stones. 
 Increasing the furnace pull with the present temperature profile was decided to be 
impossible, and the hot spot was moved from the 3rd to the 4th port axis. With this 
operation, the fuel load on the problematic first three ports was decreased, and the melting 
area between the doghouse and the hot spot was increased. 
 

 
Figure 3: Temperature profiles of the melting area 

 
 
3.2. Project No: 2: Work to Increase the Net Production 
 
3.2.1. The Determination of the Factors which Cause Production Loss 
 To analyze the reasons for production loss and determine their share in the total loss, a 
database covering 30 day observation period has been developed.  
 By the evaluation of the data; the following defect levels were determined. 
 1. Stones, knots and other inclusions   : 70% 
 2. Annealing faults        : 20% 
 3. Edge quality faults       :  7% 
 4. Others (mechanical and electrical failure, 
 personnel, etc.)         :  3% 
 From the microanalytical observation of the stone defects it was determined that they 
have originated mostly from the wash down of the superstructure in the melting zone and 
glass contact corrosion giving  rise to primary and secondary AZS. 
 Annealing faults were due to the variations in air flow and environmental temperature, 
resulting from natural cooling in the annealing lehr. 
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3.2.2. Work to Eliminate Glass Defects 
 Existing literature and the result of the physical model studies for similar furnaces were 
reviewed. 
 The behaviour of the stones in the glass flow was speculated. As a result, the water 
coolers were submerged more deeply into the glass to enhance back currents. 
 These measures, together with the improved temperature distribution in the crown, 
resulted in the decrease of stone defects to a minimum. With the application of 
homogeneous forced cooling on the glass surface during annealing, glass temperature 
fluctuations were diminished, and thus, gave rise to a reduction in annealing losses. 
 
3.3. Project No: 3 : Work to Extend Machine Life and Shortening Down Time 
 The development in glass composition in the direction of decreasing the crystallization 
temperature extended the machine life. 
 The work done during the renewal of machinery were examined by applying CPM, and 
the overall process time was shortened. 
 

 
 

Figure 4: Machine lives 
 
 
4. RESULTS 
 
 Furnace pull and fuel consumptions before and after the studies to increase the pull rate 
were carried out are given below.  
 As can be seen from the figure 5, with the work described above, it was possible to 
increase the pull by 4.3% and reduce specific fuel consumption by 1%. 
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Figure 5: The variation of pull rate and fuel consumption in 1995 
 

 
Figure 6: The variation of net production and yield in 1995  

 
 Net production and pull values before and after the studies were to increase the net 
production rate carried out are given in Fig. 6 The figure shows that by taking the 
measures described above, the net production and machine life increased by 6.8% and 
36%, respectively. 
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5. CONCLUSIONS 
 
 With an attempt to meet the increased demand for sheet glass from the market, a 
multidisciplinary upgrading program has been applied to a sheet glass furnace at the 
eighth year its campaign. The main aspects of the upgrading program were to solve the 
problems resulting from furnace age, and thus to increase production performance and to 
improve glass quality. 
 The fundamental approach of this upgrading program was based on a multidisciplinary 
team work. Each team was assigned a certain project, which were the goals of the 
program. Creation of sub-teams, when necessary, increased the number of people 
involved in the program. Close follow-up and coordination of the work of different teams 
were the key factors in meeting the goals.  
 At the end of the upgrading program, the following goals were met: 
 1. The pull was increased by 6%. 
 2. Net production was increased by 8%. 
 3. Machine life was extended by 10% and the glass quality improved. 
 In addition to the accomplishments listed above, the program improved knowledge, 
experience, and above all, the motivation of the participating personnel and their 
dedication to team work. 
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Abstract 
 
 Tempering of tableware is a process which has been in for many years. It imparts 
improved   resistance to resistance to mechanical damage and thermal shock as well as 
reducing the risks of personnel injury when breakage does occur. 
 Tempering of hollow ware is very different from tempering of flat glass. For the 
latter the only stresses are those related to the speed of cooling. For the former, 
superimposed on these "tempering" stresses there are stresses resulting from the shape 
and differing glasswall sections of the articles. 
 The physical laws which control the formation of these two types of stresses are not 
the same. A separate study of each of the stress producing mechanisms has enabled a 
new technology to be developed for tempering hollow ware. This technology offers a 
significant improvement in article quality  compared with traditional methods, and 
also makes it possible to widen the range of glassware which can be tempered to 
include thin walled and deep articles. 
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 Abstract 
 

 Float glass surfaces can be modified to induce optical, chemical and 
mechanical behaviors to create entirely new lines of products. Some of these 
modifications can be done on-line processes which adds very little to the 
overall cost. Among these are: formation of stain and corrosion resistant 
surface, formation of antireflecting and IR-reflecting surfaces, creation of a 
permanently hydrophobic glass surface, and strengthening float glass by a 
solid-state ion exchange process. In this presentation, a number of concepts 
by which float glass surfaces can be modified, particularly creation of 
antireflective and stain resistant surfaces with sol-gel processes, are discussed. 
Performance tests associated with these modified surfaces indicate that these 
concepts have considerable commercial potential. 

 
 
1. INTRODUCTION 
 
 Composition of float glass is primarily dictated by properties that allow its production 
on float lines; a process which necessitates production of only large quantities. Any 
modifications to produce specialty products therefore, are severely confined. A method of 
circumventing this confinement is to modify float glass surfaces either on line processes 
or coatings. Vacuum coating and sputtering have been widely used for this purpose. 
Another method available is on-line spray deposition of films from solutions. Suitable 
precursor solutions can be sprayed on hot glass, depositing inorganic films ranging in 
thickness from several nanometers to several microns. These films interact with the 
surface creating optical and chemical effects with significant value-added attributes to[1]. 
Some of these effects are produced by changing the chemical composition of the surface, 
e.g., chemical durability, hydrophobicity, etc. Sol-gel deposited films produce optical 
effects which cannot be produced by any other way, e.g., non-scattering microporosity for 
antireflectivity, etc. In this presentation, several applications of these concepts are briefly 
discussed to point out the vast potential for producing specialty float glass products by 
surface modifications. 
 
2. FORMATION OF WIDE SPECTRUM ANTIREFLECTIVE COATING 
 
 Float glass reflects 8% - 8.5% of the incident light from its surfaces (Figure 1). Under 
certain lighting conditions, this reflection can overwhelm the transmitted light, seriously 
impairing vision. Fraunhofer and Rayleigh observed almost a century ago that the 
reflection can be reduced by chemical treatment of the glass surface[2,3]. In these 



 2

methods, the reduction of the reflection does not lead to an increase in the transmission as 
is the case in the optical antireflective coatings. 
     A transparent material whose index of refraction is equal to the square root of that of 
the glass, when deposited as a quarter wavelength thick film on that glass, provides an 
interference minimum in the reflectivity. There is no inorganic material that would satisfy 
this low index requirement of a single-layer antireflective coating for a commercial soda-
lime glass. MgF2, with an index of 1.38 (vs. ~1.23 needed), is the lowest index coating 
material available and widely used in the glass industry. 
     The index of refraction is a function of density and thus may be further lowered by the 
introduction of nonscattering porosity, e.g., less than 10 nm in size. When broad band 
antireflectivity is needed, e.g., antireflectivity in blue as well as red, no single layer 
coating, regardless of its index, is sufficient. For that purpose, the index of refraction 
must be graded along the thickness of the coating; therefore, multilayer films are 
normally utilized. Sol-gel technology has the potential of both lowering the index of 
refraction by introduction of nanoscale porosity and providing the means of grading such 
a porosity. 
     Recently, it was shown that an excellent wide spectrum antireflectivity may be created 
on float glass with a sol-gel derived single Si02 layer [4]. These coatings are applied from 
a family of solutions derived from hydrolytic polycondensation of Si(OC2H5)4 and 
Si(OCH3)4. The formation of precursor solutions are critical and are affected by a number 
of parameters. 
 The main properties which will determine the viability of commercialization of the 
coating on float glass can be classifed in three categories. These are: 1) Spectral 
transmission, 2) Mechanical hardness and, 3) Environmental stability. The single layer 
porous SiO2 coating applied from sol-gel readily meets the optical requirements. 
However, an ideal pore morphology for optics is in fundamental conflict with hardness 
requirements. The pore morphologies that eliminate the entire reflection tend to be 
relatively soft due to the high level of porosity. We have now established the 
morphological conditions which will produce antireflective surfaces within the 
requirements of hardness. These silica modified surfaces cut the reflection from 8% down 
to 2-3% corresponding to a 60-75% reduction in reflection (Figure 2). This, coupled with 
a 5-6% increase in transmission, makes these coatings extremely pleasant to the eye. We 
have also formulated chemical and thermal conditions which will produce the desired 
pore morphology in these systems.  
 Thus, it was found that sufficient mechanical strengthening of porous Si02 coating 
with heat treatments up to 450oC for 30 minutes (shorter time at higher temperatures) 
occurs without significantly compromising the optical properties. In Taber testing, such 
antireflective coatings, showed only 0.6% reduction in transmission after 100 cycles. 
After 500 cycles the reduction in transmission was 1.0-1.2%; this means after 500 cycles 
the transmission of the abraded glass was still 2.5% better than the untreated glass. In 
comparison, a commercial antireflective glass coating with Ti02-Si02, layers lost 4.5% 
transmission after only 50 cycles; and antireflectivity was entirely destroyed after 100 
cycles of Taber testing. Thus, the feasibility of producing an abrasion resistant, sol-gel 
based single layer antireflective coating on float glass has been demonstrated. 
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Fig.1. Absorption, Reflection, and 
Transmission components of a typical 
2.3mm thick float glass (Reflection part 
can be converted to Transmission by an 
optical coating). 
 

Fig. 2. Comparison of uncoated 2.3mm 
thick float glass to those coated with 
graded porous silica film before and 
after the film made abrasion resistant by 
sintering. 

 
3. FORMATION OF STAIN AND CORROSION RESISTANT GLASS 
 
 It is found that boron diffusion into the surface of primary float glass creates a 
uniquely stain resistant surface [5]. Boron can be diffused into a soda-lime-silica glass at 
relatively moderate temperatures, e.g. 400-500oC. When the boron diffusion is 
maintained within a relatively shallow surface layer rather than scattered throughout the 
glass, it produces an effective alkali-diffusion barrier (Figure 3). Application of a 
continuous thin film of boron on the glass surface is the first necessary step in producing 
uniform molecular diffusion. This in turn requires preparation of a clear precursor 
solution which can be sprayed, and uniformly diffused into the glass by a heat treatment. 
     Various tests indicate that the boron application can be performed by an on-line spray 
of the solution on a float glass ribbon at 1050-1150oF on existing float lines. Particularly 
suitable boron precursors include: trimethylborate, B(OCH3)3, boric anhydride, B203, 
boric acid, H3B03. These compounds and all of their high temperature derivatives are 
water soluble at all temperatures, presenting no problem in spray units. Adaptation of the 
process to the float lines also require a well engineered integration of the time-
temperature conditions in the lehr. Line speed of the ribbon has three main processing 
effects: 
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·   The amount of boron delivered per unit area under a given spray condition 
·   The amount of time the glass spends in various temperature zones in the lehr 
·   Glass thickness 
The first effect of line speed, the boron delivery rate per unit area, may be compensated 
with an adjustment in the spray rates to keep the boron concentration per unit area 
constant. Spraying cools the immediate surface of the glass significantly (almost 200oF in 
laboratory experiments). This cooling is not merely due to solvent evaporation. A major 
portion of the cooling may be due to convective air currents caused by the spray and 
ambient air flow from the hood. Thus the surface cooling is strongly affected by the spray 
system design, i.e., nature of the solution itemization, velocity of the spray, and location 
of the spray heads, etc. The most important effect of line speed is the time that the glass 
spends in the lehr, which facilitates boron diffusion. With a line speed of 200 inches per 
minute in lehr, the glass spends over 6 minutes at temperatures above 450oC, which is 
sufficient to create effective stain resistance. When line speeds are too fast to allow 
sufficient time for effective boron diffusion to occur, it may be necessary to modify lehr 
profiles. This may be done by either increasing the lehr temperature or keeping the glass 
at the diffusion temperature longer by adding 20-30ft more to the high temperature zone. 

 
Fig. 3 Accumulated sodium leach from 4.5" x 4.5" clear float glass samples immersed in 
250cc H20 at 140oF. Note that essentially no sodium leaches from the modified surface. 
 
 
The temperature, T, has a greater effect because of a very large temperature dependence 
of the diffusion coefficient, D. This dependence is represented by the expression: 
 
  D=Doe-Q/RT                        (1) 
 
where Q is the activation energy required for the diffusion to occur. The effect of line 
speed also relates to the glass thickness; the higher speeds yield thinner glass. Thinner 
glass cools more rapidly upon application of the solution. Glass cooling experiments in 
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the lab show a 50-60oF decrease in temperatures for 0.15" thick glass and 30-40oF for 
0.25" thick glass when sprayed with the aqueous solution under the same conditions at 
~1000oF. The surface temperature rapidly recovers from this surface cooling. But it is of 
importance to recognize this cooling.  
 Boron diffusion into the float glass surface 10-50 ηm deep is found to produce an 
exceptional diffusion barrier layer for alkali ions as shown in Figure 3. Mechanism of this 
alkali barrier is discussed elsewhere.[5]. Accelerated corrosion tests indicate that boron 
modified glass surface remains pristine clear after being subjected to weeks of accelerated 
corrosion tests whereas untreated float glass surfaces severely stains and corrodes. 
 
4.   SOLID-STATE ION-EXCHANGE AND DIFFUSION STRENGTHENING OF 
GLASS 
 
     In the existing ion-exchange processes, the ion-exchange occurs between the glass and 
a molten bath. We investigated a process where ion-exchange occurs between the glass 
and a washable coating applied onto that glass. The coating contains the ions to be 
exchanged e.g. Na+ , K+ , and is washed off after the ion-exchange. Feasibility of the 
solid-state ion-exchange process between float glass substrate and a suitable coating 
applied on that glass has been demonstrated on float glass samples. Furthermore, a 35-
40% increase in the glass strength related to this ion-exchange also took place in both 
glasses. These figures, however, are highly exploratory. Numerous parameters must be 
systematically investigated and optimized before an accurate judgment on the merits of 
the process can be made. 
     In the ion-exchange strengthening of glass, the smaller ions in the glass are exchanged 
with larger ions outside of it by a two-way diffusion process. The idea of one-way 
diffusion into the glass that may put the glass surface under sufficient compression was 
also explored. A suitable candidate is boron. Boron will diffuse into the glass readily at 
temperatures between 400oC and the annealing temperature. Boron is applied as a coating 
on glass from soluble compounds. After the heat- treatment, the residual coating is 
washed away. Initial experiments showed a ~40% increase in glass strength. 
 
5. HYDROPHOBIC AND PHOTOCROMIC SURFACES 
 
     These are numerous organic compounds which would import hydrophocity on glass 
when applied. These films however temporary and maintenance of hydrophocity requires 
frequent application. Relatively permanent, inorganic, hydrophobic surface condition can 
be created on glass by application of flouro and alkylalkoxy metal compounds. These 
compounds can be applied on hot glass from solutions by an on-line spray method which 
results in chemically bonded fluorine and alkali reach glass surfaces, which are 
hydrophobic. Wetting angles in excess of 100o can readily be obtained. Durability tests 
with repeated scrubbing shows that commercial organic coatings, such as Rain-X, 
severely degrades after a few thousand cycles where as the inorganicly hydrophosized 
surfaces remains strongly hydrophobic after 10's of thousands of cycles. 
     It has been demonstrated that silver hallide-based photochromic films can be deposited 
on glass surfaces from sol-gel solutions. In these films, the optical density normally 
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attained in bulk materials must be produced in few micron thicknesses. This means that 
large quantities of optically active compounds, e.g., AgCl, must be incorporated in the 
film structure without affecting its clarity in the bleached state. Alumina sols described 
earlier provide a matrix for silver hallides where visible light transmission can be reduced 
to 20-30% level in darkened state with complete clarity in bleached state in 10-50ηm film 
thickness. In these systems, photochromicity strongly affected by solution chemistry as 
well as the microstructure of the film and heat treatment conditions. One outstanding 
problem encountered in these films is the loss of chlorine through the microporosity that 
eventually leads to loss of reversibility. The commercial viability requires solving this 
problem, as well as hardening the coating for abrasion resistance. 
 
6. SUMMARY 
 
     With the application of suitable sol-gel based solutions, the surface of float glass can 
be fundamentally modified. These modifications affect the optical, chemical and physical 
properties of glass, creating the potential of entirely new lines of value added products. A 
number of novel concepts which can be created by surface modification of float glass 
surfaces have been demonstrated and briefly discussed here. 
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 Abstract 
 

 Ti02 coatings were prepared on microscope slide glasses by dipcoating 
using an alkoxide-based sol-gel method. Atomic force microscopy (AFM) 
was applied to study the nanoscale topography of the coatings obtained after 
anneling at different temperatures and after corrosion in 1 M NaOH solutions 
at 60 oC for 1 to 12 hours. The topography of the coatings appeared to be 
crystalline and amorphous, respectively, depending on annealing time and 
temperature. The corrosion process of the films depended on the status of the 
surface. Crystalline Ti02 (anatase) films were etched, however, a part of the 
surface kept its more regular nanoscale morphology. The corrosion of glassy 
Ti02 films proceeded differently. Probably due to a redeposition process 
regular-shaped crystal-like features were formed at the surface. 

 
 
I. INTRODUCTION 
 
 Ti02 and Ti02-containing thin films prepared from alkoxide solutions display many 
actual and potential applications. These films are widely used on rear view mirrors, solar 
reflecting glasses, and as anti-reflective coatings [1]. The performance of Ti02-containing 
films has also been studied as protection against strongly alkaline solutions, and the 
changes in surface morphology have been monitored by X-ray fluorescence and scanning 
electron microscopy [2, 3]. Such methods allow overall and microscopic conclusions 
only. Atomic force microscopy (AFM), on the other hand, is an ideal tool to study the 
nanoscale performance of non-conductive surfaces [4, 5]. It has been shown already that 
this method is highly capable to investigate glass fracture surfaces as well as coated glass 
surfaces, e. g. alkoxide-made films of Si02-Ti02-Zr02 or Si02-Ti02-Al203 compositions [6-
10]. In this work Ti02 films were prepared from alkoxide solutions and their nanoscale 
morphologies were studied after annealing of the films and after corrosion in 1 M NaOH 
solutions at    60 oC. 
 
II. EXPERIMENTAL 
 
 Appropriate amounts of titanium butoxide (Merck, Darmstadt, Germany) were 
mixed with ethanol under a 1 h vigorous stirring. The clear solution was diluted with 
ethanol to a concentration of 0.5 M. A few drops of HCI were added for stabilization. A 
part of the solution was aged for several hours, then Ti02 films were deposited on cleaned 



 2

microscope slide glasses by dipcoating with a withdrawal speed between 3 to 9 cm.min-1. 
The naturally dried coatings were heated at 1 K.min-1 to 500 oC or 550 oC for annealing 
times between 40 min and 3 h. The thicknesses of the coatings were measured with a 
profilometer (Long Scan Profiler P-1, Tencor, München, Germany), accuracy about ± 10 
%. 
 The uncoated and coated microscope slide glasses were immersed into 1 M NaOH 
solutions at 60 oC for 1, 3, 6, and 12 h, washed then in warm and in distilled water at least 
4 times each, washed for 1 min ultrasonically in acetone, and stored in a desiccator at 20 
oC until the further investigations. 
 The topographies of the surfaces of the slide glass and of the coatings were 
investigated by AFM (Nanoscope II with A-head, Digital Instruments, Inc., Santa 
Barbara, CA, USA) with a maximum scanning range of 1 µm2. Si3N4 tips were used. The 
temperature was kept at 20 oC, the relative humidity at 40 %. 
 
III. RESULTS AND DISCUSSION 
 
III.1 Surface roughness 
 
 Table 1 shows the rms roughnesses (rms = root mean square) of the uncoated and 
coated and differently annealed and corroded slide glasses. The rms values were 
calculated from at least 10 measurements and are given in nm. 
 
Table 1: Average rms roughnesses of glass substrate and Ti02 coatings 
 
Corrosion  
time (h) 

Uncoated  
slide glass 

Annealed  
500 oC, 3 h 

Annealed  
500 oC, 1 h 

Annealed  
550 oC, 40 min 

0 1.1 ±0.1 0.70 ± 0.17  0.93 ± 0.26 3.9 ± 0.6 
1 2.0 ± 0.5  3.0 ± 2.3 4.9 ± 0.8 
3 2.0 ± 0.7  13.8 ± 2.1 3.3 ± 0.5 
6 2.0 ± 1.4  7.1 ± 2.8 8.2 ± 1.1 
12 5.6 ± 3.5  16.6 ± 2.2 9.5 ± 1.9 
 
III.2 Anatase crystallization during heat treatment 
 
 Fig.1 displays some representative AFM height mode images of surfaces of ≈ 60 nm 
thick Ti02 coatings on the glass substrates. The film heated at 500 oC for 1 h is typical for 
a glass surface showing the so-called "glass pattern", similar to the untreated surface of 
the slide glass and similar to what has been found for other glass surfaces and for surfaces 
of glassy films [6, 10]. No significant features are to be seen, except the randomly 
distributed ripples of  ≈ 15 nm in diameter and heights between valleys and peaks of 0.5-1 
nm (Fig.1a). Fig.1b shows the AFM image of a Ti02 surface after a 3 h annealing at 
500oC. Although the rms roughness did not change, the topology appears differently. 
Some more or less tetragonal-looking features can be seen with lateral sizes between 60-
150 nm and height variations of 0.5- 6 nm. Fig.1c shows a representative topology of a 
coating, where the samples had been heat treated for 40 min at 550 oC. Many typical 
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tetragonal crystals can be recognized, whose lateral sizes are between 50 -190 nm with 
height values between 1.5 -18 nm.The rms roughness has changed, too (see Table 1).Ti02 
xerogels heated for 3 h at 550 oC display crystalline anatase by X-ray diffraction. The 
higher annealing temperature of 550 oC favors the crystallization more than the longer 
treatment at the lower temperature of 500 oC. 
  
III.3 Corrosion of crystalline Ti02 films 
 
 Fig. 2 displays some AFM height mode images of mostly crystalline Ti02 coatings 
(40 min treatment at 550 oC) after corrosion at 60 oC in 1 M NaOH solutions for 1, 3, 6, 
and 12 h. It is noticeable that already after a 1 h corrosion the tetragonal crystallites 
became more evident (Fig. 2a). However, their lateral sizes between 60 -180 nm and their 
heights between 2 - 18 nm have not much been changed compared to the non-corroded 
surface. Only the rms roughness increased a little from 3.9 ± 0.6 nm to 4.9 ± 0.8 nm. 
Corrosion at this stage mainly proceeds by etching the glass residues from the grain-
boundaries. Fig. 2b (note the change in xy-scale compared to Fig. 2a) shows the Ti02 
surface after a 3 h corrosion. Although the tetragonal geometry of the crystals still can be 
seen, the image lost contrast. It looks "smeared out", which is also evidenced by the linear 
traces through tip scanning parallel to the x-axis. Although the lateral sizes between 100 -
180 nm are practically the same as before, their heights between 3 -10 nm are lower than 
those of the crystals in Fig. 2a, and the reduction of the rms value to 3.3 ± 0.5 nm is in 
line with this effect. At this stage of NaOH corrosion the crystals were etched away and 
their surfaces became softer. With the further corrosion the surfaces of the coatings were 
etched more strongly, but the etching became inhomogeneous. Fig. 2c and 2d are 
representative for the surface topographies after a 6 h corrosion. In one case the surface 
crystals nearly remain their tetragonal shapes (Fig. 2c), in the other case the habits of the 
crystals are mostly destroyed (Fig. 2d). The lateral sizes of the crystals are between 80 -
180 nm. The valleys shown on the image of Fig. 2d are 60 -130 nm in extent and 3.6 -16 
nm deep. The rms roughness has increased to 8.2 ± 1.1 nm. With proceeding corrosion, 
see Fig. 2e and 2f, the morphologies of the Ti02 surfaces remain to some extent similar to 
those shown in Fig. 2c and 2d, although a further distortion can be noticed. There are still 
parts where some crystal-like remainders are visible (lateral sizes 100 - 240 nm, heights 5 
- 45 nm), however, most parts of the surface display the corrosion valleys of Fig. 2f 
(lateral extent of the valleys 80 - 220 nm, 3 - 27 nm deep). In this stage the corrosion 
process has damaged the Ti02 coating considerably, however, a part of the film still 
protects the substrate. 
 
III.4 Corrosion of originally glassy Ti02 films 
 
 Uncorroded Ti02 films, heat treated for 1 h at 500 oC, display a typical "glass pattern" 
surface topography, see Fig. 1a. Indeed, such films are glassy, but not necessarily fully 
dense. However, NaOH corrosion changes this topography strongly, see Fig 3 where 
stages after 1, 3, 6, and 12 h corrosion treatment at 60 oC are shown. AFM images in Fig. 
3a and 3b display more or less regular granular surface features, whose rms roughness is 
3.0 ± 2.3 nm. The sizes of the grains range from 70 - 210 nm with heights between 1 - 22 
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nm. It is difficult to decide whether they are already crystalline. However, the situation in 
Fig. 3c and 3d seems to be clearer. A majority of images display features with remarkably 
regular morphology, while the others show tetragonal grains with tip scanning traces 
parallel to the x-axis. Some of these traces became deeper during scanning, which means 
that the surfaces became softer through the corrosion process. The lateral extent of these 
features is 60 - 200 nm with heights between 7 - 40 nm. The depths of the tip traces range 
from 3 - 8 nm and the rms roughness was found to be 13.8 ± 2.1 nm. During the corrosion 
process regular crystals with tetragonal shapes are formed on the originally amorphous 
Ti02 coatings. Possibly these crystals are formed by a redeposition process. The glassy 
Ti02 material is dissolved. With ongoing NaOH corrosion the solution at the very surface 
is supersaturated with Ti02, owing to the stationary nature of the dissolution process. 
Crystals, whose composition is unknown thus far, are deposited at the surface. Possibly 
their formation is supported due to the presence of some (crystalline?) Ti02 nuclei. Of 
course, these solution-formed crystals are not as dense as crystals formed at higher 
temperature. Therefore, they are easily to be damaged by the scanning tip. Fig. 3e and 3f 
display the topographies after corrosion for 6 and 12 h, respectively. The lateral 
dimensions of the surface features are 80 - 190 nm with heights between 2 - 35 nm (Fig. 
3c). Many of them have tip scanning traces (not shown here). The rms roughness is 7.1 ± 
2.8 nm. After 12 h corrosion the rms value increases to 16.6 ± 2.2 nm and the Ti02 
surface is strongly distorted.  
 By the way, the AFM images of the substrate glass do not display this regular 
tetragonal topography neither before nor after corrosion. 
 
IV. CONCLUSIONS 
 
 Alkoxide-made Ti02 films (thickness ≈ 60 nm) were deposited on glass substrates by 
dipcoating. AFM images displayed that these coatings are glassy after a 2 h annealing at 
500 oC. The nanoscale topography shows the typical "glass pattern". Annealing at 550 oC 
favors the formation of tetragonally looking crystalline anatase. The corrosion process of 
the films in 1 M NaOH at 60 oC depends on the crystalline/amorphous status of the 
surface. Crystalline Ti02  films are etched successively, however, a part of the surface 
keeps its more regular nanoscale morphology. The corrosion of glassy Ti02 films 
proceeds differently. With ongoing corrosion more regular-shaped crystal-like features 
are formed, perhaps due to a redeposition process from the solution. 
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Fig.l: AFM height mode images of Ti02 coatings annealed under different conditions. 
a)treated at 5OOoC for 1 h, displaying the glass pattern, b)treated at 5OOoC for 3h, with 
almost tetragonal features, c)treated at 55OoC for 40 min, with clearly visible tetragonal 
crystals. 
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Fig.2: AFM height mode image of crystalline Ti02 coating anealed at 55OoC for 40 min 
and corroded by 60oC 1M NaOH solution. a) for lh, b)for 3h,  c) and d) for 6h, e) and f) 
for 12h. The tetragonal crystals, which are clearly developed initially (see 2 a), become 
softer and are destroyed after longer corroding times. The corrosion renders rougher 
surfaces (note the smaller xy scale in 2a and the increasing z scale from 2a to 2e). 
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Fig.3: AFM images of originally glassy Ti02 coating annealed at 5OOoC for 1 h and 
corroded in 60oC 1M NaOH. a) and b) for lh, c) and d) for 3h, e) for 6h, f) for 12h. The 
plotting mode has been changed to topview to display the granular morphology better. 
Heights are expressed in terms of gray scales. 3b is a force mode image, the gray scale 
represents the forces acting on the tip. This mode is best suited to show the contours of 
the granular features.3d shows one example for the eroding of the soft crystals by the 
motion of the scanning tip. 
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Abstract 
 

 Process parameters and resulting film properties of e-beam deposited 
CeF3 were evalulated for various type of glass substrates. Visible region 
refractive indices of  CeF3 films were found in the range of 1.35-1.42. So 
CeF3 suggested as a new single layer anti-reflective coating material. 
Deposition parameters of high quality CeF3 coatings were studied. 

 
 
II. INTRODUCTION 
 
 Low refractive index materials have been focused a strong attention for their wide 
industrial applications. Low refractive index material can be used in the single layer 
form or in the multi-layer systems. The multi-purpose usage make these types of 
materials very attractive for researchers. On the other hand, there are only few known 
low refractive index materials  qualify for single layer industrial applications. MgF2 is 
the most common one, even it forms rather poor films in terms of mechanical and 
environmental properties. Other exemples for AR coating  systems are the various 
combinations of the semiconductors and oxides [1-3] e.g., layered structures or 
graded-index, GRIN, films of Si-SiO2 . Some metal fluorides in thin film form have 
found widespread use in optical coating applications  [4,5] as well as a buffer layer 
applications in between two crystalline media [6,7]. Refractive index of CeF3 fýlms 
deposited by e-beam technique are given by various papers and patents being around 
1.6 [8-11]  . Ýn this paper we studied the optical proporties of CeF3 films deposited 
by e-beam and thermal evaporation techniques. We showed thar CeF3 is a low 
refractive index material exhibiting approximately 100% optical transmittance at the 
designed wavelength. Films deposited on 250oC heated substrates formed durable and 
hard coatings. Adhesion of the films were improved by SiO2 buffer layers on glass 
were used. 
 
II. THEORETICAL  BACKGROUND 
 
 Optical parameters of a weakly absorbing or non-absorbing film can be calculated 
by a spectrophotometric method [12].  Figure 1 shows spectrometric transmittance of 
a hypothetical sample. T0, T+, and T-plots in this figure correspond to the 
transmittance of the bare substrate and maximun and minimum envelopes passing 
through the transmittance extrema, respectively. The separation between the T+ (λ) 
and T- (λ) and the T0 (λ) and T+ (λ) couples are a measure of the refractive index and 
the absorption of the film, respectively. The Refractive index and the extinction 
coefficient are calculated [13,14] by using eqs.1.8. 
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                  (1) 
 
 

                   (2) 
 
+ and - singns in front of the eq. 1 correspond to  nf  >ns  or nf < ns  respectively.Where    
nf  and ns  are the refractive indices of the film and substrate respectively.On order to 
decide if  nf  >ns  or nf < ns one must examine spectrophotometric transmittance curve 
whether T <T0 or T> T0. Where T and T0 are the transmittance of the film and the bare 
substrate respectively. Refractive indices of the film and the substrate can be deduced 
from eqs.3 and 4 respectively which are given by: 
                                                                                                                                    

       (3) 
 

                  (4) 
 
For an absorbing film, extinction coefficient, k(λ) is calculated by using eq. 1 given 
by: 

          (5) 
 
Where δ ( λ)  and a (λ) are given by the following eqs.: 
 

             (6) 
 

            (7) 
 
The film thickness, d, can be obtained from successive extreme, λi and  λi+1 ,   
according to the following equation:      
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               (8)    

  
Values of the thickness can also be determined by a graphical method [12].. 
 
III. EXPERIMENTAL PROCEDURES: 
 
      High purity white powder of CeF3 was pressed into tablet form approximately 1 
cm in diameter. Films were depesited mainly by two techniques namely; thermal 
evaporation and electron-beam evaporation. Corning 7059 glass and ordinary soda 
lime glasses were used as substrates in order to evaluate the substrate effects on the 
film properties. In the both deposition techniques sample properties were controlled 
by; 1)type of substrate, 2) deposition rate, 3)substrate temperature, 4)vacuum level, 
and 5)film thickness.The most important deposition parameters effecting on the film 
properties were experimentally found in order  1) substrate temperature, 2) type of 
substrate, and 3) deposition rate. The substrate temperatures during deposition were 
kept constant in the range between 50oC and 350oC. The film deposition rate, film 
thickness/deposition time, was changed from 25 nm/min to 100nm/min. Vacuum level 
was 10-5-10-4 Torr range. Film thickness was kept nearly constant at around 0.5 µm  to 
determine corresponding n and k spectra of CeF3 films. Spectrophotometric 
measurements of the substrates and film/substrate systems were evaluated by Perkin 
Elmer Lambda 2S unit with integrating sphere attachment. 
 
IV. RESULTS AND DISCUSSIONS 
 
 Spectrophotometric results obtained on a typical CeF3 film on Corning 7059 glass 
deposited under  10-5 Torr of vacuum level, at 220oC of the constant substrate 
temperature during deposition, with the deposition rate of 35 nm/min are shown in 
Figure 2. Figure 3 illustrates T vs. λ plot of   an inhomogenous film of CeF3. T vs. λ 
spectrum of an homogenous film (fig.2) shows smooth waving between interference 
extrema whereas inhomogenous film exhibits irregular interferance pattern (see 
Fig.3).Inhomogenous film CeF3 films were obtained under the following conditions: 
1) At high substrate temperature during deposition, 2) High deposition rates, 3) Films 
deposited on soda lime substrates. Inhomogenities observed on the CeF3 films could 
be possible mainly due to two raisons.These are:1)Fluorine lost from CeF3 film due to 
the Na in diffusion from substrate into the film and 2) Fluorine lost from CeF3 
deposition source due to the excess source heating. In the former case the films 
deposited on the Corning glass exhibit inhomogenities depending on the source 
temperature, but not on the substrate temperature. In the latter case, independent of the 
substrate material, inhomogenities was found to be only source temperature 
dependent. 
  Sample thickness were chosen so that we could obtain a sufficient number of 
interference  maxima and minima to determine the n and k spectra of the samples. The 
results obtained on the homogenous CeF3 coatings are given in Figures 4 and 5. 
Because of the T > T0  conditions were obtained in our CeF3 coatings, the films 
provide nf <  ns  conditions. Hence minus sign in eq. 1 was used to calculate n vs. λ 
and k vs. λ values. From Figs. 2,4,and 5 we concluded that: 1) Typical CeF3 films 
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exhibit very low level of absorption at λ < 750 nm region, but they are non absorbing 
at the longer wavelengths. This property makes the material attractive for IR optics, 2) 
CeF3 films exhibit dispersion on both refractive index and the extinction coefficient, 
3) CeF3 is a wide band gap materal like glass. 4) Visible average of the refractive 
index of CeF3 films was found to be 1.38. Thus CeF3 is a low refractive index 
material with the refractive index value in between 1.35 and 1.42 in the visible 
spectral region. Literature values [9-11] of the CeF3 films depesited with the same e-
beam technique and conditions indicates that material has n values inbetween 1.58 
through 1.62. A comparative plot of our results calculated by using positive sign in eq. 
1 together with the literature values are given in the inset of Figure 4. Very well fit 
observed in our results and the literature values, together with our T vs. λ 
measurements providing T > T0   condition indicates that CeF3 can be considered as a 
new   low refractive index material, but not a medium refractive index material which 
is given in literature [9-11] . A new AR material, a CeF3 film , was coated at the both 
sides of a glass substrate. Fig.5 illustrates the transmittance spectuum or this two-side 
coated glass. The total absorption of this both side coated glass is rather high due to 
the ~ 2µm total thickness of the CeF3 films. If the film thickness, d, reduced to dAR   
which is given by 
 
    dAR =  λ0 / 4nf                (9)  
  
where λ0 is the wavelenght corresponding to AR condition and, 
    nf ≅q ns no                 (10) 
 
and corresponding minimun reflection 
 

     
 
In this study we worked on thick films in order to define n and k spectra of the CeF3 
films. If one deposits “ 110 nm thick CeF3 film at the Rmin  condition transmission of 
this both side coated glass at λ0  will be much closer to 100 % then that of the thick 
film case which is given in Fig.5. R % and T % spectra of 110 nm thick CeF3 AR film 
deposited on a both side of a float glass are shown in Fig. 6.. These values are 
calculated from eqs. 9.10 by using experimental data given in Fig. 4..As shown from 
this figure the visible average reflection is around 1% and transmission is around 
99%. A sodium barrier e.g., SiOx film approximately 110nm thick and 1.6 <x  < 2 
would be necessary for deposition of CeF3 film. The new thickness of  the CeF3 
film.Deposited on SiOx / soda lime glass substrate must be defined depending on x 
and optical thickness of SiOx film. So float glass coated with  Na barrier and an 
adhesion improuved film of SiOx can be coated with CeF3 film, “110 nm thick, at 
220oC of deposition temperature as a new and high quality AR coating. 
 
 
 
V. CONCLUSION 
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 Optical properties of CeF3 were studied in this paper. The folloving results were 
concluded: 1) CeF3   is a high quality low refractive index material with the optical 
properties similar to MgF3.,  2) CeF3 deposited on 220oC heated substrate forms a hard 
and stable film.,  3) Inhomogenous CeFx films, x< 3 are obtained at elevated substrate 
temperatures and decomposed source material conditions., 4)CeF3 film is a very good 
candidate for AR coating material.                    
                     

 
 
Figure 1. Spectrophotometric transmittance curve of a hipotetical film-substrate 
system Non-absorbing and absorbing region as of the film spectum are indicated in 
the figure nf > ns codition is provided by film-substrate system.  
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Figure 2. T vs λ plot of a typical CeF3 film deposited on corning 7059 class. Film 
thickness is around 750 nm. 

 
 

 
Figure 3. T vs. λ plot of a typical CeF3 from deposited at high temperature and 
deposition rate on sodas-lime glass. 
 
Interference disorders indicate the inhomogenity of the film. 
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Figure 5. Spectrophotometric transmittance plot of a both side CeF3 coated glass. 
Maching film tickness is around 1 µ 
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6-a 
 

 
6-b 
 
Figure 6.a-b T% and R% spectrum of 110 nm thick CeF3 AR film deposited on a both 
side coated float glass, respectively. 
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Figure 4. Wavelength dependence of reftavtive index and the extinction coefficient of 
CeF3 film. (1) Refractive index spectrum exhibits a dispersion (2) Wavelength 
dependence of the extinction coefficient of the CeF3 film Absorption threshold is 
around 750 nm. (3) Comparative results on refractive index spectrum of CeF3 film: --
--- present work; - - - literature values [9,10,11] 
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 Abstract 
 

 Gel layers in SiO2-P2O5, SiO2-P2O5-Al2O3, SiO2-P2O5-Na2O and SiO2-P2O5-CaO 
systems were obtained from alcohol solutions on melted quartz and sodium-calcium-
silicate glass. The optical, chemical and electrical properties of glasses covered with 
the layers of SiO2-P2O5, SiO2-P2O5-Al2O3 and SiO2-P2O5-Na2O systems were 
measured. It has been found that the layers show anti-reflexive properties as well as 
that the chemical resistance of covered glasses is higher than the basic, sodium-
calcium-silicate glass. Moreover, the silicate-phosphate layer modify the surface 
electrical conduction of the basic glasses. The layers of systems SiO2-P2O5 and SiO2-
P2O5-Al2O3, show the electrical conduction considerable higher than the basic glass. 
The layers containing sodium, depending on its concentration, behave similarly to the 
basic glass or show the lower electrical conduction. The layers of SiO2-P2O5-CaO 
system show bioactive properties. 

 
 
INTRODUCTION 
 
    The silicate-phosphate glasses are characterized by interesting structure on account of the 
presence of two glass forming components and the formation of the mixed bonds -Si-O-P-. They 
exhibit also a number of interesting properties including the optical and electrical ones, and when 
having a certain chemical composition they may become bioactive [1,2]. The deposition of layers 
of silicate-phosphate systems onto the glass, ceramic and other basic materials makes it possible 
to modify their surface properties, thus considerably extending the area of application of these 
materials [3, 4]. A particularly useful method for this purpose is the chemical method consisting 
in the preparation of amorphous materials from solutions, called the sol-gel method [5, 6]. It 
allows to carry out the entire process of the layers deposition at a temperatures not exceeding 
500oC. Sol-gel techniques have been applied to silicate-phosphate systems and possibility of 
obtaining glassy solids were demonstrated [7-10]. However, there is no information available 
about the process of obtaining of gel layers of silicate-phosphate systems and about the properties 
of these layers. 
    The aim of the present study was to obtain on a glassy base the thin, amorphous gel layers of 
the systems: SiO2-P2O5, SiO2-P2O5-Al2O3, SiO2-P2O5-Na2O and SiO2-P2O5-CaO and to 
determine: 
• optical, chemical and electrical properties in the case of the layers of SiO2-P2O5, SiO2 P2O5-

Al2O3 and SiO2-P2O5-Na2O Systems; 
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• the ability of surface crystallization of hydroxyapatite indicating on bioactivity of the material 
in the case of layers of SiO2-P2O5-CaO system. 

 
EXPERIMENTAL 
 
 The synthesis of gels was conducted for five defined oxide compositions (mol.%): 
1.   80.77 SiO2,   19.23 P2O5; 
2.   79.80 SiO2,   10.20 P2O5   10.00 Al2O3; 
3.   80.50 SiO2,   9.60 P2O5     9.90 Na2O; 
4.   70.00 SiO2,   10.00 P2O5   20.00 Na2O; 
5.   60.00 SiO2,   4.00 P2O5     36.00 CaO. 
 As the starting materials introducing the particular oxides there were used: 
- Si(OC2H5)4 (TEOS), 
- H3PO4, 
- C12H27AlO3, 
- NaNO3, 
- Ca(NO3)2·2H2O 
The method of preparing the solutions was as follows (Table 1). 
 

 Table 1. Chemical composition of the parent solutions. 
Chemical Amount of used components 

composition TEOS C2H5OH H3PO4 C12H27
AlO 3 

NaNO3 Ca(NO3)2·
2H2O 

H2O HC1 
 

(mol%) (ml) (ml) (ml) (ml) (ml) (g) (ml) (ml) 
80.77S-19.23P 30 37 7.1 - - - 14.5 3 

79.8S-102P-l0A 30 37 4.0 4.4 - - 8.0 5 
50.5S-9.6P-

9.9N 
30 37 3.7 - 2.8 - 30.0 4 

70S-l0P-20N 30 37 4.4 - 6.5 - 45.0 4 
60S-4P-36C 30 34 C6H15P

O4 3.04 
- - 19.0 18.0 2 

S - SiO2, P - P2O5, A - Al2O3, N- Na2O, C - CaO 
 
    The material to be covered were plates 2 x 2 x 0.5 cm, made from two kinds of glass: sodium 
calcium-silicate glass (containing about 15wt % of Na2O) and melted quartz. The basic glass 
plates were washed several times in water with an addition of detergents, rinsed using distilled 
water and ethanol. The gel layers were deposited by immersing the plates in the solution and 
pulling them out at a rate of 1 mm/s. This operation was performed 1 to 3 times. 
    The covered glass plates were placed in a desiccator for a period of two weeks, and next heated 
to the temperature 4500C. The glasses covered with the layers of chemical compositions No 1-4 
were next the object of:  
- microscopic SEM observations, 
-light transmittance measurements, 
- test of chemical resistance, 
- investigations of surface electrical conduction. 
    The SEM examinations were conducted by means of scanning microscope ISM5200. 
 The light transmittance was tested on spectrophotometer UV-VIS Zeiss-Jena. 
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    The chemical resistance was tested as follows: the basic glass plates covered with gel layers 
were boiled in a water bath for 3h and next the amount of leached Na2O in the solution was 
determined by titration of 0.01 n HCl and directly - by the ASA method. The investigations were 
conducted on sodium-calcium-silicate glass covered with the layers. The results are shown in 
Table 2. 
 

            Table 2. Results of examinations of chemical resistance for sodium calcium-silicate 
glasses covered with the layer (amount of Na2O in solution was determined by titration of 0.01 n 

HCl). 
No Kind of the layer 

(compositions in mol%) 
Amount of Na2O in solution 

 mg /100 cm3 
1 Basic glass 0.400±0.005 
2 80.77S-19.23P not existed 
3 79.8S-10.2P-10A 0.047±0.006 
4 80.5S-9.6P-9.9N 0.018±0.004 
5 70S-10P-20N 0.0620±005 

                  S - SiO2, P - P2O5, A - Al2O3, N - Na2O 
 
    The measurements of surface electrical conduction were conducted on samples in which the 
basic glass was the sodium-calcium-silicate glass as well as on samples made from melted quartz. 
Gold electrodes were sprayed on the surface of the examined samples, creating in this way an 
active surface in the form of a ring with the outer diameter d2 = 12 mm and the inner diameter d1 
=10 mm. For the measurements of electrical conduction there was applied a standard measuring 
system comprising a high voltage feeder cable, electrometer and a digital voltmeter. The surface 
resistance was determined directly from the measurements on the basis of the relation: 
 
                         ρ = (R/2π)ln(d1 / d2) 
 
where d2 and d1 are the outer and the inner diameter of the active ring, respectively. 
    The measurement results are listed as electrical conduction expressed in om-1 units to be 
interpreted as the inverse of the surface resistance for the supply voltage 1000V (Table3). 
 The glasses covered with the layers of chemical composition 60SiO2-4P2O5-36CaO were put 
into simulated body fluid with chemical composition close to human plasma (SBF). After soaking 
for various periods of time, the samples were removed from the solution and dried in air. 
Afterwards the surface of materials was subjected to FTIR examinations and scanning 
microscopy observations. 
 
 
 
 

        Table 3. Results of examinations of surface electrical conduction for  melted quartz and 
sodium-calcium silicate glasses covered with the layers. 

Kind of examined material Electrical conduction (om-1) 
melted Quartz 1.75·10-15 
Q + layer 79.8S-10.2P-10A 1.69·10-8 
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Q + layer 80.5S-9.6P-9.9N 6.89·10-15 
Q + layer 80.77S-10.23P 1.10·10-8 
sodium-calcium silicate glass (G) 3.3·10-11 
G + layer 79.8S-10.2P-10A 1.78·10-8 
G + layer 80.5S-9.6P-9.9N 1.83·10-15 
G + layer 70S-10P-20N 3.62·10-11 
G + layer 80.77S-19.23P 4.55·10-8 
S - SiO2, P - P2O5, A - Al2O3, N - Na2O 
 
 
RESULTS AND DISCUSSION 
 
 The SEM observations have shown that the layers deposited on sodium-calcium-silicate glass 
as well as those on melted quartz are in general characterized by good quality and adhesion to the 
base. Defects such as cracks, pop-offs, "knobs" occurred sporadically. 
 The sodium-calcium-silicate glasses covered with the silicate-phosphate layers show higher 
light transmittance in the visible region than the basic glass (Fig.1 ). It points out the anti-
reflexive properties of these layers.  
 From the investigations of the chemical resistance it follows that all glass samples covered 
with silicate-phosphate gel layers show a higher chemical resistance than the basic sodium-
calcium-silicate glass. The sodium leached during boiling might in this case derive from the base, 
insufficiently shielded by the layer (systems: SiO2-P2O5-Al2O3, SiO2-P2O5) as well as from the 
layers itself (system SiO2-P2O5-Na2O). The obtained results, however, show that even in case 
when the amount of Na2O present in the layer is comparable with that in the basic glass (sample 
No 5, Tab. 2), the amount of Na2O deriving from the layer is more than 10 times smaller than that 
in the basic glass. This is an indication that sodium in the silicate-phosphate gel glass is stronger 
bounded with the glass structure than in silicate glass, which may be due to its direct 
neighbourhood with the tetrahedral [PO4], containing doubly bonded oxygen ions. 
    Investigations of the surface electrical conduction of glasses with deposited gel layers yielded 
unexcepted results. Both in the case of melted quartz as a base as well as in the sodium calcium 
silicate glass the lowest surface conduction, close to that of melted quartz was exhibited by layers 
with the composition (mol%): 80 SiO2, 10 P2O5,10 Na2O (table 3). Considering that in this type 
of glass the conduction is, as a rule, of ionic character, and the current carriers are mainly the 
alkalies ions, this observation is an indication that in the presence of phosphorus, sodium 
becomes more strongly bounded with the silicate-phosphate matrix and in effect becomes a weak 
carrier of current. These results are consistent with the results of the investigations of chemical 
resistance, indicating little leaching of sodium from layers of composition: 80 SiO2, 10 P2O5, 10 
Na2O (Table 2). From our investigations it follows that layers of the above composition may by 
used as coatings imparting the property of electric insulation to glass surface and at the same time 
increasing its chemical resistance. It is also worthy of note that these layers are stable, i.e. their 
conduction does not change when they remain charged with electricity for a longer time. 
    In the case of layer containing 20 mol% of Na2O the conduction increases approaching that of 
the basic glass. With this amount of sodium its properties as a current carrier are thus similar to 
those of a melted silicate glass.  
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   The gel layers in the remaining oxide systems (SiO2-P2O5, SiO2-P2O5-Al2O3), although not 
including alkalies in their composition, exhibit high surface conduction, exceeding considerably 
the conduction of the basic glass. It is very unlikely that any of the cations present in these gel 
layers (P+5, Si+4, Al+3) might be an effective current carrier. Assuming that the electron 
conduction does not occur here in any significant degree (which in case of chemical compositions 
of this type is little probable), the only logical explanation for the observations made during the 
experiments is attribute the current conduction to the protons H+, the presence of which in the 
silicate-phosphate glasses is justified [11]. However, the investigations show that such a situation 
exists in alkali-free silicate-phosphate glasses, and does not occur in the presence of alkalies. This 
observation may initiate a new approach to the structure and properties of the silicate-phosphate 
glasses, inspiring for further experimental studies in this field. 
    From the investigations carried out so far it follows that the surface conduction of conventional 
sodium-calcium-silicate glasses can be distinctly increased by coating them with gel layers of the 
alkali-free systems SiO2-P2O5, and SiO2-P2O5-Al2O3. 
    As distinct from the earlier described layers from the systems SiO2-P2O5, SiO2-P2O5-Al2O3 and 
SiO2-P2O5-Na2O, the applicability of layers from the system SiO2-P2O5-CaO is connected with 
the possibility of their application for biological activation of biologically inert materials [1,2]. 
When materials used as bone implants are covered with layers from the system SiO2-P2O5-CaO, 
on the surface of the implant hydroxyapatite crystallizes as a result of contact with the plasma; 
through the layer of hydroxyapatite formed on the surface the implant accretes with the bone in a 
living organism. Hence the ability of hydroxyapatite crystallization on the material surface can be 
regarded as the basic parameter, determining its bioactive properties. In the present study there 
have been investigated the changes of the surface occurring on the 60SiO2-4P2O5-36CaO layer, 
after its contact with simulated body fluid. It has been found that after 10 day-long contact with 
SBF there occur changes on the surface which give evidence of crystallization of calcium 
phosphates. This can be interpreted as a positive sign indicating the possibility of the application 
of layers of this type for biological activation of materials. 
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Fig.1. Light transmittance of sodium-calcium silicate glass covered  
with the 80SiO2·10P2O5· 10Al2O3 layer. 
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Fig.2. FTIR transmission spectra of the surface of 60SiO2-4P2O5-36CaO  

layer before and after contact with simulated body fluid. 
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Abstract 
 
 Borophosphosilicate glass coatings have become important in recent years for the 
fabrication plasma chemical vapour deposition (PCVD) has been used to grow glass coatings 
with approximately 4% boron and 4% phosphorus at low temperatures. The effects of the oxygen 
to silane flow ratio and deposition temperature have been examined and explained in terms 
relative transport and kinetic rates. It has been shown that the additions of phosphorus and boron 
are beneficial for the manufacture of microelectronics devices because the temperature required 
to reflow the coatings to give smooth profiles over sharp corners of complex structures normally 
employed can be reduced considerably. Various combinations of temperature, ambient and time 
have been employed to anneal and reflow borophosphosilicate glass films. The reflow 
characteristics have been studied using an SEM and the results obtained are presented. 
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Abstract 
 

 The main difficulty in the synthesis of selenite glasses is the sublimation of 
SeO2 above 588oK. An autoclave equipment is developed for melting at high 
gas pressure (P max=35 MPa) in order to prevent the volatilization from 
selenite liquids and the synthesis of glasses at maximum temperature 823oK. 
The melting is done in platinum or quartz glass crucibles with  200 - 300 cm3  
volume. The  conditions  of  cooling  are  gradually  changing  at rate 
2oK/min. The influence of different melting conditions are investigated and 
new stable multicomponent selenite glasses are obtained in the systems SeO2-
MoO3-Sc2O3, SeO2-MoO3-Pr2O3, SeO2-Bi2O3-Sc2O3 and SeO2-Bi2O3-Pr2O3. 

 
 
 
1. INTRODUCTION 
 
 The preparation of selenite glasses was first described by Rawson and Stanforth, who 
successfully synthesised glasses in the K2O-SeO2 and the TeO2-PbO-SeO2 systems [1,2]. 
As they pointed out, the main difficulty in the synthesis of glasses of this type is the rapid 
volatilisation of selenite melts and the sublimation of SeO2 at atmospheric pressure and 
temperatures above 588oK.  
 Until now, selenite glasses are exotic material, which have not been extensivity 
studied. There a few papers [3-10] consider the synthesis and properties of these 
materials. According to our earlier investigations, it is possible  to obtain  glasses  from  
certain binary and multicomponent selenite systems [10-17].This paper is a continuation 
of our research programme in the preparation of new glasses with the participation of 
SeO2 at high pressures. 
 
2. EXPERIMENT 
 
 Experiments carried out to investigate the processes of melting and glass-formation in 
systems, containing sublimation and dissociation components, are quite few.. The reason 
for  this  lies in the  technical difficulties  that are  present while combining 
simultaneously high-pressure and high-temperature under volatile substance environment 
[18-20]. Two methods  of  synthesis  find application in work with  such  substances: in 
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vacuum proof crucibles and high pressure equipment. Most appropriate for the case at 
high scale experiments is used of the different type of autoclave equipment, where gas 
pressure and oxidation - reducing conditions in the system may be controlled within wide 
range. 
   An original optimum construction of autoclave equipment (Fig. 1) was designed, 
developed and tested. Major components of the autoclave are the reaction cell, 
framework, heaters, heat-insulation, thermo-couples and -measurement appliances. 

 
Fig. 1 Autoclave for synthesis of glasses under pressure at  
Pmax. = 35Mpa and T= 823oK 

 
 The main component of the autoclave is the reaction cell. It is a cylindrical crucible 
shut with a metal cork from the upper side. Junction bonds for gas inlet and outlet, and a 
thermocouple input are mounted on the cork. All junction bonds along the inlet and outlet 
tracks are sealed in "metal-into-metal" form. The pressure in the autoclave is measured by 
means of a manometer up to 100 MPa. A resistant heating furnace reaching up to 973oK 
was built-in on the external side of the cylindrical crucible. Inside the cell, there is a 
cavity fire-proof test-tube (platinum or quarts) frame, with test-tube volume reaching up 
to 500cm3, during synthesis of smaller quantities of selenite glasses. Oxygen was used as 
gas environment for pressure transmission on the raw materials containing SeO2, in order 
to maintain oxygen environment. 
 The components were introduced into the batches as analytical grade oxides. The 
samples were melted in quartz glass crucibles situated in autoclave device. The maximum 
oxygen pressure during the experiments was 35MPa and the maximum temperature was 
823oK, which was attained in 2h and maintained for 20 min. After melting they were 
quenched in water and the samples were characterized visually by optical microscopy, X-
ray diffraction and IR spectroscopy. 
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3. RESULT 
 
 The vitrification regions for the new ternary systems SeO2-MoO3-Sc2O3 , SeO2-MoO3-
Pr2O3, SeO2-Bi2O3-Sc2O3 and SeO2-Bi2O3-Pr2O3 are presented in Fig. 2 and 3. 
 

 
Fig.2. Glass formation regions in three component systems: SeO2-MoO3-Sc2O3 and SeO2-
MoO3-Pr2O3 . 
 

 
 Fig.3. Glass formation regions in three component systems: SeO2-Bi2O3-Sc2O3 and 
SeO2-Bi2O3-Pr2O3 
 
 
  The stable glasses are situated near the SeO2 corner. The widest region was obtained in 
the SeO2-MoO3-Sc2O3 /Pr2O3/ systems. This obtained data are valid only at indicated 
conditions to experiment: low rate of cooling and maximal temperature of melting up to 
823oK 
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4. CONCLUSION 
 
 It has been proved that the autoclave is suitable for the synthesis of selenite glasses: 
SeO2-MoO3-Sc2O3, SeO2-MoO3- Pr2O3, SeO2-Bi2O3-Sc2O3 and SeO2-Bi2O3-Pr2O3. The 
obtained regions of glass formation are comparable with the data concerning other tree-
component selenite systems [10-17]. It has been confirmed experimentally that SeO2 may 
from MoO3 an stable glassy network. The glasses synthesized with the participation of 
Sc2O3 are characterized by a better chemical stability with respect to the other trivalent 
oxides participating in the investigated systems. 
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Abstract 
 

 Whilst household and industrial waste volumes have been  constantly increasing, 
dumping capacities have been decreasing in the last  few years. Therefore, 
incineration has become more important with time. The resulting solid waste 
residuals from waste incinerator flue gas cleaning  systems and the fly ashes contain 
various alkalihalogenide salts, toxic heavy metal compounds and traces of organic 
pollutants, such as dioxine and furane. The vitrification is the most discussed and 
developed process for the safe and economic immobilization of these waste materials. 
The principal problems of all vitrification processes are the wide-spread composition 
variation of the waste materials and the lack of knowledge of the melting behaviour 
and the chemical and physical properties of the resulting waste glasses. The glass has 
to be of high chemical durability to prevent significant leaching of the hazardous 
components. 
 In this work, the correlation between waste composition, melting behaviour and 
long-term chemical stability of the resulting glasses will be investigated. The first 
results are reported. 

 
 
I. INTRODUCTION 
 
    The increasing amount of waste materials causes a serious decrease of disposal capacity. 
Therefore, incineration is of increasing interest. For example, 9.000.000 tons of municipal waste 
were burnt in Germany in 1990. 40 to 70 kg of fly ashes and filter dusts from waste gas treatment 
were produced per ton of waste [1 ]. About 300.000 tons per year of incineration filter dusts and 
ashes accumulated in Germany. The flue ashes and filter dusts contain hazardous waste like 
dioxines, furanes, and large amounts of water-soluble toxic heavy metal compounds, e. g. lead, 
copper, and zinc (Table 1 ). 
    Prior to safe disposal or recycling, an effective immobilization of those hazardous components 
is strongly requested. Various routes of immobilization by vitrification have been recently 
summarized [2 - 4]. Some concepts are based on established technologies of the glass industry, e. 
g. the re-use of filter dust from glass melting plants [5] or of glass cullet [6]. Other investigations 
concentrate on new techniques of detoxification and vitrification of filter dusts [7]. Furtheron, 
first attempts to produce technical glass, e. g. glass ceramics, by melting municipal waste 
incinerator ash has been performed [8]. Up to now, a lot of unsolved problems remains and 
prevents vitrification of residual materials from a large-scaled application. The wide-spread 
compositional variation of the waste leads to an unexpected effect during the melting process. 
Segregation and crystallization occur and the prediction of an uncritical chemical and physical 
behaviour of the glasses is strongly restricted. Thus, the investigations reported concentrate on an 
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increased basic understanding of the melting behaviour of incineration filter dusts and the 
characterization of the long-term chemical durability of the resulting glasses. 
 

Table 1. Average composition of filter dust from German incineration plants 
component content (wt.%) component content (mg/kg) 

 
SiO2 31.4 Cd 134 
Al2O3 16.3 Cr 447 
Fe2O3 2.7 Cu 667 
TiO2 1.9 Ni 35 
CaO 19.3 V 131 
MgO 2.7 Pb 3213 
Na2O 3.4 Zn 10386 
K2O 4.6 Ag 14 
ZrO2 < 0.05 Sb 227 
P2O5 1.6 Se 7 
BaO 0.3 Sn 1102 
SrO 0.04 Hg 17 
Mn3O4 0.16 Co 23 
SO3 2.9   
CI 4.4   
F 0.15   
Ctotal 7.6   
Cfree 6.5   

 
 
2. EXPERIMENTAL 
 
    A model glass system SiO2-Al2O3-CaO/MgO-Na2O/K2O has been defined in order to cover the 
compositional variations of the basic components of real incineration filter dusts. The partial 
substitution of CaO by heavy metal oxides or chlorides (Zn, Cu, Pb, Fe), P2O5, carbon and/or 
sulphate allows the systematic investigation of the influence of those components. The 
investigated variation of the model system and the substitutes are given in Table 2. 
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Table 2. Variations of the waste model glass composition 
 

model system (wt.%) CaO substitutes 
20- 40 SiO2 0- 5 Fe2O3 
5-10 Na2O/K2O 0-1 CuO 
5-15 Al2O3 0-1 PbO 
15- 30 CaO/MgO 0- 3 ZnO 
 0-10 P2O5 
 0-7 SO3 
 0- 4 chloride 
 0-1 fluoride 
 0- 5 carbon 

 
 
    Pure oxides, carbonates or chlorides and carbon (graphite) were used as raw materials. The 
glasses were melted for 4 hrs at 1400 to 1500 oC in Pt/Rh or Al203 crucibles in a resistant-heated 
electric furnace with normal air atmosphere. The glasses obtained were subsequently annealed in 
an electric furance at 600 to 620 oC.The glasses have been characterized in terms of the melting 
behaviour, devitrification, separation of metals, and chemical durability. The first three properties 
were determined by visual observation or light microscopy at first. For the transmission 
measurements polished glass sheets were used. For the "DEV S4" test the glasses were grained. 
    One of the most important properties is the resistance of the glasses against chemical attack by 
aqueous solutions. Due to the lack of a suitable realistic standard corrosion test, the durability was 
investigated in accordance to the German legally required "DEV S4" test [9]. This is a stationary 
test, where a glass grain fraction between 0.315 and 0.5 mm is exposed to distilled water with a 
constant ratio of the mass of the grain to the volume of water. Subsequently, the leached glass 
components were chemically analyzed by ICP-OES, and the electrical conductivity of the eluate 
was determined. 
 
3. RESULTS 
 
    The high silica and calcium oxide content made it possible to synthesize glasses in a wide 
composition range (Table 2). The melting behaviour was different. Foaming was generally 
observed, but the quenched glasses were free of crystalline products in most cases. 
    Because of the presence of iron or copper oxide in some model compositions the resulting 
glasses were coloured. The darkness of the glass colour increases with the carbon content and 
varied from amber to black at a carbon content of more than 5 wt.% (results of transmission 
spectra). 
    Spherical metallic particles were sometimes found in glasses which contain copper as well as 
sulphur. Surprisingly, this is not the case with glasses containing other metals, e. g. zinc. The 
simultaneous excess of carbon and sulphur leads to a significant gall formation which consists of 
about 40 wt.% K, 39 wt.% S,13 wt.% O, 5 wt.% Na, 2 wt.% Ca and 0,6 wt.% Si (analyzed by X-
ray fluorescence analysis).  
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     The first results of the DEV S4 test are given in Table 3. The model basic glass (40 wt.% SiO2, 
15 wt.% Al2O3, 30 wt.% CaO, 5 wt.% MgO, 10 wt.% Na2O) is compared to those glasses with 
systematic substitutions of CaO by CuO, PbO, and ZnO in terms of the glass colour, the leached 
amount of Cu, Pb, and Zn and the electrical conductivity. The leaching of the heavy metal 
increases with the metal content of the glasses. At the same time the electrical conductivity of the 
eluate is decreased. It is assumed that with increasing number of components in the glass the 
chemical resistance will be reinforced. 
    For comparison, the required limits for disposal, which are regulated by the German "TA 
Siedlungsabfall" [10], are also shown in Table 3. These limits are fulfilled for the conductivity, 
but not for all heavy metal contents of the glasses.  
 
Table 3. Comparison of the glass composition, results of the test "DEV S4" and the limits of the 

German "TA Siedlungsabfall" 
 
glass no. 

 
waste glass 
composition 

 
glass colour 

                  C o n t e n t  o f  t h e  e l u a t e        .  
Zn                           Cu                   Pb                 electrical 
                              (mg/l)                                      conduct. 
                                                                              (FS/cm) 

1 model glass colourless 0.19 0.05 0.15 65 
2 m + K2O, Na2SO4, 

Fe2O3 
green  

0.06 
 

0.09 
 

0.01 
 

< 1000 
 
3 

m + K2O, Na2SO4, 
CuO, ZnO, PbO 

 
blue 

 
0.16 

 
0.65 

 
0.18 

 
< 1000 

 
4 

m + K2O, Na2SO4, 
Fe2O3, CuO, ZnO, 
PbO 

 
brown 

 
0.21 

 
0.96 

 
0.28 

 
960 

 
5 

m + K2O, Na2SO4, 
Fe2O3, P2O5, ZnO, 
CuO, PbO, 0.5C 

 
green/brown 

 
0.71 

 
2.34 

 
0.27 

 
24 
 

 
 
6 

m + K2O, Na2SO4, 
Fe2O3, P2O5, 
ZnCl2, CuCl2, 
PbCl2, 0.5C 

 
 
green 

 
 

0.62 

 
 

3.01 

 
 

0.34 

 
 

30 
 

limit of the German TA "Siedlungsabfall" 
(disposal site class I) 

< 2 < 1 < 0.2 < 6000 
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 Abstract 
 

 Silica gel-films doped with some organic dyes, which are provided the 
optical density in a main functional band from 0.3 up to > 3 at thickness 0.2 
µm, have been synthesised. The dependence of the water stability, obliteration 
and spectroscopic properties on the concentration of the dye and the 
temperature of heat treatment has been investigated. It was discovered that the 
essential decrease of doped silica gel-films specific absorption takes place 
with the increase of the dye concentration. It was found that the photo 
stability of these films is increased after the codoping with cerium chloride. 

 
 
1. INTRODUCTION 
 
 The possibility of significant decrease of formation temperature of the inorganic 
matrix by using of the sol-gel technology permits to hope for obtaining of various 
composite materials doped with organic dyes on the stage of the sol-colloid system. In 
particular, recently was informed [1] on creation of colour covers for television tubes, 
representing of silica gel-films with incorporated molecules of some Xanthene dyes. The 
aim of the present paper was elucidation the possibility of the silica gel-films creation 
doped with organic dyes with high optical density, mechanical strength and water 
stability, as well investigation of molecular peculiarities of dye incorporating in formed 
glass-organic gel-film. In parallel, we have also tried to determine the possibility of 
increase of photo stability of these light filters by additional doping with cerium, which is 
widely used for increase of glass radiationly-optical stability. 
 
2. EXPERIMENT 
 
 The process of film preparation included the tetraethylortosilicate hydrolysis in water 
solution of hydrochloric acid to obtain a sol. The exposure of this sole during a week and 
subsequent dissolution in it the organic dye. Drawing by means of spinning of the dye-
containing sol on a substrate (quartz or silicon) and heat treatment obtained films at 
different temperatures, Tf, in during of 5 minutes. 
    The control of thickness of films, h, was performed using by profilograph-profilometer 
with the error of ±5 %. The water stability was controlled on decrease of the optical 
density, D, of the films after their exposure in flowing water during 4 hours. The test for 
mechanical strength was carried out on number cycles sliding by a rubber tip through 
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cambric lining at the presence of a spirit under a load of 0.3 kg, which are necessary for 
complete obliteration of the film. 
 The spectra of absorption in visible and UV regions were detected on a 
spectrophotometer (Beckman-UV5270). For measuring of IR spectra was used a 
spectrophotometer (UR-2). In all cases in a channel of comparison were placed the 
corresponding clean substrates. 
   The luminescence intensity of these films was controlled by means of 
spectrofluorimeter (SDL-2). 
 
3. RESULTS 
 
    Test on obliteration of the obtained films has shown that with the increase of the dye 
concentration, Cdye, in the sol nonlinear easing of their mechanical strength takes place. In 
particular, for films with rhodamin 6 G at the Cdye increase in the range 1-5 mass % the 
number of cycles sliding up to complete obliteration of the film decreases with 5000 up to 
1200. At further increase of the Cdye up to 12.5 mass % the quantity of these cycles 
decreases up to 300 and smaller. Influence of Tf on the films obliteration is more weak. 
The washing of the dye from the film with the Cdye = 3 mass % makes about 10 % at Tf = 
300oC and 25 % at Tf = 22oC. For the film with the Cdye =12.5 mass % the washing 
exceeds 90 % at all Tf. However at additional covering of the dye-containing film with 
nondoped silica gel-film it is practically not washed. 
    Fig. 1 shows the visible and UV light attenuation spectra of the films with h = 0.2 µm 
doped with some the most soluble in the sol dyes. The structural formulas of these dyes 
are also indicated. It is seen that the greatest significance of D in the band S1←So is 
provided for films with rhodamin 6 G (curves 1-3) at Cdye =12.5 mass %. For the films 
with diamond green (curves 4 and 5) and cumarin 1 (curves 6 and 7) characterized by 
maxima values of the Cdye = 4.5 and 11.5 mass %, respectively, the values of D is 
essentially less. The increase of Cdye is accompanied by decrease of specific integrative 
intensity of the band S1←So and significant deformation of its contour. For the cumarin 1 
at maximum Cdye is observed significant increase of light scattering. 
    Fig. 2 shows the absorption spectra in the region of S←So band of the films with 
rhodamin 6 G (Cdye = 3 mass %) obtained at various Tf. It is seen that the film with Tf = 
22oC is characterized by the two-humped S1←So band with maxima at 505 and 530 nm 
(curve 1 ). The intensification of long-wavelength component of this band at the expense 
of weakening of its short-wavelength component (curve 2) takes place with the increase 
of Tf up to 300oC. The value of  D decreases approximately in three times at Tf = 350oC 
(curve 3). The thickness of these films with increase of the Tf in the range 22-350oC 
within the limits of measurement error does not change. 
    Fig. 3 shows the IR absorption spectra of nondoped and doped films with rhodamin 6 
G at various Cdye (Tf = 250oC). It is seen that in spectrum of nondoped film (curve 1 ) are 
observed the comparatively wide and lowly-intensive band at 3400 cm-1, the two-humped 
intensity band with a maximum at 1075 cm-1 and lowly- intensive band at 945 cm-1. The 
introduction of rhodamin 6 G with Cdye = 3 mass % is accompanied by intensification of 
the band at 3400 cm-1 as well the bathochromic shift approximately on 100 cm-1 of its 
maximum and expansion on the side of low frequencies. Moreover, there is observed the 
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bathochromic shift approximately on 7cm-1 of a maximum of the most intensive band and 
it expansion on the side of low frequencies, the intensification of band at 945 cm-1 and its 
shift on 15 cm-1 to highly-frequency side (curve 2), also the appearance of a number of 
lowly-intensive narrow bands in the region 1100-1750 cm-1.  

 
Fig.1. Light attenuation spectra of silica gel-films doped with dyes. 1-3 - rhodamin 6G; 4, 
5 - diamond green; 6, 7 - cumarin 1. Cdye, mass %: 1 (6), 2(1, 4), 4.5 (5), 6 (2), 11.5 
(7),12.5 (3). Tf = 250oC. h = 0.2 µm. 
 
 
As the Cdye is increased up to 12.5 mass % the intensification, shift and redistribution of 
bands intensity in the region 1000-1750 cm-1 also increase of intensity and shift of bands 
at 3300 and 960 cm-1 takes place (curve 3). Besides, for these films are observed very 
low-intensive bands in the region 5150-5800 cm-1 (in Fig. 3 they are not shown) and more 
intensive bands in the region 3570-3940 cm-1, which are intensified with increase of Cdye 
and decrease of Tf  as well as with increase of the exposure duration in damp atmosphere. 
Note that the position and correlation of narrow bands intensity in the region 1000-1750 
cm-1 for rhodamin 6 G in KBr essentially differs from indicated in Fig. 3. 



 4

 
 Fig. 2. Absorption spectra of doped with rhodamin 6 G silica gel-
films at various Tf. Tf, oC: 22 (1 ), 300  (2), 350 (3). Cdye = 3 mass 
%. h = 0.2µm. 

 

 
 
Fig. 3. IR absorption spectra of nondoped (1) and doped with rhodamin 6 G (2, 3) silica 
gel-films. Cdye, mass %: 3 (2),12.5 (3). Tf = 250oC. h = 0.2 µm. 
 
    Fig. 4 shows the absorption spectra of doped with rhodamin C and CeCl3 as well as the 
films codoped with these compounds before and after of irradiation during of 45 minutes 
by unfiltered radiation of a xenon lamp (Cdye = 3 mass %, Csalt = 2 mass %, Tf = 250oC, h 
= 0.2 µm). The absorption spectrum of film with rhodamin C which was irradiated in 
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identical conditions through quartz substrate with CeCl3-containing silica gel-films, is 
shown in the Fig. The irradiation power was about 200 W/cm2 in all cases. It is seen that 
the unradiated film with rhodamin C is characterized intensive S1←So band with a 
maximum at 555 nm and 'shoulder' at 525 nm as well a number of less intensive bands in 
UV region (curve 1 ). The spectrum of codoped film differs by higher value of D in the 
region of shorter than 350 nm, expansion of S1←So band, small decrease of its intensity 
and weak increase of light scattering (curve 2). 
 

 
Fig. 4. Absorption spectra of nondoped (3), Doped with rhodamin C (1, 5, 6) and 
codoped with CeCl3 (2, 4) silica gel-films before (1-3) and after (4-6) of irradiation by 
unfiltered radiation of a xenon lamp with power ~ 200 W/cm2. 5 - film irradiated through 
the quartz substrate with CeCl3-containing silica gel-film. Cdye = 3 mass % (1,2,4-6),  
Csalt = 2 mass % (2-4). Tf = 250oC, h = 0.2 µm. 
 
The film with CeCl3 is characterized by wide lowly-intensive band with a maximum at 
250 nm (curve 3). The irradiation of the codoped film leads to decrease of integral 
intensity of S1←So band approximately on 30 % (curve 4). For the film with rhodamin C, 
which is irradiated through quartz substrate with the CeCl3-containing film, the decrease 
of D makes up ~ 60 % (curve 5), and at direct irradiation it makes up ~ 80 % (curve 6). 
The weakening of long-wavelength part of S1←So band more than the short-wavelength 
in all cases. 
    It is necessary the indicated results to supplement with the message that at 
transformation of sol-films doped with Xanthene dyes to the gel-films the intensity of 
luminescence decreases approximately on two order. 
 
4. DISCUSSION 
 
    The analysis of spectra, which are indicated in Fig.1, testifies that the obtained silica 
gel-films doped with rhodamin 6 G and diamond green on the value of optical density in 
the main functional band (S1←So) and steepness of it outline satisfy to the necessary for 
optical filters requirements. The absence of light scattering of these films at the maximum 
Cdye can be connected with presence of the polar functional groups NHC2H5CI- and 
OCOCOOH- which increase the solubility of mentioned dyes in sol and, obviously, 
promote their incorporation to the matrix. The decrease of intensity of the short-
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wavelength component of rhodamin 6 G S1←So band as the Tf increases (Fig. 2) testifies 
to reduction of association degree of the dye [2] that can explain by smaller polarity of 
OH-group, remaining in matrix, in comparison with molecules of water. The significant 
decrease of integral intensity of the band at Tf = 350 oC is connected with its thermal 
destruction. 
    The bands at 3400, 1075 and 940 cm-1, which are observed in IR spectrum of the 
nondoped film (Fig. 3, curve 1 ), are related by fundamental valence oscillations of OH- 
groups, antisymmetric oscillations of Si-O-bond and oscillations of Si-O--bond, 
respectively [3]. The bathochromic shift and weakening of the band at 3400 cm-1 for the 
film small Cdye (curve 2) testifies to increase of hydrogen bonds share [4]. For this film 
the similar shift of the band at 1075 cm-1, accompanied by weakening of its relative 
intensity, and increase of the band at 940 cm-1 can be connected with lengthening and 
break of Si-O-bonds. At further increase of Cdye the loosening of matrix, judging from 
significant increase of wearability and decrease of moisture resistant, makes progress. 
This conclusion is confirmed by the changes in vibration spectrum of the film the 
maximum Cdye (curve 3), which are expressed in essential intensification of band 
connected with the centers of nonbridging oxygen and obvious manifestation in the 
spectrum of band at 880-920 cm-1 corresponding to the triple-coordinated oxygen [3]. To 
it testifies the repeated intensification of the band stipulated by OH-groups since at break 
of the Si-O-bonds are formed free radical interacting with an atmospheric moisture. In 
such case the further low-frequency shift and weakening of band corresponding to the 
oscillation of Si-O-bonds should be observed. It is likely that this band is displayed on 
curve 3 as a 'shoulder' at 1055 cm-1. The band screening of this latter as well as a series of 
bands in the region 1100-1750 cm-1 are related by rhodamin 6 G molecules. 
    Taking into account the extremely low luminescence intensity of doped gel-films at 
small association degree of dyes can to assume that the significant share of them 
molecules is in a solid phase. Obviously, the described loosening of the matrix will be 
accompanied by accumulation in it the adsorbed water molecules, presence of which can 
be specified by bands in the region 5150-5800 cm-1. It will cause not only to improvement 
of conditions for association of dye molecules, but also to change of their distribution 
between the phases that in a final result is expressed in observable dependence of the 
specific intensity of absorption on Cdye· 
 The more weak photobleaching of short-wavelength part of S1←So band of rhodamin 
C at irradiated of the film by radiation of a xenon lamp (Fig. 4) can be related by transfer 
of energy from dimers to monomers. The weakening of photodestruction of dye-
containing film at codoping its with CeCl3, apparently, is explained by the several 
reasons. To those it is possible to attribute the absorption of part of UV radiation in the 
change transfer band of Ce(IV) oxygen complexes, which falls at the region shorter than 
350 nm [5], inhibition of the photochemical reaction of dye due to the ability of cerium to 
intercept formed at irradiation the charge carriers of both marks as well as the quenching 
of excited states of dye by means of charge transfer or by nonradiative transfer of 
excitations to absorbing in visible region the cerium associations [5]. Judging by 
comparatively small photodestruction of film with rhodamin C irradiated through the 
quartz substrate covered with the CeCl3- containing film, the main role in discovered 
effect play the noted processes of inhibition and quenching. In favour of such conclusion 
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testifies the above described change of absorption spectrum of dye for codoped film 
indicating on formation of the metal-organic complex. 
 
5. CONCLUSIONS 
 
 At creation of the glass-organic light filters on the base of the doped on the sol stage 
the silica gel-films the preference should give up the dyes with polar functional group. 
The increase of Tf of this films leads to growth of moisture stability with simultaneous 
decrease of their wearebility and degree of dimerisation. The dye molecules incorporation 
into silica gel-matrix is accompanied by lengthening of Si-O- bonds with subsequent their 
break. In further these bonds may be to saturate by absorbed moisture. In so doing, 
increase of the dye molecules association degree and, perhaps, change of correlation of 
their concentrations in solid and liquid phases occurs that expresses in essential 
dependence of specific absorption intensity on Cdye. The codoping of dye-containing films 
with cerium leads to increase of their photostability. The photoprotective properties of 
cerium amplify at formation by them the complexes with dye. 
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 Abstract 
 

 Photosensitive (photochromic including) glasses are the promising materials to 
create by ion exchange technique the planar waveguides as an photo controlled 
elements of integral optical systems. A comparative analysis of photoinduced 
anisotropy of color centers absorption in glass bulk and waveguides based on it has 
been carried out. It has been found. In a waveguide, as it has been established, the 
dichroism has the sign   opposite to that in bulk photochromic glass. The modes 
selection phenomenon has been investigated. The theoretical approach developed 
allows also to optimize the properties of photo controlled elements with periodic 
structures. 

 
 
I. INTRODUCTION 
 
 In the recent years, a new direction has been developed in optoelectronics-integral optics. The 
essence of this direction implies that an optical design is created not from a set of bulk optical 
elements but with the use of bound-up planar waveguides, i. e. thin layers with increased 
refractive index at the surface of a material which provide light propagation in a layer at full 
internal reflection. For the creation of such waveguides some technological means are used 
depending on material type and the requirements made on the waveguide. For the case of glasses, 
most widely practiced is the manufacturing of planar waveguides on their basis by the method of 
ion exchange. The work presented is devoted to development of the theoretical approaches for 
optical properties of planar ion-exchange photocontrolled waveguides investigation. 
 
2. ANISOTROPY OF PHOTOCHROMISM IN WAVEGUIDES 
 
 It is wellknown, one of essential properties of waveguides is optical anisotropy caused by 
diffusion-generated stresses in glass surface layer [1]. We have carried out a comparative analysis 
of photoinduced anisotropy of color centres absorption in glass bulk and waveguides based on it. 
That glass has its high darkening degree preserved for a long time at room temperature (so called 
"low-fading"). This is suitable for the investigation, though the obtained deductions should be but 
carefully applied to all the other types of heterogeneous photochromic glasses. It has been found 
that the maximal change of the induced absorption at photochromic glass darkening and 
bleaching is observed when the polarization actinic and probing radiation are identical. The 
magnitude of the dichroism depends on irradiation dose and on the wavelength of probing light. 
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In a waveguide, as it has been established, the dichroism has the sign opposite to that in bulk 
photochromic glass. 
    It has been also shown that in a waveguide, the influence of red light brings about additional 
formation of colour centres whereas in bulk material the influence of such longwave radiation 
causes the destruction of colour centres. The latter phenomenon was under special examination at 
the variation of actinic radiation intensity in a wide range (0.1 to 100 mW/cm2 in bulk glass and 
20 to 104 mW/cm2 in waveguide [2]). The dichroism of photoinduced absorption in planar 
waveguides made on the basis of photochromic glass can be employed in the development of 
various photo-controlled elements of integral optics (polarization selectors, switches, etc. ). 
 
3. MODES SELECTION IN PHOTOCHROMIC WAVEGUIDES 
 
 It is clear that the rates of darkening and relaxation in photochromic waveguides are 
insufficient to fulfill high-speed operations like modulation or switching. However, there are 
operations that do not need high rates. Among them is, first of all, the selection of waveguide 
modes. Such a selection requires the providing of essentially different losses for different modes. 
As a rule, that is fulfilled by arranging absorbing layers at the surface or in the depth of a 
waveguide. Naturally, the preparation of such layers requires exceptionally high precision of 
technological procedure and does not permit readjustment. One of possible ways to solve this 
problem is the creation of selectors with the use of photosensitive glasses [3]. 
 Let us consider a diffusion waveguide based on photochromic glass in which several modes of 
the same polarization can propagate. If a mode in such a waveguide is excited by actinic 
radiation, the waveguide will get coloured. The spatial profile of induced absorption will be 
defined by the intensity of the excited mode and by the kinetics of darkening depending on 
intensity. So, a sort of extended mask will be formed in the waveguide whose absorption profile 
is similar to that of intensity distribution of photoactinic radiation in the waveguide. Therefore, 
the losses for the excited mode will be growing as the waveguide gets colour. The subsiding of 
other modes will be defined by the overlap of their fields with the absorbing mask, i.e. with the 
field of the mode by the excitation of which the absorption was induced. In view of the fact that 
field distributions of the modes with different numbers in planar waveguides essentially differ 
from each other, one might expect that the losses for other modes would grow insignificantly. In 
this case, after the coloured segment has been passed, the intensity of the radiation propagating in 
a before-excited mode must be lower than in other modes. In other words, such a coloration shall 
lead to the selection of waveguide modes. 
 We have developed mathematical models allowing the description of the process of radiation 
propagation in a planar waveguide made on the basis of photochromic glass. Computer 
simulation of those models enables one to evaluate the effectiveness of the selection and to 
optimize the structure of waveguide components. 
 Let us dwell on phenomenological description of the process taking place in a photochromic 
waveguide under the influence of actinic radiation. When the radiation is propagating, electric 
field E(r,t) forces the dielectric permeability ε(r,t) of waveguide material to change. Optical 
properties of such a waveguide in general are described by the equation 
 

                 (1) 



 3

 
The form of function F in the right-hand side of the equation depends on the type of 
photosensitive material and the accepted model for its description. If the simplest model is 
applied (glass matrix containing spherical metal particles - colour centres), for the calculation of 
complex dielectric permeability averaged over the microvolume of composite material, Maxwell-
Garnett's approach can be used. Considering the smallness of the specific volume of colour 
centres in photochromic glass, it is legitimate to put down: 
 

       (2) 
 
where εm(x) is the diffusion profile of glass matrix dielectric permeability (regarded as real), 
εph(r,t) is a complex item describing photoinduced changes in material structure, c(r,t) is colour 
centres concentration, V is the volume of a single colour centre, and ε is the complex dielectric 
permeability of the metal (silver or copper), depending on photosensitive dope used in 
photochromic glass. 
 The change of colour centres concentration under the influence of monochromatic radiation  
can be described by an equation of the following form: 
 

             (3) 
 
where c* is the concentration of photosensitive microcrystals and ka and kf characterize 
respectively the probabilities of photoinduced formation of colour centres and their spontaneous 
decay. 
    The main objective of the calculation is the matrix Dij= lg(Ii/Iij)  of photoinduced optical 
density, where Iij is the power of ith mode's radiation at waveguide output which is coloured by 
the influence of jth mode up to its saturated state and Ii  is the same power without coloration. 
    The propagation of TE-radiation mode E =Ey (x,z,t) ey in a waveguide is described by the 
equation 
 

                     (4) 
 
We worked out the set of formulae allows one to calculate the value of photoinduced optical 
density for different modes of a planar waveguide coloured to saturation under the influence of 
photoactinic radiation of one of the waveguide's modes. In order to interpret the above described 
experiment, a calculation was carried out for model "exponential profile", 
 

                  (5) 
 
The calculation of the elements of D matrix was done numerically. 
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    A good agreement between experimental data and the calculation is in favour of the correctness 
of physical assumptions taken at the construction of the theoretical model for real photochromic 
glasses and chosen conditions of irradiation. The performed computer experiments have shown, 
for instance, that in order to increase the effectiveness of the selection of high-order modes, it is 
helpful to create a gradient of photosensitive properties of photochromic glass, i.e. ka(x) in 
equation (4), along waveguide depth. However, the creation of a gradient of photosensitive 
microcrystals concentration, i.e. c*(x) in equation (4), leads to an improvement of low-order 
modes selection. 
 
4. LIGHT PROPAGATION IN A SYSTEM OF PHOTOCHROMIC WAVEGUIDES 
 
 As was already mentioned, the main application of photochromic material is the modulation of 
light flows. However, for the case of identical plates used to attenuate radiation, the capacities of 
such a filter are too shortened. The thing is that actinic radiation is effectively absorbed in surface 
layers of such a filter, thus restricting its working thickness. Therefore, of interest are the 
development of the methods describing light propagation in a "sandwich" system of thin plates of 
photochromic glass separated from each other by clear gaps. Such a system of bound-up 
waveguides, when placed into a conic reflector is free from the above mentioned drawback and 
can effectively attenuate light flow. 
 Let us consider a system of planar waveguides shaped as a pile of interchanging layers in the 
following way: layers of photochromic glass with a refractive index n1 alternate with layers of 
clear glass with a refractive index n2 < n1. A homogeneous light flow is incident on to the side 
surface of the pile at an angle q to the normal to the plane limiting the pile. When regarding the 
refraction at the input into the waveguide system, we deal with beam approximation (the methods 
of wave problem solution see in [4]). The general non-linear problem of flow transition to a 
steady state was solved by iterational method. The results of numerical calculation demonstrate 
that, by varying the extent of flling such a "sandwich" construction with photochromic material 
(designate it G), one can, other things equal, to intensify photoinduced optical density )D. In 
other words, the efficiency of the usage of photochromic glasses is improved by force of well-
designed construction of a relevant component. Estimations have shown that, at the optimal value 
of G=0.85, )D value grows by more than 20 %. 
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Abstract 
 

        The results of the investigation of the glass component extraction 
kinetics from phase-separated alkali borosilicate glasses into acid and 
acid-and-salt solutions and also the data of porous glass study by electron 
microdiffraction method are presented here. It is found to the precipitation 
of the boron and silica containing formations inside the glass leached 
layer and their partly microcrystallization within the roentgenoamorphous 
porous glasses. 

 
 
   INTRODUCTION 
 
   According to the model of the leaching of the phase-separated alkali borosilicate 
(ABS) glasses [1] the interaction of the chemical unstable boron-rich phase (hereafter 
referred to as unstable phase) of the glass with the acid solution is the process of the 
chemical dissolution of its components by forming of the hard dissoluble products as 
an intermediate stage of the process. Possibility of their precipitation and 
crystallization inside the leached layer of the two-phase ABS glasses was indirectly 
confirmed thermodynamically and roentgenographically at investigation of the acid 
stability of the one-phase ABS glasses being identical to the composition of the 
unstable phase of the two-phase ABS glasses (see Refs. in [2]). Formation of the 
crystal precipitates inside the porous layer generates the stress development probably 
[3]. It may be supposed that the stresses in the porous glasses (PGs) can be a causes 
on the one hand of the crack of the massive glass samples during of their leaching and 
on the other hand of the anomalous visible light scattering of the PGs (about last 
phenomena see for example [4]). Therefore evidence for possible microcrystallization 
of the products of the acid dissolution of components of the glass unstable phase 
inside the porous layer is of great significance. However the PGs under consideration 
are roentgenoamorphous [5]. 
   In our study the electron microdiffraction (EMD) technique was used for 
determination of the PG microphase structure [5, 6]. Compared to X-ray diffraction 
analysis this technique is more suitable because the short wave length and strong 
interaction between electrons and the substances make it possible to produce well-
defined reflections when the crystals are of smaller sizes and the substance is in 
smaller amounts. The EMD data were discussed together with the results of the 
investigation of the unstable phase component extraction from glass into acid 
solution. At the discussion of present problem the such principles of the glass 
leaching model were taken into consideration as hypothesis about pH value of the 
solution within leached layer [1]. According the glass leaching model the features of 
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the process are on the one hand the exceeding of the pH value of the solution near the 
reaction (between the acid and unstable phase components) zone in comparison with 
the external dilute acid solution pH value owing to the sodium-and-boron buffer 
effect (as much as ~7.5) or nearly keeping of the low pH value (< 0) in the case of 
concentrated acid solution. 
 
II. EXPERIMENTAL 
 
    The objects of the present study were samples of 8/70 ABS glass (with initial 
analyzed composition of 6.8 Na20, 20.9 B203, 0.3 Al203, 72.0 Si02 in mol. %) 
isothermally held at 550 oC for 144 h for phase separation. The two-phase glass (in 
the form of polish disks 2-4 mm thick and 20 mm in diameter) was treated with 0.9 or 
3 M HCI solutions at 100 oC. The relation between glass sample surface area and the 
acid solution volume was ~0.045 cm-1 In the case of concentrated acid solution the 
kinetics of the interaction of the phase-separated glass samples and acid was 
investigated with/without 1.4 M KCl addition into acid solution. The leached layer 
thickness (h) values and the amounts of boron (Q) extracted from glass into acid 
solutions were determined by optical microscope or by titrating the mannitoboric 
complex with NaOH solution accordingly. The determinations were made accurate to 
within ± (10-15) %. The experimental values Qe of the boron amount in the solution 
were compared to the boron amount values Qc calculated using the following relation: 
 
 Qc=VlCv 
 
where Vl - the volume of the leached glass sample (cm3), Cv - the volume 
concentration of the boron in the glass (mol/cm3). 
   The glass samples were washed in distilled water at 20oC for 5 days to remove the 
chlorine ions and then dried at 120oC for 0.5 h after their completely acid leaching. 
  The electron diffraction patterns were taken from various parts of porous glass 
samples, and then a drop of alcoholic suspension of the glass powders was coated 
onto supporting collodion films (substrates) reinforced by carbon. The EMD 
morphological investigations were performed on an EM-125 electron microscope at 
an accelerating voltage of 75 kV. The EMD data were processed according to the 
procedure described in [5, 6]. 
 
III. RESULTS AND DISCUSSION 
 
    Fig.1 indicates that KCl addition into HCI solution does not increase the rate of the 
rise of the thickness of the glass leached layer in comparison with the thickness of the 
layer leached in HCI solution in KCl absentia. At the same time the amounts of boron 
extracted from the glass increase in the case of the KCl addition into acid solution. 
The data presented in the Table show that boron removal into HCI solution lags 
behind the boron removal into (HCI+KCl) solution. At last conditions Qe and Qc 
values are equal. It known that the solubility of the such boron containing formations 
as for example H3B03 increases at the KCI presence in the solution. That is why the 
results mentioned above evidence for the precipitation of boron containing products 
of interaction of unstable phase and acid inside the leached layer during the leaching 
of phase-separated glasses on our opinion. It should be noted that the central part of 
porous glass samples under consideration is enriched with acid-treated products of 
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two-phase glass according to the results of the transmission electron microscopy study 
[6].Crystallization of these products was predicted by thermodynamical calculations 
(see Refs in [2]). Can such precipitates to crystallize in reality? Let us consider the 
results obtained by EMD technique. 
 
 

 
 
Fig. 1. The thickness h values of the layer leached in the samples of phase-separated 
glass 8/70 at their treatment by 3 M HCI solution with (B)/without (C) 1.4 Kcl 
addition vs. square root of treatment time t at 100 oC. 
 
 
Table. Comparison of the boron amounts Qe extracted from phase-separated glass 
8/70 disks with the boron amounts Qc were included by the sample layer leached in 
the acid solution at 100 oC during 1 h. 
 

Solution Boron amount Q, mol 104 
 Qe Qc 

3 M HCl 2.8 7.9 
3 M HCl + 1.4 M KCl 7.7 7.6 

 
Fig. 2 and Fig. 3 show the electron micrographs and electron diffraction patterns 
taken from the powder particles of porous glasses produced from two- phase ABS 
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glass under study in the 3 M HCl solution (Fig. 2) or in the 0.1 M HCI solution (Fig. 
3) (without KCl). In addition to an amorphous phase that is identified by the presence 
of the diffuse halo in a photoplate, microcrystalline particles are also observed. Their 
diffraction patterns are characterized by electron diffraction spots calculating of which 
makes it possible to identify the such microcrystalline phases as the sassolite or boric 
acid H3B03 (ASTM-23-1034) (Fig. 2, b), the ezcurrite (ASTM-20-1083) 
Na4B10O177H20 or 2Na20 5B203 7H20 (Fig. 3, d) and the traces of α-quartz (ASTM-5-
0490, [011]) (Fig. 2, c; Fig. 3,b). 
 

 
 
Fig. 2. Electron micrograph (a) and electron diffraction patterns (b, c) of the powder 
particles of the porous glass (initial thickness of disk, 2 mm) prepared from phase-
separated glass 8/70 in 3 M HCl solution at 100 oC. 
 
 
 
    The results obtained on our opinion agree with the statement of the glass leaching 
model about the pH value in the pore space. For instance in the case of concentrated 
acid solution (3 M HCl) pH value inside pores is sufficiently low for the H3B03 as 
more durable solid phase can be precipitate (as intermediate stage of glass leaching). 
The significant increasing of the pH value in the pore space (in the case of dilute acid 
solution) will in turn favor the precipitation of the alkali borates including crystalline 
hydrates which are most durable under prevailing conditions [6]. The probability of 
the silica microcrystallization at the presence of the alkali ions within solution is valid 
also (see Refs in [5]). 
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Fig. 3. Electron micrographs (a, c) and electron diffraction patterns (b, d) of the 
powder particles from periphery (a, b) and central (c, d) parts of the porous glass 
(initial thickness of disk, 4 mm) prepared from phase-separated glass 8/70 in 0.1 M 
HCI solution at 100 oC. 
 
 
IV. SUMMARY 
 
    The data of the investigations of the chemical stability of the phase-separated alkali 
borosilicate glass samples and of the microphase structure of the porous glasses 
confirm the such hypotheses of the glass leaching model as (a) the precipitation of the 
hard dissoluble products inside the pore space (as intermediate stage of the process), 
(b) their partly microcrystallization, (c) the influence of the pH value of the solution 
within pore space on the composition of these precipitates. 
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Abstract 
 

 Electrochromic windows offer the ability to dynamically change the transmittance 
of a glazing. With the appropriate sensor and controls, this smart window can be used 
for energy regulation and glare control for a variety of glazing applications. The most 
promising are building and automotive applications. This work covers the use of sol-
gel deposition processes to make active films for these windows. The sol-gel process 
offers a low-capital investment for the deposition of these active films. Sol-gel serves 
as an alternative to more expensive vacuum deposition processes. The sol-gel process 
utilizes solution coating followed by a hydrolysis and condensation. In this 
investigation we report on tungsten oxide and nickel oxide films made by the sol-gel 
process for electrochromic windows. The properties of the sol-gel films compare 
favorably to those of films made by other techniques. A typical laminated 
electrochromic window consists of two glass sheets coated with transparent 
conductors, which are coated with the active films. The two sheets are laminated 
together with an ionically conductive polymer. The range of visible transmission 
modulation of the tungsten oxide was 60% and for the nickel oxide was 20%. We 
used the device configuration of glass/ Sn02:F/ W03/polymer/LizNiOxHy/SnO2:F glass 
to test the films. The nickel oxide layer had a low level of lithiation and possibly 
contained a small amount of water. Lithiated oxymethylene-linked poly(ethylene 
oxide) was used as the laminating polymer. Commercially available Sn02:F / glass 
(LOF-Tec glass) was used as the transparent conducting glass. We found reasonable 
device switching characteristics which could be used for devices. 

 
 
1. INTRODUCTION 
 
 Electrochromism (EC) can be broadly defined as a persistent and reversible color change as a 
function of injected/extracted charge and their coloration can be controlled via the number of 
coulombs passed during electrochromic reaction. Electrochromic materials are attractive 
candidates for smart window applications (1). Electrochromic devices consist of thin films that 
provide optical modulation, ion conduction and transparent electrical conduction. 
     Electrochromic smart windows can be constructed in several different ways (2). One design 
these windows consist of oxide layers that are deposited on two conductive glass substrates. 
These coated glass substrates are then laminated together with the appropriate ion conductor(3). 
The electrochromic layer and ion storage layers conducts both ions and electrons. When a small 
current is applied across the multilayer film, ions will be inserted into or extracted from the 
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electrochromic oxide layer. As a result, the film changes its optical properties due to absorption 
and electron density changes, giving the switching effect. Such a window can change in 
transmittance continuously over a wide range (such as 80-15 %) in a time period of seconds to 
less then one minute depending on window size. The window will retains its optical properties 
once the power is turned off, and is fully reversible after many cycles. 
 Smart windows can be used in buildings to control day lighting to create efficient work 
conditions. Controlled modulation of solar radiation through smart windows has a large potential 
in buildings for energy savings(4). Properly designed and managed smart windows have the 
technical potential to save 50-70 % of the lighting energy used in exterior offices (2). Recently a 
number of tandem smart window systems have been investigated, and most have used W03 as the 
working electrochromic layer (5-9). Typically these windows consist of vacuum deposited layers. 
It is desirable for costs to be below $ 150/m2 for large area applications. Sol-gel processing 
requires less capital to deposit coatings over large areas than conventional vacuum methods, and 
hence offers a possible solution for lowering the deposition cost of these windows. Sol-gel 
processing also offers advantages in controlling the microstructure or depositing films containing 
multiple cations. These parameters can influence kinetics, durability, coloring efficiency and 
charge storage in the windows (10-11). 
     In this study, we present the characteristics of a sol-gel deposited smart window, using a Li+ 
conducting polymer layer. A W03 / polymer electrolyte / LizNiOxHy electrochromic window is 
fabricated. Potentiostatic cycling coupled with transmittance measurement was performed at 
room temperature on the complete window in order to evaluate the performance of the window. 
 
2. EXPERIMENTAL 
 
 Electrochromic W03 and NiOxHy layers were deposited by sol-gel spin coating technique onto 
transparent conductive F : Sn02 coated glass substrates (LOF-Tec type). W03 is used as the 
working electrode and electrochemically lithiated NiOxHy is used as the counter electrode. W03 
coatings have been deposited from colloidal solutions of tungsten oxachloride in isopropyl 
alcohol. NiOxHy coatings have been deposited from solutions of nickel methoxyethoxide in 
methoxyethanol (12). These films were amorphous to X-ray diffraction. Their thickness, 
measured by a profilometer with an accuracy of ±10 nm was l20 nm for NiOxHy and 250 nm for 
W03. The films were electrochemically characterized after heat -treatment at 300oC. Lithiation of 
Ni0xHy film was carried out by electrochemical insertion of lithium into the film from solution. 
    The polymer electrolyte was amorphous oxymethylenelinked poly (oxyethylene), [α-PEO), 
synthesized by the method given in ref. 13 .The ion conducting polymer prepared by dissolving 2 
g of α-PEO and 0.48 g of LiClO4 in acetonitrile, with a O:Li atomic ratio of 10:1, giving rise to 
the highest conductivity of 10-4 Scm-1, This viscous polymer was dried in vacuum oven and 
residual solvent was allowed to evaporate slowly at a 40oC. 
     The electrochromic system was made by joining the pre-lithiated LiNiOxHy / α-PEO / F:Sn02 
coated glass with the W03 /F:Sn02 coated glass. The polymeric solid electrolyte was laminated 
between the two electrodes. The windows were hot- pressed at 80oC the dry box and sealed with a 
low vapor pressure adhesive (Varian Torr-seal). The optical performance of the windows was 
measured with a Perkin and Elmer Lambda 2 UV / VIS spectrophotometer. 
 
3. RESULTS AND DISCUSSION 
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     We have successfully fabricated prototype small area (2 cm x 3 cm) five layer smart window 
devices. Figure 1 shows the schematic of the laminated smart window. This is a five-layer device 
that has been deposited on a transparent conducting substrate. W03 is used as cathodicaly coloring 
electrode and lithiated NiOxHy is used as anodically coloring electrode. 
 

 
Fig. 1. Schematic diagram of a sol-gel deposited, laminated smart window. 
 
     The following reaction takes place as a lithium is transported from the NiOxHy layer to W03 
via ion conductor. 
 
     LizNiOxHy↔NiOxHy+ 2 Li++ 2 e- 
     W03 + z Li+ +2 e- ↔ LixWO3 
     (Bleached)                 (colored ) 
 
     W03 goes through a large optical modulation from transparent to a deep blue tungsten bronze 
color when lithianated (14). NiOxHy changes from colorless state to a brown colored state with 
lithium extraction. This device exhibits good spectrally selective transmissivity in the visible 
range. Such a device has been switched between ± 1.4 V for more than 1200 cycles. 
     The cyclic voltammetry of the W03 /α-PEO-LiClO4 / LizNiOxHy window is shown in Figure 2. 
The window shows a reproducible electrochromic behavior for many cycles. During the cathodic 
scan the window becomes dark while during the anodic scan the window becomes transparent. 
Both coloration and bleaching took place in within 15 seconds as judged from visual observation. 
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Fig. 2. Cyclic voltammagram of the prototype ( F: Sn02 / W03 / α-PEO-LiClO4 / LizNiOxHy / F: 
Sn02 ), laminated window at room temperature. 
 
 
 The electrochromic response of W03 / α-PEO-LiClO4 / LizNiOxHy window is further 
demonstrated by Figure 3 and Figure 4 which show changes in current and transmittance with 
time under a constant potential of ± 1.4 V. Figure 4 reveals a good charge reversibility, with a 
total transmittance variation at 556 mm of ∆T=30 % and an acceptable switching time of the 
order of 50 sec .The solar optical transmittance spectra of the W03 / α-PEO-LiClO4 / LizNiOxHy 
window is shown in Figure 5. The window becomes dark blue by the cathodic scan and becomes 
transparent by anodic scan. The window was observed for more than 1200 cycles and little 
detectable change in their optical and electrochemical properties could be observed. 
 

 
 

Fig 3. Transmittance change of the glass- F:Sn02 - LizNiOxHy / α PEO - LiClO4 / W03 - F: Sn02 - 
glass window, upon application of a voltage of ±1.4 V. 
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Fig. 4. Charge reversibly exchanged during the coloring - bleaching process of the window. 
 

 
 

Fig. 5. Optical transmittance of sol-gel deposited smart window having the configuration: glass - 
F: Sn02 - LiNiOxHy / α PEO - LiClO4 / W03 -F: Sn02 - glass. 
 
4. CONCLUSION 
 
   Sol-gel deposited electrochromic layers can be used for the fabrication of electrochromic smart 
windows. A prototype of smart window glass employing sol-gel deposited layers has been 
successfully fabricated. In the prototype device, a W03 film was used as a working electrochromic 
layer, and a LizNiOxHy film as the counter electrode, and amorphous oxymethylene linked poly 
(oxyethylene) - LiClO4 as an ion conducting layer .The polymeric ion conducting layer was 
transparent and showed a high ionic conductivity of the order of 10-5 Scm-1 at room temperature. 
Potentiostatic cycling (± 1.4 V ) was performed on the elecrochromic window and reversible 
transmittance variance from 50 % to 80 % was observed at 550 nm. The device cycled unchanged 
for 1200 cycles. 
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Abstract 
 

 Moulds used in the production of glass containers consist of several 
components and have a complicated structure in respect to material selection 
and construction due to the different properties which determine the 
performance. The plunger, used in bottle production with a WC-Ni/Co type 
cemented carbide coating, is chosen for an arc-PVD application. The 
AlTiN/TiN multilayer is introduced as the new coating. The wear process of 
the conventional coating as well as of the AlTiN/TiN multilayer coating is    
studied. The wear behavior of both coatings is documented by 
electrometallographical methods at various life times. 
 The conventional cemented carbide coating cracks by thermal fatigue.    
Superimposed on this process is a continuous adhesive wear as up to total 
sticking. In the AlTiN/TiN multilayer coating no visible coarse fatigue cracks 
are found; but they are also damaged by adhesion of glass melt. Attritive wear 
of the coating results and the increase in wear during formation also leads to 
total sticking. 

 
 
1. INTRODUCTION 
 
 The glass container industry today enjoys increasing use of the NNPB (narrow-neck-
press-and-blow forming) Process [1-2]. With the introduction of this process in bottle 
making and the manufacture of lightweight containers, material selection has gained 
much importance, However, material development seems to be very slowly. [1-3]. 
Although the requirements for material properties have increased, very little development 
with alternative materials has been made. 
 Plungers, the topic of this study, used in the NNPB Process operate at high 
temperatures in excess of 500-550oC. The thermal and mechanical loading of the forming 
operation demand plunger materials which should exhibit hot hardness, resistance to 
thermal shock and resistance to oxidation. The life time of these materials are determined 
by the wear resulting from insufficient material properties, which allow different wear 
mechanisms. In the glass forming process, wear is introduced by the contact conditions 
existing between glass melt and the plunger material [1]. Interface reactions during 
viscous glass flow on the plunger surface result in sticking and adhesion of glass 
depending on the contact time, temperature and pressure [4]. 
 In the related literature adhesion is discussed extensively [4-8]. The adherence 
temperature for mould materials is determined. The effect of surface roughness is studied 
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to understand the influence of the contact morphology. For an increase in the adherence 
temperature, mould material microstructures are modified by heat treatment. Surface 
coatings are introduced. Also lubricants are used to obtain an advanced contact geometry, 
although defects can arise easily. [9]. Build-up of their residues causes black specks. They 
flake off the mould surface and are embedded in the hot glass surface. Then they act as 
stress concentrators, which cause bottle strength to be greatly reduced [3] 
 Today's plungers for lightweight technology should fulfill all the requirements 
mentioned above. For this reason they are coated with cemented carbide, a metal-ceramic 
composite material, which does not seem to be the best solution [1]. The aim of this study 
is to understand the wear behavior of cemented carbide coating in glass forming and 
introduce new coating materials instead. The PVD (physical vapour deposition) Process 
lends itself to producing thin ceramic coatings with excellent wear and corrosion 
properties [10-14] and is used for the production of AlTiN/TiN multilayer coatings in this 
investigation. The wear behavior of the PVD-coating will also be studied to obtain a 
useful coating material for plungers. 
 The first results of the wear study of the conventional coating and the PVD coating on 
plunger materials are presented. The first run of experiments is a part of the R&D 
program on the development of mould materials, which is carried out by the Ferro 
Döküm Research Group of Þiþecam and the Department. of Metallurgy, Kocaeli 
University. 
 
2. EXPERIMENTS 
 
 The wear development on plunger materials was investigated under production 
conditions. This type of testing new materials is actually very costly, but almost free of 
various influences given in a simulation test. The tests were performed during forming of 
a standard bottle glass with an average composition of 71.5 % SiO2, 1.8 % TiO2+Al2O3, 
0.1 % Fe2O3, 10.1 % CaO, 2.9 % MgO, 13.2 % Na2O, 0.2 % K2O and 0.2 % SO3. The 
mould entrance temperature of the glass melt was 11860C, the contact time between glass 
melt and the plunger was 3/4 sec. and the time between two bottle forming operation was 
4 1/3 sec. This procedure resulted in thermal cycling with plunger temperatures up to 
550oC [2]. The plungers were cut after different life times as up to total wear, which was 
caused almost by sticking. The wear was documented by metallographic, electron-
metallographic and microanalytical methods. 
 The conventional plunger material, used in the test is a low alloyed steel (DIN13CrMo 
44). It is customary practice to coat the substrate material with tungsten carbide-nickel 
alloy mixture by plasma spraying. The WC-Ni/Co layer on the steel substrate is 0.5 mm 
thick. Its hardness (HV 0.1 ) is 1125 kg/mm2, as measured by a Fisherscope H100 
instrument. 
 The new coating material is selected to obtain a good combination of the desired 
properties mentioned above. In this study a multilayer of AlTiN/TiN is used as the 
coating material. The first layer on the substrate is a 0.28 µm thick TiN (HV0.1=2760 
kg/mm2), on which a 1.12 µm thick AlTiN (HV0.1= 3025 kg/mm2) layer is deposited. 
This type of coating is repeated 4 times to produce a 5.6 µm thick multilayer. At this 
thickness, no additional roughness is caused by the deposit. The production of the coating 
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is done by cathodic arc evaporation due to excellent adherence of the coating on the 
substrate material obtained with this method [14]. 
 
3. RESULTS 
 
3a. Wear of Cemented Carbide Coating 
 In Fig 1 a typical-coating microstructure as revealed by transversal fracture is shown. 
Different inclusions with sizes 2-25 µm can be seen in a relatively homogeneous matrix. 
Some particles have flaked off due to their weak bonding causing micropores. 
 Fig. 2 represents the conventional plunger surface on the top after total sticking 
(lifetime appr.120 hours). In the figure a broad crack is visible. The coarse crack on the 
surface is opened up to some hundred µm. EDX analysis reveals particles of glass stuck 
in the crack. Such cracks are formed due to thermal cycling and cyclic contact with the 
glass melt. During service, cracks propagate to form a network indicating thermal fatigue 
of the plunger material. Fig. 3 shows a small section of Fig. 2 at a higher magnification. 
The surface exhibits a rough surface topography due to the adhering glass layer. In the 
glass-free areas, craters mainly caused by the adhesive wear of the coating, are visible.  A 
detailed study of the fatigue-crack surface shows many small cracks existing just below 
the surface (Fig. 4). At this stage the whole surface appears to be destroyed. 
 The study of the worn surface shows that two main mechanisms are acting: thermal 
fatigue and adhesive wear. Thermal fatigue causes cracks which propagate during service 
and the crack length on the surface increases. Adhesive wear causes small cemented 
carbide fragments which flake off the surface increasing its roughness. The surface 
density of the small craters increase during shaping of glass. Continuous contribution of 
both mechanisms ends in total sticking of the glass melt on the surface. 
 
3b. Wear of the AlTiN/TiN Multilayer Coating 
 Fig. 5 shows the typical microstructure of the coating, also revealed by transversal 
fracture. Occasionally deposited small droplets are recognizable in the columnar structure 
of the coating. The TiAlN layer is the actual resistant layer for high temperature oxidation 
[13]. Thin TiN layers deposited in between TiAlN's oxidize at lower temperatures indeed, 
but they can cause branching off of a propagated crack into the TiAlN/TiN interface as 
indicated by the crack steps on the left of the figure.  
 After approximately. 30 hours lifetime the new coating indicates remarkable wear  as 
shown in Fig. 6. Adhering glass particles of sizes up to 10 µm are visible on the image. 
Small craters exist, where some of which are full of adhering glass. In open craters the 
depth is estimated to be about 1 1 /2 µm showing that the fragmentation occurred at the 
first TiN/AlTiN layer. Fig. 7a gives a better survey of the situation in this stage of wear. 
Many rounded glass particles adhere to the surface. Also visible craters of the cracked and 
attrited layer particles is documenting the development of adhesive wear. Polishing 
scratches indicate the direction of glass flow, 
 Total sticking occurs after approximately. 90 hours lifetime, (Fig. 7b). The diameter 
and the depth of the crater left by pregmanted coating particles has been increased along 
with the density of the sticking areas. The light contrast of adhering coarse glass particles 
is due to topographical contrast in the scanning electron microscope, indicating the 
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fracture between the glass particle sitting in the crater and the flowing glass melt. Such 
strong interlocking contributes to the sticking behaviour of the glass melt. A noticeable 
feature on the surface is the areas of darker contrast. Such a change in the chemical 
contrast of a smooth surface indicates the formation of absorption layers with elements of 
smaller atomic numbers. 
 The study of the worn surface showed only one main mechanism acting: adhesive 
wear. It causes small coating segments to flake off the surface. These are then plucked off 
by adhesion to the glass melt. These fragments leave behind shallow craters with a broad 
size distribution. The surface density of the craters as well as their size, increases during 
formation. Continuous wear ceases, in this case, a total sticking of the glass melt on the 
surface. 
 The first results with the PVD-coatings are encouraging. Although no thermal cracks 
are detected, the substrate material should be fitted to the coating under the aspect of 
thermal fatigue. Interface studies are needed to enlighten the actual situation between the 
glass melt and the coating. Also the roles of chemical and mechanical bonds for adhesive 
wear should be identified for further development of coating compositions. 
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FIGURE CAPTIONS 
Fig.1   The cemented carbide macrostructure; fracture surface. 
Fig. 2  The cemented carbide coating surface after total wear. 
Fig. 3  The cemented carbide coating surface after total wear; note the adhering layer       
   initiated by the reaction between glass melt and coating material. 
Fig. 4    Thermal-fatigue crack surface showing the multiple cracking and fragmentation      
   on the working surface. 
Fig. 5  The structure of the AlTiN/TiN multilayer coating; fracture surface. 
Fig. 6  The AlTiN/TiN coating surface after a lifetime of 30 hours; note the adhering       
   rounded glass particles. 
Fig. 7a  The AlTiN/TiN coating surface after a lifetime of 30 hours; note that the    
   adhering coarse glass particles are fractured. 
Fig 7b  The AlTiN/TiN coating surface after total wear. 
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 Abstract 
 

 Glass formation is extensive in the TlBi gallate system. Tl-rich glasses are 
characterized by lower Tg and an absorption edge at lower energy. Partial 
replacement of Bi by Tl leads to an increase in linear refractive index and to a 
sharp rise in both  χ(3) and the Kerr constant, making Tl-containing gallates 
the most nonlinear of all oxide glasses. Tl-rich glasses also display large 
diamagnetic magnetooptic effects, with V as high as 0.30 min/Oe-cm at 
633nm. 

 
1. INTRODUCTION 
 
 Oxide glasses containing high concentrations of the heavy metal ions Pb++ and Bi3+ are 
characterized by high third order optical susceptibility χ(3), and as such are promising 
materials for a variety of nonlinear optical devices [1 ]. Previous studies have shown that, 
among the heavy metal oxide glasses, PbBi gallate glasses display some of the largest 
measured values of χ(3) [1,2], as well as the electrooptic Kerr constant (B) [3]. 
Subsequently, the partial replacement of Pb or Bi by Tl was found to result in an 
enhancement of the optical nonlinearity of these glasses [4]. Femtosecond time scale 
measurements of χ(3) at four different wavelengths between 600 and 1250 nm have 
indicated that the increased nonlinearity of Tl-containing gallate glasses may be due to 
resonant enhancement arising from a progressive redshift of the absorption edge of these 
materials with rising Tl content [5]. 
 This paper describes the effect of using Tl as an additional heavy metal modifier in 
gallate systems; amplifying on the nonlinear optical results previously reported. In 
particular, the consequence of partially replacing Bi by Tl on glass formation, 
crystallization behavior, and physical properties is discussed. 
 
2. EXPERIMENTAL 
 
 Tl-containing gallate glasses were prepared by melting appropriate 40-100 gm 
mixtures of Tl2CO3, Bi2O3 and Ga2O3 in Au crucibles for 15-30 mins at 850-1025oC. The 
melts were quenched by pouring into brass or graphite molds on a steel plate, and the 
glasses were subsequently annealed near Tg (200-300oC). 
 Density was measured in kerosene using the Archimedes method. Tg and Tx 
(temperature at the onset of crystallization) were determined by DSC at a heating rate of 
l0oC/min. Refractive index was measured at 589 nm using the apparent depth technique 
with 2mm thick samples. Electrooptic and magnetooptic constants were measured 
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according to the methods described elsewhere [3,6], and are accurate to ±0.2x10-6 cm/kV2 
and ±0.02 min/Oe-cm, respectively. Heat treated glasses were characterized by XRD and 
SEM. 
 
 3. RESULTS 
 
   TlBi gallate glasses were prepared over the following range: 20-50% Tl2O, 25-65% 
Bi2O3, and 15-30% Ga2O3, where compositions are reported in mol %. The glasses are 
orange to red in color, with the redder glasses corresponding to Tl-rich and/or Ga-poor 
compositions. For example, for glasses containing 20% Ga, the visible absorption edge 
shifts from 535 to 620 nm as the Tl concentration increases from 20 to 45%. The infrared 
absorption edge, here defined as the wavelength where the transmission is 50% of that at 
2.5 µm, lies at about 7.5  µm. Tg ranges from 220 to 300oC, increasing with rising Ga for 
a constant Tl/Bi ratio. At constant Ga, Tg decreases monotonically with rising Tl 
concentration, whereas Tx-Tg attains a maximum value at an intermediate Tl/Bi ratio due 
to an inflection in Tx, as shown in Fig.1 and the following table. 
 

 
Fig. 1 Tg, Tx, and Tx-Tg of TlBi gallate glasses containing 20% 
Ga as a function of Tl concentration. 

 
 These glasses have steep viscosity curves such that, for a 30Tl : 50Bi : 20Ga glass, the 
viscosity decreases from 109 to 107 poise over a temperature interval of only 22oC. Glass 
density ranges from 7.9 to 8.5 gm/cc, increasing sharply with falling Ga content. At a 
fixed Ga concentration, density decreases with rising Tl. 
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   Tl     Bi  (g/cc) Tg (oC) Tx (oC) Tx-Tg (oC) 

      

50 30  227.6 283.0 55.4 

40   40 8.350 249.1 334.0 84.9 

35 45 8.360 260.3 347.5 87.2 

30 50 8.365 272.4 377.4 105.0 

25 55 8.364 286.3 420.3 134.0 

20 60 8.378 295.1 369.8 74.7 

                                                                                                                                                                                                                                                                                                                                              
 The linear refractive index of these glasses is high, ranging from 2.40 to at least 2.47 at 
the Na D line, decreasing with rising Ga content at a constant Tl/Bi ratio. For glasses 

containing 20% Ga, refractive index increases from 2.45 to 2.47 as the Tl content rises 
from 20 to 40%. As reported elsewhere, χ(3) shows a parallel increase from 44 to 79x10-14 
esu at 1060 nm as the Tl concentration increases from 20 to 45% [4]. The Kerr constant, 
B (where  ∆n = B λE2), is found to increase from 1.7 to 4.8 x 10-6 cm/kV2 over the same 
range, as illustrated in Fig. 2. The latter value is the largest B reported for an oxide glass. 
 These glasses are also characterized by a large positive, hence diamagnetic, Verdet 
constant, V, which increases with rising Tl content, as shown in Fig. 3 and the following 
table, where the subscripts to V refer to the measurement wavelength. There is manifest 
dispersion in the magnetooptic data, with V decreasing, for example, from 0.28 to 0.039 

  
Fig. 2 Kerr constant of TlBi gallate glasses containing 20% 
Ga as a function of Tl concentration. 
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min/Oe-cm for a glass containing 40% Tl as the measurement wavelength increases from 
633 to 1525 nm. Tl-rich glasses are more dispersive in this spectral range, i.e. the 
dispersion of V increases as the absorption edge of the glass shifts to longer wavelength. 
 
 
Tl Bi   χ(3) B V633 V1150 V1525 

       

50 30    0.071  

45 35 79 4.8 0.29 0.067 0.043 

40 40 74 4.2 0.28 0.067 0.039 

35 45 59 3.5 0.26 0.060 0.039 

30 50 56 3.5 0.245 0.059 0.038 

25 55 55     

20 60 44 1.7 0.22 0.054 0.037 

 
                                                                                                                                                                                                                                         
 

 
 

 
Fig. 3 Verdet constant at 633, 1150, and 1500 nm of TlBi 
gallate glasses containing 20% Ga as a function of Tl 
concentration. 
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 The devitrification tendency of Tl-containing gallate glasses was evaluated by heating 
5-10 gm samples of these materials for 150 mins at 430-440oC. In all samples, the mode 
of devitrification is one of surface crystallization. The resultant crystalline assemblage is 
typically found to consist of three phases:  γ-Bi2O3 (Bi24Ga2O39), an unknown phase with 
a pyrochlore-like diffraction pattern, and an unknown phase with a diffraction maximum 
at a d-spacing of 3.27Å. The bulk compositional dependence of the relative intensity of 
the diffraction maxima of these phases in the heat-treated glasses is shown below in Fig. 
4. The illustrated variation in relative abundance suggests that the pyrochlore-like phase 
is close in composition to Tl2O, whereas the 3.27Å phase is probably a TlBi gallate with a 
Tl/Bi ratio slightly greater than unity. These chemical assignments are consistent with 
semiquantitative analysis carried out during SEM study. In Tl-rich glasses, SEM showed 
the pyrochlore-like "Tl2O" to occur as relatively coarse, elongate, rectangular crystals that 
appear to have crystallized before the finer equigranular (cubic) γ-Bi2O3. This 
crystallization sequence is reversed in Bi-rich glasses, corresponding to the inflection in 
Tx illustrated in Fig.1. 
 
4. DISCUSSION 
 
 The compositions of most of the studied ternary TlBi gallate glasses lie within the 
limits of the approximate glass forming region delineated by Fujino et al. [7]. Our data 
indicate, however, that the limits shown by the latter authors should be extended to higher 
Ga and Tl concentrations. The compositional dependence of Tx- Tg of these materials, 
coupled with the identity of the phases that develop upon heat treatment, suggests that the 
greater thermal stability of glasses with intermediate Tl/Bi ratios may be due to a 
depression of the liquidus associated with a  γ-Bi2O3-"Tl2O" cotectic. Such glasses are 
sufficiently stable that samples weighing several hundred gm can be cast without 
devitrification. 

Fig. 4 Relative intensity of diffraction maxima of phases 
crystallized at 430- 440oC from TlBi gallate glasses containing 20 
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(filled symbols) and 30% Ga (open symbols):  γ-Bi2O3(squares), 
"Tl2O" (diamonds), and TlBi gallate (triangles). 

    As the Ga content of TlBi gallate glass decreases from 30 to 15%, the molar volume 
increases from 23 to 24 cc/mol, corresponding to a 4% reduction in the oxygen 
concentration ([O]) and indicating a less efficiently packed glass structure. For glasses 
containing 20% Ga, molar volume decreases from 24 to 23.5 cc/mol as Tl replaces Bi. 
However, as the O/metal ratio is lowered by this substitution, this small molar volume 
decrease actually corresponds to a near 18% reduction in [O], indicating that the structure 
of Tl-rich glasses is even less compact. 
 The pronounced Tg lowering effect of Tl in these glasses is consistent with the large 
size and low charge, hence low field strength, of the Tl+ ion, which is clearly more 
effective than either Pb++ or Bi3+ in weakening the structure of these materials. Although 
the structural role of Tl in these glasses is unknown, it is possible that it may function as 
more of a traditional network modifier in contrast to the behavior of Pb and/or Bi. From 
Raman spectroscopy, the latter are thought to form asymmetric PbO3-4 and BiO6 
polyhedra, respectively, which, along with GaO4 tetrahedra, comprise the structural 
network of PbBi gallate glasses [8]. 
 Increasing the Tl content of heavy metal gallate glass also results in a shift of the 
absorption edge to longer wavelength, which is responsible for the resonant enhancement 
of  χ(3) and B. The absorption edge of these glasses is controlled by the energy of the 1 S0 
> 1P1 , 3P1 electronic transitions arising from the lone 6s2 electron pair on the heavy metal 
ions Tl+or Bi3+.  The redshift of the absorption  edge in Tl-rich glasses is a reflection of 
the fact that, for Tl+, these transitions lie at lower energy than for either Bi3+ or Pb++ when 
incorporated in a heavy metal gallate host. 
 Both the linear and nonlinear optical properties of oxide glasses are known to be 
strongly influenced by the presence of the heavy metals Tl, Pb, and Bi. The magnitude of 
both  χ(3) and B has been shown to be positively correlated with heavy metal 
concentration in a wide range of glass types, including silicates, borates, as well as 
gallates [2,3,5]. However, the relative effect, if any, of Tl, Pb, or Bi on these optical 
properties is not well understood, although the higher  χ(3) of TlBi gallate glasses was 
ascribed to the presence of Tl [4]. In this study, the observed increase in both linear 
refractive index and B with rising Tl can be attributed to the large polarizability (α) of the 
Tl+ ion. Due to the combination of its lone 6s2 electron pair and lower (relative to Pb and 
Bi) nuclear charge, Tl+ is the most polarizable of all cations, with   α=5.2Å3, whereas that 
of the Pb++ ion is calculated to be 4.9 Å3 [9]. However, high index, high  χ(3) Tl-rich 
glasses also have an absorption edge at lower energy, as discussed above. Therefore, the 
measured increase in linear index, χ(3) and B of these glasses with rising Tl content is 
partly due to resonance enhancement. Nevertheless, the large α, and by extension 
hyperpolarizability, of the Tl+ ion suggests that some fraction of the increased linear and 
nonlinear susceptibility of Tl-rich gallate glass is intrinsic and not accountable solely by 
resonance enhancement. The latter is consistent with the observation that, at a wavelength 
far from resonance (1125 nm), χ(3) of a Tl-containing gallate glass ( χ(3)= 3.7 x 10-13 esu) 
is about 50% greater than that of its Tl-free analogue ( χ(3)= 2.4 x 10-13 esu) [5]. 
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Fig. 5 Dispersion of V of TlBi gallate (20% Ga) glasses 
containing 20 (circles) and 45% Tl (diamonds) and vitreous As2S3 
(triangles, data from [10]). 

 
 
     The large diamagnetic Verdet constant of TlBi gallate glasses is in agreement with 
previous findings that V rises with increasing heavy metal concentration [6]. The value of 
0.29 min/Oe-cm at 633 nm for the 45% Tl glass is, to the best of our knowledge, the 
highest measured  V  for  an  oxide  glass.  In  accordance  with  the  Becquerel  formula,  
where  V = (e/2mc2)λ dn/dλ, the data lie on a dispersion curve that rises steeply as the 
absorption edge is approached. In view of the dependence of the latter on the Tl 
concentration, it is therefore expected that V is higher for Tl- rich glasses due to 
resonance enhancement. This is illustrated in Fig. 5, where the points for 20 and 45% Tl 
glasses containing 20% Ga are seen to bracket earlier data for the sulphide glass As2S3 
[10], which has its absorption edge at a wavelength similar to that of the gallate glasses. 
 
5. CONCLUSIONS 
 
The formation of stable glasses in the system Tl2O-Bi2O3-Ga2O3 has been demonstrated. 
These materials share a number of the physical properties that are characteristic of the 
similar PbBi gallate glasses, including high density, steep viscosity curves, high linear 
and nonlinear refractive index, as well as extended IR transparency. Increasing the Tl 
content of TlBi gallate glass results in a progressive decrease in Tg, as well as a redshift of 
the absorption edge. As with  χ(3), the Kerr constant of TlBi gallate glass increases with 
rising Tl. This increase arises partly from resonance enhancement due to the shift of the 
absorption edge, but also from the greater polarizability of Tl+ relative to Bi3+. Finally, 
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these glasses display the highest diamagnetic Verdet constants ever measured for an oxide 
glass, with V as high as 0.3 min/Oe-cm and rivalling that of vitreous As2S3. 
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Abstract 
 
  The mechanical properties of glass fibre reinforced gypsum composites 

were investigated. Each of three types of E-glass fibres introduced into the 
three different gypsum matrices, such as natural, sitro-, and desulpho-.  
The latter two gypsums are waste materials of citric acid and power plants, 
respectively. In general it is found that there is an optimum fibre content to 
improve the flexural strength of composites. The effects of fibre content 
on compressive strength and modulus of elasticity of composites are slight 
comparing with those on flexural strength. 

 
 
1. INTRODUCTION 
 
 Gypsum has been used in building construction because of its lightweight, low 
thermal conductivity and high fire endurance as well as its water absorption properties 
in the interior volumes. Being a brittle material, gypsum needs to improve both 
flexural and impact resistance, and glass fiber reinforcement is a way of increasing 
these mechanical properties. 
 E-glass fibres, although being comparingly cheap materials, because of their low 
alkali resistance, can not find application in the production of Portland cement 
composites [1].  On the other hand, gypsum creates a weakly acidic medium (pH≈6-7) 
and for this reason makes no harmful effect on the durability of E-glass fibres 
embedded in it. It appears that gypsum is an alternative matrix to the polymer in the 
utilization of E-glass fibres in the production of composites. 
 Gypsum can be obtained from the nature by mining and has a composition of 
CaSO4.2H2O as gypsum stone, and 3/2H2O should be removed by partial dehydration 
process over a temperature of 170°C to form construction gypsum. On the other hand, 
many industries such as phosphoric acid, hydrofluoric acid, boric acid, citric acid and 
titanium oxide have by-products which have the same composition as gypsum stone. 
Besides, desulphurization process in power plants converts flue gases into a material 
similar to gypsum stone [2]. These by-products cause storage and environmental 
problems and utilization of them gains importance. 
 In this study, one commercial natural gypsum and two by-product, such as citro-and 
desulphogypsum as matrix material, and three types of E-glass fibres have been used 
in the production of glass fibre reinforced composites, and their mechanical properties 
were investigated. 
 
2. EXPERIMENTAL 
 
2.1. Materials 
 Gypsum 
 One natural gypsum commercially available (Entegre Plaster Company) and two 
waste gypsum of citro-and desulpho-obtained from Fursan Citric acid Company and 
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Cayýrhan Power Plant, respectively, were used and their chemical compositions and 
physical and grading properties were given in Table 1. The latters were heated in oven 
at 190°C for 48 hours to convert into hemihydrate. 
 

Table 1. Properties of Gypsums. 
Grading : Passing (%) 
 400 µm 200 µm 100 µm 40 µm 
natural 100 85 73 55 
sitro- 100 82 15 5 
desulpho- 100 73 16 3 
Setting time :  

natural      :  5 min 
sitro-         :  8 min 
desulpho- :  4 min 

Composition :  
 
natural     : 
sitro-       : 
desulpho : 

hemihydrate (wt. %) 
%92 
%95 
%93 
 

 
 
 Fibres 
 Chopped E-type glass fibres were obtained from Cam Elyaf San. A.Þ., ÞÝÞECAM, 
and physical properties of them are given in Table 2. 
 

Table 2. Physical Properties of Fibres. 
 DE-07 KCR-02 BMC-01 
Fibre diameter (µm)       : 
Fibre length (mm)          : 
Moisture  (%)                 : 
Tex number (9/1000 m) : 
Split                               : 
Loss on ignition (%)       : 

12-14 
13.5 

max. 2.5 
265  

Single 
0.15-0.35 

10-12 
13.5 

max. 0.1 
85-115 

3 
0.85-1.25 

12-14 
4.8 

max. 0.1 
265 

Single 
1.20-1.60 

 
 
2.2. Mix Proportions and Testing Procedure 
 Water-gypsum ratio was kept constant at 0.70 for all mixes. A melamine based 
superplasticizer was added into the mixture at a dosage of 2% by weight of gypsum 
content to improve the workability. After dry mixing of fibres with gypsum for 3 min., 
the water added into the pan mixer with a capacity of 5 dm3, and then fibre-gypsum 
mixture is poured into the water gradually while the mixer was running. 4x4x16 cm 
prismatic moulds were used for mechanical tests. The samples were dried in oven at 
40°C for 7 days. First dynamic modulus of elasticity of specimens were determined by 
measuring resonant frequencies, then three point-bending tests were applied on the 
same specimens. The broken parts  of specimens after bending test were used for 
compression testing by using an Instron Universal Testing Machine at crosshead rate 
of 0.5 mm/min. The mean of three measurements for resonant frequencies and 
bending testing, and 6 measurements for compression testing were obtained, 
respectively. 
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3. RESULTS AND DISCUSSION 
 
 The DE-07 type fibres have an amount of loss on ignition less than  those of other 
two fibres, as can be seen in Table 1, indicating that the coupling agent used for 
coating is smaller than those of others. For this reason, fibres in DE-07 strands 
separated from each other in the composite, leading decrease in workability of 
mixture. The other two fibres stayed in the mixture as strands, giving possibility of 
using in large contents. The length of fibres was also effective on the workability, i.e., 
the longer the fibre length, the lower the workability. For BMC-01 fibres, even at 9% 
by wt. fibre content, workable mixes were obtained. The superplasticizer, originally 
improved for Portland cement concretes, increased the workability of gypsum, giving 
possibility of using lower water/gypsum ratios. Higher fibre contents, as much as 13%, 
were reported [3] but their preparation techniques are different, i.e. spray-up or hand-
lay up. 
 Flexural strengths of natural gypsum composites are given in Fig.1. This figure 
shows that there is an optimum fibre content for each fibre, such that 2% for DE-07 
and 3% for both KCR-02 and BMC-01, respectively. The highest increase in flexural 
strength with respect to plain  is obtained for DE-07 fibres as much as 63%, probably 
due to better separation of  fibres. BMC-01 fibres gave the least increase, indicating 
that their fibre length is not sufficient.  
 

 
 

FIG.1. Effect of glass fibre content on flexural strength of  
natural gypsum composites. 

  
 Flexural strengths of three different gypsums are compared in Fig.2. The flexural 
strength of plain desulphogypsum is higher than those of natural and sitro-ones. While 
natural and sitrogypsums are showing an optimum at 3% fibre content, desulfo-one 
has an increasing trend at even 4.5%. It seems that there is an optimum for the latter 
composite greater than 4.5%. 
 The max. length of fibres used in this study is 13.5 mm. It is reported that better 
results were obtained with longer fibres, such as 34 mm [4,5] and 50 mm [6]. 
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 A commercially available plaster plate, reinforced with special cardbord on two 
faces, was also tested for comparison and as average 4.2 MPa flexural strength was 
obtained. The composites prepared with fibres in this study give better results than this 
plaster plate. The flexural strength of a special gypsum-fibrous slab, prepared by 
“Knauff”  technology  was given as 7 Mpa [7], which is comparable with the result of 
desulfogypsum-KCR-02 fibre composite at 4.5% fibre content, as presented in Fig.2. 
 

 
FIG.2.   Effect of gypsum type on flexural strength of composites. 

 
 Variation of compressive strength for the composites are given in Figures 3 and 4. 
The increase in compressive strength is smaller than that in flexural strength indicating 
that the main increase in fibre reinforced gypsum is experienced in flexural strength as 
well as in tensile and impact strengths [4]. Even no increase was reported for the 
Portland cement composites in compressive strength [4] due to the poor bonding 
between fibre and matrix. 
 Dynamic moduli of elasticity for natural gypsum composites are shown in Fig.5. 
Slight changes were obtained for different fibres tested except DE-07 fibre at 3%; for 
the latter composite 27% increase is obtained. Similar results were reported [4] for the 
composites tested in compression. 
 Fig.6 shows the variation of  density with glass content. It seems that the density 
remains fairly constant with an increase in the glass content. 
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FIG.3. Effect of fibre content on compressive strength of natural gypsum composites. 

 
 

 
FIG.4.  Effect of gypsum type on compressive strength of composites. 

 

 
 FIG.5.  Effect of fibre content on dynamic modulus of elasticity of  

natural gypsum composites. 
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FIG.6. Effect of fibre content on unit weight of natural gypsum composites. 
 
 
4. CONCLUSIONS 
 
 There is an optimum fibre content with respect  to flexural strengths for the fibres 
and gypsums tested. Desulphogypsum gave higher flexural strengths for both plain 
and fibre reinforced materials. The effect of fibre on compressive strength and 
dynamic modulus of elasticity of composites is less than those on flexural strength. 
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Abstract 
 

 In the last years more attention is paid to the very low melting glasses. Usually that 
means homogeneous glass melts that can be obtained at temperatures between 400 and 
800  C, sometimes having Tg values smaller as 100oC. 
 Besides low melting temperature these glasses must have a sufficient chemical 
stability. Such glasses may have many applications but a new unusual one is to host 
organic substances that resist to respective low melting temperatures. 
 Were synthesized and studied glasses mainly in the system Pb-Sn-P-O-F but also in 
oxychloride and containing other inorganic salts systems. In some cases the glass 
synthesis presents serious difficulties related to redox processes involving the 
components. Many compositions fulfill the above mentioned condition concerning the 
melt temperature but only a few have an acceptable chemical stability.  
 To measure the hygroscopicity a method was tested, based on continuous 
weighting of glass samples exposed to a humidified atmosphere. Interesting 
correlation between hygroscopicity and composition was evidenced. 
 The properties required to mix inorganic glasses with organic substances are 
reviewed and determined for some of the synthesized glasses. Mixed glasses were 
prepared and examined. The properties corresponding to some applications were 
evaluated. 
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 Abstract 
 

 Energy consumption plays a significant role when appreciating the effectiveness of 
glass melting and when searching for new ways of glass melting. The introduction of 
melting kinetics into relation for energy consumption shows that the controlled forced 
convection for the dissolution processes and reduced pressure for the refining process, 
seem to be very hopeful in future arrangement of glass melting. These theoretical 
presumptions can be proved by laboratory measurements. The realization of new 
factors in full scale glassmelting is task for the mathematical modelling of processes. 

 
 
1. AIM OF THE WORK 
 
 The mathematical modelling simulates the most important processes of glassmelting, however, 
it is not easy to find general features of the process from its systematic simulation under real 
conditions. That is why analysis of the process has been undertaken, to derive simple relations 
expressing the influence of single factors as is temperature, pressure, glass composition, glass 
batch granulometry and glass flow arrangement on the glass melting. The theoretical results have 
been verified by laboratory experimental data and projected into the energy consumption of the 
process. 
 
2. GENERAL FEATURES OF THE GLASS MELTING PROCESS AND 
GOVERNING EQUATIONS 
 
 Two important groups of phenomena enhance the entire process: 
- dissolution phenomena (particle dissolution, homogenization) 
- separation phenomena (bubble and foam removing) 
 At high temperatures, the subsequence of the phenomena plays its role: 
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    As the removing of nucleated bubbles is usually relatively fast, only particle dissolution, 
homogenization and primary bubble removing is considered. In this work, the glassmelting 
control by sand dissolution or by primary bubble removing is taken into account. 
    The dissolution time of polydisperse particles of SiO2 in glass melt is in a simplified form 
given by /1,2/: 

                    (1) 
 
Where κ, αch and αf are coefficients of mass transfer and ψ is value of integral depending on the 
glass composition and size distribution of SiO2 particles. 
 The time necessary to remove a growing bubble by rising to the level is 
approximately given by /3/: 

                   (2) 
 
Where h is the bubble depth under the glass level, η and ρ are glass melt viscosity and  density, 
respectively, and da/dτ is the bubble growth rate by diffusion as the most                                       
important factor of the refining process. 
 The influence of the most important and promising factors as is temperature, glass stirring and 
pressure on melting and refining times will be presented and compared in                                       
this work, the influence of remaining parameters see in /3/. 
 The specific energy consumption of the glassmelting process in simplified form is expressed 
by /3/: 

             (3) 
 
 
where HM

G involves the reaction, modification and evaporation heats as well as  energy to heat 
the glass from ambient temperature to exit temperature, Te, second therm represents energy to 
heat the glass from Te to melting temperature, T, and the third term are heat losses through 
boundaries. Here, K1, involves thermal conductivity of boundaries, T - Tex is temperture 
difference of inner and outer walls· of a melting space, respectively, τMe is technologically 
necassary melting time and Va is the fraction of active volume of the glassmelting space related to 
given phenomenon. 
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Fig. 1: Dependence of the specific energy consumption, Ho

M, for the model soda - lime- silica 
glass on the tempreture, τMe = τD, curve 1: Va = 0.1, curve 2: Va = 0.2, curve 3: Va =1, curve 4:  
∂Va/∂T = 1.8x10-3 K-1, Va = 0.1 at 1100 oC, curve 5: same dependence for float glass, τMe =τR, 
melting is controlled by bubble removing, Va =0.1, ao = 0.5mm, glass layer thickness l mm. 

 
Fig. 2: Ho

M dependence of the sand dissolution process at the optimum melting temperature on 
the utilisation of the glassmelting space, Va, and on the relative shortening of the dissolution 
process by melting factors difFerent from temperature, τD/τDo. 1. Dependence on Va,  τD/τDo =1; 
2: Dependence on τD/τDo,  Va = 0.2. - - - Ho

M dependence corresponding to τD/τDo attained only 
by temperature increase, Va = 0.2, To =1300 oC. 
3. DISSOLUTION PHENOMENA 
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Influence of temperature   
 The influence of temperature on τD in eq. (1) can be approximated by the equation: 

                     (4) 
 
Where KT

D1 and KT
D2 are constants independent from temperature. (Here the upper index 

designates the melting factor - temperature, and lower index the phenomenon- dissolution). 
  From the character of eq. (3) and consequently from the graphical representation of Ho

M, (T) in 
Fig. 1. results that there exists optimum melting temperature where , Ho

M has a minimum value. 
The lower is this optimum temperature, the lower is the specific energy consumption (see eq. 3). 
The position of the optimum melting temperature is influenced by the utilisation of the 
glassmelting space, Va, and by other melting parameters determining the melting kinetics. In Fig. 
2, there is presented the influence of both mentioned factors on the specific energy consumption 
when the whole melting process in soda - lime - silica glass is controlled by sand dissolution. The 
favourable influence of other potential accelerating parameters, different from temperature, is 
especially obvious from this figure. It is therefore worth dealing with significance of these factors 
on glass melting. 
 
Influence of glass convection 
   The dissolution process may be accelerated by forced convection. Its effect consists in 
weekening the diffusion layer on the particle boundary. The proposed governing equation derived 
from (1) has the form: 

                   (5) 
      
Where Kc

D1 - Kc
D3 are constants and grad v is the absolute value of velocity gradient in the 

particle vicinity. 
 The   proposed dependence Ho

M (grad v) is obvious from Fig. 3. The deep favourable influence 
of the intensity of glass convection on the dissolution process is seen from this figure, being 
comparable with the influence of temperature. 
 The comparison of temperature influence and glass stirring on the specific energy consumption 
of sand dissolution process is brought in Fig. 4. As was expected the specific energy consumption 
of stirred glass shows lower values even in the right part of dependences owing to needed lower 
melting temperature of stirred glass (1300 oC). 
 The problem of glass flow arrangement arises when applying forced convection in a continual 
glass melting space. Two requirements should be fulfilled: high value of the portion of active 
volume (Va Õ 1) and high rate of homogenization (τD = 0). The glass flow arrangement in the 
glassmelting space fulfilling these requirements could be represented by s.c. quasi piston flow /4/. 
In this arrangement, the glass melt is intensively stirred in the planes perpendicular to the through 
flow of glass. The realization of mentioned glass stirring using different means as is temperature 
distribution, mechanical stirring etc. is the challenge for the mathematical modelling of glass flow 
in glass melting spaces. 
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      Fig. 3: lnfluence of the intensity of glass convection  and glass flow distribution on the 
specific energy consumption in the model glass (composition in wt%: 74 SiO2,16 Na2O,10 CaO), 
0,7 wt.% Na2O as Na2SO4, rmax o = 2.5 x 10-4 m, τMe = τD· Curve 1: Relation between the sand 
dissolution time and temperature for the model glass being bubbled bv 30ml O2 min-1; x - 
experimental values. Curves 2 - 4: Dependence of  Ho

M on the glass  convection intensity ( V ): 
curve 2: 1500 oC, Va = 0.1; curve 3: 1200 oC, ∂Va/∂V=4.5x10-3; min.ml-1, Va = 0.1 at V = 0: 
curve 4: 1200 oC, Va = 0.1 

 
 

4. BUBBLE REMOVING 
 
Influence of temperature 
 Among factors influencing the bubble rising velocity to the glass level, the bubble growth rate 
is the most important one (see eq. (2)). The simplified equation governing the growth of a single 
bubble has the following form: 

       (6) 
 
 Where KT

R1 - KT
R3 are constants in the given temperature interval, a involves the activation 

energy of gas diffusion, b - activation energy of viscosity, c1, and c2 activation energy of solution 
enthalpy and reaction enthalpy of gas reaction with glass, respectively. As a result, bubble grow 
progressively with increasing temperature. The typical corresponding decrease of Ho

M, with 
temperature is obvious from Fig.1, curve 5. 
   The similar shifting optimum temperature to lower values as in Fig. 2 can be expected for the 
bubble removing process when increasing Va and decreasing τR by factors different from 
temperature. The chemical effect of refining agents is currently exploited, however, the resulting 
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impact is usually restricted to high temperatures. Among other potential factors, reduced pressure 
seems to be most promising. 

 

 
 
Fig. 4: The comparison of temperature and glass stirring effect on the specific energy 
consumption of the soda - lime - silica glass meltina in the model melting space. 1: temperature 
dependence, Va=0.2; no stirring of glass 2: dependence on stirring intensity represented by 
amount of gas bubbled into the laboratory crucible ( V ), t =1200 oC, Va = 0.2 - - - the courses of 
theoretical energy consumption 
 
 
Influence of pressure 
    Taking into account only the influence of pressure on gas diffusion between bubbles and glass 
melt, the simplified bubble growth or dissolution equation has the form: 
 

                       (7) 
 
Where Kp

R1, and Kp
R2 are constants and pex is external pressure. 

  The experimentally verified dependence Ho
M (pex) in Fig. 5 confirms the importance of 

reduced pressures for the decrease in specific energy consumption of glass melting. The 
comparison of temperature and reduced pressure effect on the specific energy consumption of TV 
glass is presented in Fig. 6. The dependence between Ho

M and bubble growth rate, ∆a/∆τ, as the 
most important refining factor has been elected, however, temperatures and pressures are plotted 
as auxiliary scales too. The feasibility of replacing high temperature by reduced pressure (at 1300 
oC, g.e.) is obvious from this figure. 
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        Fig. 5: Influence of external pressure on the specific energy consumption for the TV glass at 
1400 oC, ho = 0.25 m, ao =1 x 10- 4, τMe = τR. Dependence of Ho

M  on extemal pressure: curve 1: 
V a= 0.1, without refining agents curve 2: Va = 0.2, without refining agents curve 3: Va = 0.1, 
with refining agents curve 4: Va = 0.2, with refining agents 
 
 
5. CONCLUSION 
 
    The  analysis of glassmelting process, taking into account the influence of internal factors on 
melting kinetics, presents as the promising principles the controlled forced convection of glass in 
the stage of glass melting and reduced pressure in the refining stage. Their application could lead 
not only to the energy savings but also to the increase in output of glassmelting spaces or to their 
decrease in size. Both effects have economical and ecological consequences. However, the 
simultaneous application of both principles requires the local separation of dissolution and bubble 
removing processes and new technical solutions as is convenient stirring means as well as their 
arrangement and simple constructions of subatmospheric refining chambers. The mathematical 
modelling combined with laboratory experiments is obviously capable to solve the essential part 
of this task and its present activity is starting to realize it. 
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Fig. 6: The comparison of temperature and reduced pressure effect on the specific energy 
consumption of TV glass melting in the model melting space, mathematical modelling, glass layer 
thicness 0.25 m, co CO2, = 95 vol%, co N2= 5 vol.%, ao = 0.1 mm −− temperature dependence, Va 
= 0.2, pex = 100 kPa -⋅ -⋅ pressure dependence, Va = 0.2, t =1200 oC - - pressure dependence; Va 
= 0 2, t =1300 oC 
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Abstract 
 

   A multiresolution analysis by the wavelet representation for actual running 
data of a glass melting furnace is described. The subject is mainly toward it's 
application to autonomous distributed control by the multiresolution analysis. 
The simulation is executed with the same condition through the real running 
data. 

 
 
1. Introduction 
 
    The use of the wavelet decomposition and reconstruction is thought to be an efficient 
and instructive approach for identification and control in such environment as a glass 
melting furnace, in which the process characteristics are combined with different high and 
low frequency ranges and various long time lags. Therefore, system identification and 
control is very difficult to do. In this case, the decomposition of process behavior into 
several frequency bands by the wavelet analysis can improve the accuracy of 
identification and control. These decomposed subspaces are orthonormal each other by 
the orthonormal wavelet expansion. (1,2) 
 
2. Wavelet transformation and auto regressive model building (3) 
 
   A process model of the furnace is hierarchically decomposed on three stages by the 
wavelet analysis. The sampling period of the original process model is every 40 minutes 
in this case, and that of three models D2, D3 and W3 which are decomposed by each time 
scale, are every 80 minutes, 160 minutes and 320 minutes respectively. That is, the 
original process is decomposed successively onto detail frequency zones V1, V2, and V3. 
If the time scale j of the original process which has the minimum  sampling period 40 
minutes corresponds to the time scale 0, the time scale j of V1, V2, and V3 becomes 1, 2, 3 
respectively: To decompose the real running data by the wavelet transformation is 
equivalent to the projection of the process model onto each frequency zone Vj. Hence; if 
the process model is represented by y(n)=P(Z-1)u(n), the projection of y(n) onto Vj, 
namely, Tjy(n)=y(j) (n) is represented by y(j) (n)=TjPTj(u) =Pju(n), provided that Tj is the 
projection operator onto Vj and u(j) is equal to Tju(n). The process model P in this case of 
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j=0 is given by Po=ToPTo. The original process model Po can be expanded. in the 
telescoping series as follows. (6} 
 
Putting Sj=Pj-1-Pj, then Po=Σ (SjPSj+SjPTj+TjPSj)+TjPTj. 
 
This constitutes a hierarchical decomposition of the process model, and this equation 
shows that the original process data is hierarchically decomposed on J=3 stages by the 
time scale j at this case. Control based on the above equation results in solving a series of 
optimization problem which has each own performance index like autonomous fashion. 
At this simulation, signals of six variables such as a crown temp., a bottom temp., an 
ambient temp., batch area, fuel and a lehr speed, selected by the contribution calculation 
(3,5,7), are decomposed by the on-line wavelet.  
    Signals decomposed by the on-line wavelet successively, are used for the modeling and 
controlled by the corresponding sampler with a hold function and then put into use for 
each control model D2, D3 and W3 respectively, and the sampler works every 80 
minutes, 160 minutes and 320 minutes for each controller. Fig 1 shows the procedure of 
process identification and control with the wavelet analysis. Fig 2 shows the wavelet 
decomposition and reconstruction. 
 
3. Simulation 
 
   The simulation, was tried for paralleled use of each control model identified by 
decomposed running data. The on-line real time wavelet decomposition analyzers are 
connected in series with the process model. Random noises are impressed for the driving 
force of the simulator on signals generated from the process model. These signals are 
decomposed successively into each frequency band. Values of manipulated variables are 
made by optimum control gain, calculated by the dynamic programming. Each value of 
manipulated variables is added linearly and the synthetic value is made as the summation 
at the individual sampling time. The mutual interactions are neglected became the 
orthonormal wavelet expansion is used.    In this simulation, the D, model with the high 
frequency band at every 40 minutes sampling is discarded, because this model has less 
contribution among each variables. Fig 3 shows the skeleton diagram of general control 
system with the multiresolution analysis. Table 1 shows model parameter of the actual 
process. Table 2 shows DZ model parameter as an example. 
 
4. Result of simulation 
 
   Variance of the original data is compared with variance of the simulated data in Case 1, 
2, 3, and 4. Constitutions of each case are as follows. 
  Case 1 is the distributed control and weighted values of the performance index are 
standard (3), thereby the standard Q and R values are adopted. 
   Case 2 is the autonomous distributed control. In this case the crown temperature is more 
weighted than the normal Q and R values in the D2 model. And the bottom temperature is 
more weighted than the normal Q and R values in the D3 model and the lehr speed is kept 
constant. 
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   Case 3 is the distributed control and the values of Q and R are standard for all variables. 
The lehr speed is kept constant. 
   Case 4 is the autonomous distributed control. The crown temperature is more weighted 
than normal Q and R value in D3. And the lehr speed in the model D2 and D3 is kept 
constant. The lehr speed in the model W3 is controlled under the normal Q and R values. 
Table 3 shows the result of comparison with the variance of normal original data and 
Case 1, 2, 3 and 4 respectively. (% of variance) 
   Roughly speaking based .on the limited number of simulation, it seems to be estimated 
that the trade off relation between the crown temperature and the bottom temperature is 
likely to exist. But the bottom temperature is strongly related with the batch area, and 
variance of the bottom temperature is exceedingly decreased. The reliable value of the 
batch area can be available with improvement of S/N by the wavelet. For instance, Fig 4 
shows charts as the comparison among four variables. These charts are .reconstructed 
from the decomposed signal, W5+V5+V4+V3. 5 is meant by 1280 minutes of sampling 
interval, 4 is by 640 minutes and 3 is by 320 minutes, respectively. Therefore we can see 
the process in the large point of view. Fig 5 shows the simulated chart at Case 4 
previously described, the lehr speed control is designed to work only the low frequency 
zone in the model W3 for practical use. The lehr speed is thought to have two roles in a 
real plant. One is as a change of production planning, the other is as a manipulated 
variable for control. 
 
5. Conclusion 
 
     So far, resulting subjects are concluded as follows. 
    1. Improvement of S/N by the selective wavelet. 
    2. The multirate sampling control can be applied. 
    3. The possibility of realization for the autonomous distributed control by the cascade 
 decomposition with the individual performance index for each resolution is, 
 expected. 
    4. The batch area information is very useful and effective for the controlling of the 
 bottom temperature. (8) 
     This report is focused on simulation of the distributed control through paralleled use 
 of the model by the on-line wavelet representation. 
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 Bottom Temperature Crown Temperature Batch Area 
Case1 4.85% 96.32% 88.03% 
Case2 4.55% 149.51% 102.25% 
Case3 3.70% 121.45% 75.80% 
Case4 3.44% 115.24% 68.23% 

Table3. Comparison of Variance 
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Abstract 
 

 The study of technical change in individual industries gives  important 
clues on the industrial life cyle and innovation patterns in that particular 
production technology. Such historical modeling was attempted with this 
study for the cases of glass containers, sheet glass and furnace design. This 
knowledge was in turn used to draw the framework of a strategy 
formulation process in which the Technological Knowledge Levels 
approach was employed. The study raises the issue of empirical industrial 
research that needs to be carried out for filling the gaps in our 
understanding of technological change in glass manufacture.    

 
 
“The industry of artificers maketh some small improvement of things invented; and 
chance, sometimes in experimenting, maketh us to stumble upon somewhat is new”.   
 
Sir Francis Bacon 
 
 
1. Introduction 
 
 Technological developments are rapidly altering the nature of competition in the 
late twentieth century. Advances, particularly  in generic technologies such as micro-
electronics and new materials, are presenting managers and policy-makers with major 
discontinuities. Changes, that seem to be radically re-shaping the so called  “ hi-tech” 
sectors such as electronics, computers, telecommunications, machine tools, 
automobiles, aircraft etc. are rooted in several developments. These are;  
• The emergence of new and improved manufacturing technologies (CAD-

CAM, CIM, FMS) which have fundamentally altered the economies of 
manufacturing and removed the factory as a barrier to product variability and 
flexibility (1).      

• The quickening pace of technological change and the associated shortening of 
product life cycles, bringing with them a proliferation of product variety (2). 

• The shifting  nature of consumer demand towards increased variety, more 
features and higher quality. 

 The wedding of micro-processor and computer technologies is allowing 
differentiation based on software. Software is replacing hardware in many 
applications and dramatically changing developmental vs. production costs.  Many 
researchers have pointed out to the increased rate of technological diffusion. 
Mansfield (3) has noted  that it takes on the average only 12-18 months before 
information on R&D and product decisions get known by competition. Again 
Mansfeld et al have found that 60% of patented inventions were imitated successfully 
in less than 4 years (4). Badarocco (5) has determined that in the electronics industry, 
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the time period between a new product being introduced in the US market and it being 
copied, manufactured and shipped back into the US from a second country is 
sometimes only several weeks.   
 These changes that appear to be impacting  assembly sectors mentioned above are 
diffusing through to traditional continuous industries via developments in micro-
electronics based process control and measurement technologies. New sensor and 
laser technologies are increasingly allowing continuous, flexible response and feed-
back techniques to be employed. Faster and higher capacity micro-processors are 
making possible 3-D models that use dynamic simulation and artificial intelligence to 
be integrated into the control of the production process. Possibilities for smaller and 
more flexible economies of manufacture even in such large scale industries as 
chemicals and steel are worth mentioning. 
 Technological innovation and its dynamics thus turn out to be  the fundamental 
source and driver of these developments. Without forgetting that technical change 
itself (and thus innovation) has its roots in society, i.e. technologies are social 
constructs per se and not some exogenous force available to everyone on demand, this 
paper will try to trace only briefly the history of technical change in  glass 
manufacture (notably sheet glass, bottles and furnaces) fitting it into a model of 
technological innovation and finally, draw a feasible agenda for strategy formulation.  
 
2. Technological Innovation and Industry Life cycles 
 
 Invention and innovation are two separate phenomena which can be defined as 
follows; invention refers to the creation of a new idea or concept and innovation refers 
to the act of developing the invention into a commercial product or technique. It has 
become clear, from studies of the correlation between innovation and firm growth that 
it is innovation and not invention that is essential for success and even survival. It was 
Schumpeter who first made this distinction that has generally been accepted in 
economic theory. The real difficulty, however, comes in the identification of 
innovation, as the true economic rents that accrue, are not always apparent in the 
initial event (6).  
 It is also well known that the production of any good or service involves a chain or 
network of industries (Figure 1)  and technological innovation is one of the benefits 
wherein each part of the network is a potential source.   

 

Process Equipment
Designer/Manufacturer

C o n tr a c to r

R&D

Operating 
Company Retailer

DistributorRaw Materials
    Supplier

 
Figure 1.  Network of firms in the value chain of an industry. 
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 The two clear types of innovation identified by economic theory, i.e. product and 
process innovations, really depend on the vantage point within the network from 
where they are viewed. Innovations in the capital goods industry enhance the 
capabilities of the manufacturing process and not the manufactured item. 
 Utterback and Abernathy (7) have proposed a model that describes the evolution of 
technological innovation and interrelations between product and process 
developments throughout the creation, growth, maturity and decline of an industry 
with a view of product and process innovations. Figure 2 summarizes the profiles of 
product and process innovations with increasing industrial maturity. 
 
    HIGH  
                                                                                                         Process 
                                                                                              Innovation   
                
 
        Rate of 
        Innovation 
 
 
 
 
                        Product 
                                                                                               Innovation 
 
                   LOW 
       Uncoordinated       Segmental   Systemic 
 
                 T i m e  
 

Figure 2.  Stages of Innovation and Industrial Life cycles. 
 
 The pattern illustrated demonstrates an industry that passes from high product/low 
process through low product/high process to low product/medium process innovations 
phases. These three phases are termed by Utterback and Abernathy as the 
“uncoordinated”, the “segmental”, and the “systemic” phases. In this context, the 
research by von Hippel (8) can be used to identify the dominant sources of innovation 
within each phase. Von Hippel proposes to define a  “ locus of innovation” based on 
the functional relationship of the organization to the product. End-user, product 
supplier, product manufacturer are all functional relationship categories and von 
Hippel’s basic premise is that the major source or “locus” of innovation can be 
predicted from an analysis of the “expectation of economic rents.”  Economic rents of 
course refer to the return on R&D investment and others inputs required in the 
creation and development of an innovation. Von Hippel’s categorization can be seen 
in Table 1. 
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Table 1. Types of innovation as seen from various vantage points in the network of 
manufacture. 

Innovation  
as seen by; 

Process Innovation  
Developed by; 

Equipment Innovation  
Developed by; 
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innovation 

process 
innovation 
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process 
innovation 

Plant  
Contractor 

 product 
innovation 

  product 
innovation 

process 
innovation 

Equipment 
Manufacturer 

  product  
innovation 

  product 
innovation 

 
 
3. Mechanization in Glass Manufacture 
 
 Glass artifacts are known to have been produced circa 7000 BC, though some 
controversy exists as to whether the Phoenicians were the first accidental 
manufacturers. Archeologists tell us wealthy, privileged users utilized it as jewelry, 
exchange items and of course containers in various shapes and colours.  The blow 
pipe seems to have been one important step change innovation introduced in 
Alexandria circa 200 AD. Records do not mention any fundamental change in 
manufacture nor are there, except for refinements in shape and composition no doubt 
by trial and error, any new products for almost 17 centuries. The winds of creative 
destruction and change that set in with the first stirrings of  the Industrial Revolution 
in the second half of the 18th century also signaled the dramatic changes of the 
following century.  
 
Bottlemaking 
 The universal move towards mechanization had its parallels in glass manufacture 
through the first attempts of Arbogast (1882) for semi-automatic press-blow machines 
and Ashley (1886) for blow-blow machines in bottle manufacture. Brooke innovated 
the feeding mechanisms with two patents in 1900; suction feeding and gravity 
feeding. The real impetus to the diffusion of automatic machinery however came with 
the Owens machine (1904) and its display in Trafford Park, Manchester. We learn 
from narrators that the European Cartel of users (Europaischer Verband der 
Flaschenfabriken) found it desirable to pay 600.000 British Pounds in patent rights. 
The next several decades saw a proliferation of bottle making equipment and feeding 
technologies that were sometimes used concurrently within the same plant. Most of 
these are known by their patent- holders name and are listed below (Owens not 
included) (9); 
 
Country first installed  Machine Type (Year)  Feeding Mechanism  
Great Britain     W.J.Miller (1917)    Gravity  
Great Britain     Ed Miller (1919)     Gravity 
Great Britain     O’Neill (1917)     Gravity 
Great Britain     Lynch (1919)      Gravity 
Great Britain     Monish (1929)     Suction 
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France- Belgium    Roirant (1923)     Suction            
  
Although it might seem astonishing and obvious looking at it today, the individual 
section machine (IS) was nowhere near universal acceptance in the beginnings of its 
introduction in the year 1925 (10). It was invented by Henry Ingle, an engineer of  the 
Hartford Empire Company. It’s apparently obvious principle resided upon the age old 
advice; in the words of chroniclers of the time, “... to take Mohammed to the 
mountain instead of the mountain to Mohammed”. In other words, the IS machine 
transported gobs of glass to stationary moulds instead of conveying the moulds on 
massive moving tables to positions for receiving the glass. Once again, the totally 
dominant position gained by the IS machine long after it was introduced was in no 
way certain at the time and competitors strived, often successfully to beat it back.      
 
Sheet and Plate Glass Manufacture 
 Window glass was produced by manual techniques up until the end of the 19th 
Century. These hand processes were largely similar to those used in the manufacture 
of hollow-ware. This included the gathering on a pipe of molten glass and the blowing 
of it into a cylinder. The cylinder was then opened up flat and then cut. The earliest 
attempt at mechanization in sheet glass manufacture was undertaken by Lubbers who 
commercialized his invention in 1903. The real push towards machines in this area 
however, came with the Fourcault, 1913 (9 years after the patent) and the 
Colburn,1905-1916, processes (later Libbey-Owens). In 1918, Bicheroux developed 
an alternative method of casting the pot of molten glass between a pair of rolls, from 
which the plate moved forward on a table moving with the same velocity as the rolls. 
Other competing techniques were the Pilkington Brothers’ continuous plate (1922) 
with both sides ground and polished and of course the Pittsburgh technology which 
was developed between 1921-1927 to overcome the difficulties of the Fourcault and 
Colburn processes. 
 The influence of mechanization on industrial structure can be seen clearly in the 
case of sheet glass manufacture. During the introduction of machines, the number of 
plants producing sheet glass in the US fell dramatically from close to 100 plants in 
1919 to only 18 in 1930. A similar drop can be seen in Germany where the number of 
sheet glass producers fell from 70 in 1913 to just 9 in 1936. The impact of 
mechanization and rationalization hit the Belgium market within which a cartel of 
Fourcault plants was able to operate only 3 out of the 36 furnaces it owned in 1925. 
Demand had not expanded as fast as the new machines could deliver and enormous 
stocks created a crises of over-production. 
 
Furnace Design 
 Among the most important components of the complex that is called glass 
manufacturing technologies is the furnace for melting the glass. Pot furnaces, with one 
time loading of the batch ingredients had been standard fare in glass production. Itself 
composed of a myriad of technologies such as batch charging, cooling, refractory 
materials, energy technologies etc., the furnace has been an area which was the focus 
of all manufacturing industries involving fusion processes. So it was not surprising 
that Robert Stirling (1916) and Joseph Crosfield of Warrington (1940) took out a 
patents for glass melting furnaces closely modeled after cast iron furnaces, which had 
undergone various improvements earlier on. It is speculated that Friedrich Siemens 
new of the earlier patents and developed his continuous-regenerative tank furnace 
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building on such knowledge in 1861. The first continuous tank furnace was 24.75x7.5 
feet by 20" deep. It is chronicled that Windle Pilkington missed several board 
meetings to visit the Siemens regenerative furnace in Dresden. One of these were 
finally authorized to be built in St.Helens in 1872. It had allowed for a 60% saving in 
wages and between 25-50% saving in fuel economy. At the beginning though, due to 
the fact that impure glass easily passes to the working end, these tanks were only fit 
for bottle production until Lürman developed a design suitable for window glass 
(1882-86) (11). From the point of view of the general shape of the basin, design and 
location of burner ports, design and location of doghouses, little seems to have 
changed since F. Siemens innovated the continuous tank furnace. This of course 
conceals the dramatic improvements made in the auxiliary technologies such as 
refractory materials and furnace operation and control, non-stop developments which 
have allowed many-fold increases in furnace lifetimes and glass quality.  
 
4. Innovation Patterns 
 
 The initial stages of the mechanization of glass manufacture, as mentioned above, 
changed the landscape of the industry within less than 30 years. Despite the drop in 
the number of manufacturers, employment continued to increase as the use of glass 
was “democratized” so to say,  as glass artifacts became household items for the 
population as a whole. The machine either introduced glassware into new fields or 
maintained it against the competition of other materials. Packers of other commodities 
were able to mechanize handling, filling, capping, labelling, etc., operations as the 
glass containers were now produced to close tolerances with little error. Factory 
organization altered to become subservient to the machine, task definitions and skill 
requirements all transformed.  
 Allied innovations trailed the application of the machine. The physical properties 
of hand-made glass proved to be disastrous for machine operation. All early 
mechanization attempts were as a result frustrated due to inhibitingly low 
productivity. This was a case of science trailing technology, the rise of brand new 
phenomenological puzzles, a good example of which is the development of the 
Fourcault process. The prohibiting devitrification problems of hand-made 
compositions were prevented by the addition of soda which resulted in terrible 
weathering properties which in turn were solved by the development of magnesia and 
alumina containing batches. Other examples triggered by the introduction of 
machinery were the problems of annealing due to increased production rates and 
capacity. Methods of rapid inspection and handling were areas that experienced a 
series of innovations. Of course, completely new products and compositions were 
innovated as manufacturing technologies solved the initial bottlenecks. The general 
flow of industrial advance can be thus elaborated as follows: 
 
Uncoordinated Stage of Innovation 
 In the case of bottle manufacture, this stage can be clearly seen to cover a period 
extending from 1870's to 1930's. The chief characteristic of the period is uncertainity 
with a plethora of machines and designs. The multifarious base of technological 
innovation is the machine itself and the market is the glass manufacturers. Changes in 
the final product characteristics is clearly determined by the problems originating from 
the introduction of machinery. Sheet glass manufacture seems to undergo a similar 
drive towards machinery at around the same time period. Fourcault, Libbey-Owens, 
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Pittsburgh, Bicheroux are all developed concurrently. The same innovative stage for 
furnace design would seem to have been realized half a century earlier with the 
beginnings of the tank furnace competing with the designs usually termed continuous 
pot. The Siemens continuous-regenerative tank furnace appears to be the culmination 
of  earlier designs. The existence of the continuous glass furnace must have been a 
powerful impetus for the innovations towards mechanization and flow. 
 
Segmental Stage of Innovation 
 This stage, sets in with the decrease of uncertainty and the gradual stabilization of 
machine and furnace design. Regenerative-continuous furnace design, IS machines, 
and Pittsburgh technique had pretty much become industry standards and refractory 
materials developments as well as better control of operational dynamics was resulting 
in dramatic rises in productivity. Demand structure signaled the dawn of mass markets 
and relatively stable, increasing demand, as in other commodities. The exception to 
the rule here is the development of the float process by Pilkington (1953), which went 
on to become the industry standard in flat glass manufacture.    
 Throughout this period which can be said to extend to the early 1980's, the 
fundamental scientific principles pertaining to the physical and chemical conversion 
processes were uncovered. Developments were pursued by glass manufacturers allied 
with equipment producers (glass machinery, forehearth systems, raw materials 
handling etc.) focusing on increased productivity, reduced input costs and 
specialization. The evolution between the segmental and systemic stages, the 
combination of equipment standardization and growing demand for this equipment, 
generates an economic environment encouraging manufacturers of the process 
equipment to participate in innovative activity. These firms will have developed the 
necessary specialized knowledge and skills to reduce the cost barrier to innovation 
and have the potential sales volume to generate high revenues, hence improved 
economic rents. 
 
Systemic Stage of Innovation 
 The rapid changes in both technologies and markets heralded by the oil shocks of 
the mid-70's, have brought important developments in the glass industry. The new era 
of flexibility, market niches and differentiation have combined with the mature nature 
of the industry to produce a complex picture. With the limits of scale economies 
reached, the principal economic forces behind the industry has become energy 
consumption and the yields and quality of all outputs of the process. In a 
technologically mature process, knowledge is well diffused and differentiation from 
competition is difficult. It often cannot be achieved by equipment manufacturer and 
contractor innovations, as these become immediately available to the rest of the 
market. However, minor adjustments to optimize the process, driven by the specialist 
knowledge of the specific plant function held only by the glass plant operator, is a low 
cost, low risk and therefore attractive option.  
 
5. Strategy Formulation 
 
 As can be seen from the account of the histories of some of its major components, 
which are generically called glass manufacturing technologies, the industry can be 
said to have reached a general state of maturity. One has to be careful though, not to 
underestimate the vigour of niche markets in glass artifacts nor the fast growing 
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secondary processes sectors such as, coatings on architectural and automotive glass. 
These, however, should be properly categorized as separate production technologies 
unless when the secondary process follows on-line right after annealing. There are no 
doubt important innovative rents accruing from product and process developments in 
this area. 
 In the systemic phase of the industrial innovation process, no major earthshaking 
turns are to be expected in production technologies. The various components will 
continue to be fine tuned, better control established by the utilization of advanced 
control techniques. Notwithstanding the fact that firm strategies vary greatly 
depending on size, position, geographic location, market environment, culture etc.., it 
is perhaps cautious enough to state that challenges exist for all producers in furthering 
the technological knowledge of the encompassing parts of glass manufacture and 
make better on the words of Professor Turner who stated back in 1926 that; 
 
“ ...the more able glass technologist can now make a furnace respond to their will as 
effectively and probably with less waywardness than a performing dog does for his 
master”. 
 
 Measurement and control is still problematic within various points in the black box 
and mathematical understanding of the relationships between fusion processes and 
atmospheric reactions in the furnace, fairly rudimentary. As control of the output, 
which is glass, depends critically on the overall understanding and control of inputs, 
one way of looking at the process of glass manufacture is by the use of the 
“Technological Knowledge Tree” (12). The technique allows one to systematically 
study the various inputs, their importance and current level of technological 
knowledge. Bohn has carefully elaborated the inefficiencies pertaining to managing a 
technological process in which even a few key variables are at low stages of 
knowledge. The stages of technological knowledge are summarized below (from 
Bohn); 
 
Stage 1: Complete ignorance: The existence of a phenomenon is not known 
Stage 2: Awareness: The existence of a phenomenon and its relevance to the process 
is known 
Stage 3: Measurement: Variables are measured but not controlled  
Stage 4: Control of Mean: Variables are measured and controlled but only imprecisely 
Stage 5: Process Capability: Variables are controlled with precision across a range of 
values, when  all important variables reach stage 5, manufacturing using a recipe is 
possible 
Stage 6: Process Characterization (know how): How the variable effects the process 
are known 
Stage 7: Know Why: A scientific model of the process is developed. Non-linear and 
interaction  effects of variables are also known.  
 Stage 8: Complete Knowledge: The complete functional form and parameter values 
that determine the result are known  
 
 Despite the fact that glass production is a mature industry it can be easily said that  
some of the important process variables are not known to a desirable degree. To be 
able to picture a process in terms of  its important inputs and the level of their 
technological knowledge, has important implications for the management of that 
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technological process. Skill levels of the work force, managerial culture and control 
mechanisms, the level of automation feasible are all determined by this knowledge. 
This type of analysis should be carried out for all segments of the production chain. 
The sources of innovation at the systemic stage, their locus and probable impact are 
uncoverable only through such a systematic study.  A cursory example of such an 
undertaking can be seen in Figure 3, elaborated for the glass making process. 
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                                                          SUPP. SYS. 
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                                                                                                                                       FURNACE ATM. 
                                                                                                                                       EFFICIENCY 
                                                                                                                                       PULL 
                                                                                                                                       HOT REPAIR 
                                                                                                                                       MIXING 
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                                           PROCESS 
                                                                                                       VITRIFICATION              PHY. PR. 
 
                          TRADITIONAL 
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                                                                                        TECHNOLOGY                OXY-FUEL 
                                                                                   SOURCE 
                                             ENERGY                              ENERGY        QUALITY 
                                            TRANSFER                           TYPE                     POLITICAL ISSUES 
 
                                                                                         HARDWARE                  INFRASTRUCTURE 
 
                                                                           ENVIRONMENTAL                        MAINTENANCE 
                                                                            CONCERNS 
                                                                                                                                     MEAS.&CONTR. 
 
 
 

Figure 3. The Technological Knowledge Tree approach to Innovation 
Management elaborated for glass manufacture. In this arbitrary exercise, 
the thickness of each branch of the tree represent its strategic importance 
for the manufacturer. The branches must also be shaded in different tones 
to represent how well the firm is performing at that branch.  
 

 



 10

 
 
6. Recommendations for further work 
 
 The studies of technology and technological innovation clearly show that 
technology, as a multi-structured knowledge system, as well as being embodied in 
machines and physical assets, is also fundamentally anchored in people, 
organizational structures and cultural-behavioural patterns. Hence, the diffusion and 
generation of technical changes require to be discovered empirically. The techno-
economic study of individual production technologies, their patterns of change, 
innovative dynamics, relationships with the markets and trade character, is of value 
not only for historians of the discipline but also for the practioners and managers of 
today. Shedding light on diffusion and generation patterns of yesteryear has important 
implications for the present and the future. This study presents a clear agenda for 
collaboration and joint research by the producers, technologists, scientists, managers 
of all the technological fields that come under the generic title; glass manufacturing 
technologies. Concrete research areas from both past and present can be identified, 
charting the market, technology, financial and economic maps of the industry in all its 
aspects. This endevour should try and shed light on the following; 
 
• What are the underlying technologies that make up glass manufacturing 

technology? 
• What stage of maturity in the cycle of production technologies are each of 

these at? 
• What are the rates of innovation and technical change related to them? 
• What techniques of forecasting are best suitable for the underlying 

technologies? 
• What are the possibilities of international benchmarking for these? 
• What are the fundamental outlines of competitive technological audits? 
• What are and have been the major trends in the generation and diffusion of 

technology in the glass industry? Paths of international flow, investment 
patterns, pros-cons? 

• What will be the impact of generic technologies such as micro-electronics and 
new materials? 

• What are the criteria, frame of reference for investments in automation and 
other tools of advanced control? 

• What are the auxiliary or non-direct technologies and what is their influence 
on glass manufacture? 

• How feasible is the setting-up of a Business Environment Surveillance 
System, BESS, what would be its operating principles, key functional areas 
(identification, monitoring and evaluation), how would this technological 
radar define and test the key technological descriptors? 

• What type of an organizational structure could undertake all these? 
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THE EFFECT OF WASTE GASES ON GLASS FURNACE OPERATION 
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Pilkington Group Research, United Kingdom 

 
 

Abstract 
 

 Many important facets of glass furnace operation are affected by the waste gases 
generated by the combustion of fuel and the batch melting process. The waste gas 
flow contains corrosive and pollutant compounds including gases and particulate 
matter. These gaseous and particulate compounds affect glass furnace operation in 
many ways. They may attack the refractory structure, block the flues, or be subject to 
legislative control. 
 Waste gas chemistry is dependent on various operating parameters. Glass 
composition, batch contamination, fuel type, and the method of combustion all affect 
the waste gas formed. One of the most important elements in the system, in relation to 
furnace operation, is sodium. This is involved in refractory corrosion and the 
formation of particulate matter.  
 The paper describes the factors affecting waste gas composition. Practical and 
theoretical methods for its study are discussed, and examples of the effect of waste 
gases on furnace operation are presented. 

 
 
l. INTRODUCTION 
 
    The ‘hot end’ of a float glass production plant consists of a furnace melt chamber, a refiner, a 
thermal conditioner and then a tin bath where the glass is floated to make a uniform ribbon. The 
waste gases from a typical furnace, burning fuel in pre-heated air, pass out to the chimney through 
regenerative heat exchangers designed to recover as much energy as possible from the waste 
gases. Many different types of refractories are used in a glass furnace, each designed to survive 
different environments, from molten glass at 1550 oC (2822 oF), to corrosive gases at 1600 oC 
(2912 oF). The interaction of these refractories with the furnace atmosphere and waste gas is 
discussed in this paper. 
    Many important factors associated with the operation of the glass-making process are affected 
by the gaseous and particulate components of the furnace waste gas. Furnace life is affected 
because refractories may be attacked and regenerators blocked. Pollution control may be required, 
dependent on the composition of the furnace waste gas emitted to the atmosphere. 
    With a knowledge of the chemical reactions and processes occurring in the furnace, control or 
minimization of refractory problems and pollutant emissions may be achieved. Furnace 
atmosphere and waste gas composition is affected by the glass batch composition, the type of 
glass being made, the type of fuel burned, and the type of combustion system operated. 
    The factors affecting waste gas composition, and the important effects that this has on glass 
furnace operation are described in this paper. 
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2. WASTE GAS ANALYSIS 
 
    The glass furnace atmosphere and waste gas composition can be studied by many methods. 
Either extractive or in situ techniques can be used to take practical measurements on operating 
furnaces and many different types of equipment are manufactured. Pilkington uses many kinds of 
analytical equipment, including various techniques designed to analyse the waste gases, or the 
particulate matter. 
    The effect of waste gases on refractories or other important chemical reactions can also be 
studied by laboratory-scale experimental apparatus and physical models. Kinetic, fluid flow, and 
equilibrium prediction models are regularly used by Pilkington Group research in the study of 
waste gas composition and reaction. Particular examples are given in this paper of one 
equilibrium prediction technique used by Pilkington: MTDATA, a computational thermodynamic 
package developed by N.P.L. in London. 
    Pilkington uses all the above methods to study furnace waste gases. The furnace waste gases 
are studied in relation to production monitoring and improvement, fault assessment and remedy, 
and emission limit compliance. The important factors affecting furnace operation associated with 
the waste gas, are discussed below. 
 
3. ENERGY SOURCE 
 
    Waste gas composition is greatly affected by the type of fuel used to provide the energy 
required to melt the glass. Fuels used by the Pilkington Group vary from simple natural gas to 
heavy oils and pitches. Electric melting of float glass is also now possible on a large scale. This is 
mentioned below. The relative amounts of the main gaseous components in the waste gas are 
related to the type of fuel burned. Combustion gases from oil fuel contain relatively more carbon 
dioxide, and less water vapour than those from gas fuel. One of the most important differences 
between the fuels normally used, in relation to waste gas composition and furnace operation, is 
the amount of sulphur (S) that they contain. This is important because it affects the amount of 
pollutant sulphur oxides (SOx) in the waste gas. These are also involved in important reactions 
with other components of the gas and the refractory structure of the furnace. 
 
4. SODIUM COMPOUNDS IN THE WASTE GAS 
 
    Analyses of the hot furnace waste gas, taken at the site where the gas leaves the furnace, 
indicate that there is more condensable material in the waste gas of gas-fired furnace. More 
sodium species volatilise from the melting glass batch when gas is used as the fuel. Sodium is 
arguably the most important element in the waste gases, in relation to furnace operation because it 
is involved in refractory attack. The concentration of sodium compounds in the waste gas leaving 
the furnace is also important in relation to regenerator blockage and compliance with dust 
emission limits, and this is discussed below. 
    One of the major factors affecting the amount of sodium compounds in the furnace atmosphere 
and waste gas is the concentration of sodium chloride (NaCl) in the glass batch. This is normally 
present as a contaminant, especially of manufactured soda ash, and is the main volatile sodium 
compound in the glass batch. 
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    An MTDATA prediction of the equilibrium concentration of sodium compounds in a typical 
gas-fired furnace waste gas atmosphere is shown in Figure l. 
 
     Figure 1 

 
 
 The main compound present over the lower part of the temperature range studied was NaCl 
gas. The NaOH gas concentration was higher at the higher temperatures, and at the highest 
temperatures assessed Na gas was predicted. No Na2O gas was predicted. This agrees with 
practical measurements and is probably because the atmosphere contains an excess of water 
vapour which would form NaOH from the Na2O. At high temperature, decomposition of Na2O 
may also occur which would form Na gas. At the lower end of the temperature range, there was 
gaseous Na2SO4 present. 
    The only solid sodium compound predicted by MTDATA was Na2SO4, which formed at less 
than about 1100 oC (2012 oF). Thermodynamic predictions, in agreement with experimental 
sampling, have shown that, under all normal operating conditions, Na2SO4 is always the first 
compound to condense out of the waste gases.  
    Predictions indicate that other compounds condense only when insufficient sulphur is present 
in the waste gas, in relation to the amount of sodium compounds, for stoichiometric Na2SO4 to 
form. In practice, this is not a common situation; even when simple gaseous fuel is used there is 
sufficient sulphur in the glass batch to provide enough for Na2SO4 formation. 
 
5. CORROSION OF FURNACE REFRACTORIES 
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    One important factor affecting furnace operation and glass quality is refractory attack. Under 
some operating conditions the silica refractories in the furnace crown can be badly attacked. 
Silica, SiO2, is the main component of the refractory bricks normally used in furnace crowns. 
Silica particles are bound in a matrix made of calcium silicate (CaO.SiO2) and a high SiO2 glass 
containing aluminium, calcium, titanium and iron. The main corrosive species in the gas is 
NaOH. In the furnace this reacts with the SiO2 to form sodium silicates. These sodium species 
dissolve in and react with the glassy matrix, thus reducing its melting point. This weakens the 
structure. At the same time, the glassy matrix may migrate away from the front face of the brick, 
and, dependent on the actual conditions experienced by the brick, various faults may occur. 
 In practice, the refractory bricks in the furnace structure may appear to ‘run wet and drip’, or 
‘produce frost or scale’ or become ‘glazed’. These descriptions relate to the appearance of the 
refractory bricks resulting from different types of attack. Fig. 2 Silica drip or scale falling from 
the furnace superstructure onto the molten glass is one of the important problems faced by glass 
makers. 
 
Figure 2 

 
 
 
    The refractories are often most severely attacked in a particular place in the furnace. The reason 
for this is complex and still under investigation. Understanding crown refractory attack is further 
complicated, because the nature and precise site of the attack often varies with time. 
    The pattern of the refractory attack clearly relates to the complex gas flows through the furnace 
system, but other factors are involved. MTDATA has helped understand one of these factors. The 
Thermotab module of the MTDATA program plots thermodynamic functions. This module has 
been used to show that the equilibria of the SiO2 corrosion reactions moves away from the 
products of corrosion as the temperature increases. 
    The relationship between equilibrium coefficient and temperature is similar for all the 
refractory attack reactions between Na compounds and SiO2. An example is shown in Fig. 3. 
 
Figure 3 
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    This indicates that although the amount of corrosive sodium species is higher in otter parts of 
the furnace, the equilibrium of the SiO2 corrosion reaction favours attack at lower temperatures. 
Our understanding of the complex refractory attack processes is increasing, although there is 
much left yet to learn. 
 
6. OXY-FUEL COMBUSTION 
 
    Initial investigations suggest that the furnace refractory attack processes are even more 
prevalent when the fuel is burned using oxygen instead of air. Oxygen is used to limit the 
formation of pollutant nitrogen oxide from the nitrogen in the combustion air. In such an oxy-fuel 
furnace atmosphere, the concentration of all the gases, including the corrosive sodium species, is 
increased by about three times compared to normal operating conditions. This is because there is 
much less nitrogen in the atmosphere. We have also used MTDATA to study these conditions. 
Thermodynamic predictions show that as well as major shifts in gas concentrations in an oxy-fuel 
atmosphere, compared to normal air combustion, other changes occur. The temperature at which 
compounds form or condense is also altered by using oxygen to burn the fuel. 
 
7. BLOCKAGE OF REGENERATORS 
 
    The most important condensate in the waste gas flues of most glass furnaces is sodium 
sulphate, Na2SO4. Under normal furnace operating conditions most of the sodium precipitates out 
of the gas as sodium sulphate; only under unusual conditions when S is limited relative to Na 
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inhibiting stoichiometric Na2SO4 formation do other Na compounds form. Sodium carbonate and 
sodium chloride may then be found in the waste gas dust. During oil combustion, much S is 
derived from the oil, but S is also present in glass batch (as SO4 refining agent) and even during 
gas combustion there is excess S for Na2SO4 formation. The gaseous S compounds in the waste 
gas are normally oxides, SOx. 
    In the absence of NaCl volatilising from the melt, the Na2SO4 is formed in the waste gas by 
reactions between NaOH and sulphur trioxide (SO3) gas. These reactions form sticky condensates 
at between 900 and 800 oC. However, normally some NaCl is present and this complicates the 
reaction scheme. Also, when NaCl condenses in association with Na2SO4, a sticky eutectic melt 
can form. This is liquid at a lower temperature than either of the two pure compounds, and this 
corrosive mixture accumulates in the regenerators and flues with the other condensing and solid 
particulates. 
    The dust carried by the waste gas from a flat glass furnace is normally about 95% condensed 
Na2SO4. Other condensates and material such as silica sand carried over from the glass batch can 
also be present. This material collects in parts of the regenerator and flue system, reducing their 
efficiency and eventually causing blockage. These problems still concern glassmakers, but are 
much less important than they used to be now that the cause of the problem is understood. The 
use of low chloride content soda ash in the batch raw materials has greatly extended furnace 
operating life. 
 
8. OTHER COMPOUNDS IN THE WASTE GAS 
 
    There are many other important compounds present in the furnace atmosphere and waste gases. 
These may interact with the sodium compounds. For example, vanadium, V, is often present in 
fuel oil, and sodium vanadates may form in the waste gas. Alkali vanadates precipitate from the 
waste gas at a higher temperature than sulphates and mixed condensates occur. Although the 
chemistry of V compounds in cooling waste gases is very complex and poorly understood, it is 
known from work in the power generation industry that condensed vanadates are corrosive to 
many alloys and refractories. Also, vanadium compounds catalyse the formation of SO3 from 
SO2. This process is involved in the gas reactions that form sulphuric acid mist in the emitted 
waste gas. 
    Special glasses contain a much wider range of constituents than simple float glass. When 
special glasses are made, volatile compounds may enter the waste gas that are not normally 
present in a typical furnace system. For example, boron (B) would be present in a borosilicate 
glass furnace waste gas, and lead (Pb) may be present in the waste gases from a furnace making 
radiation shielding glass. 
    Figure 3 shows the MTDATA prediction of B compounds in the waste gas from a furnace 
making optical glass. This was part of a study assessing the gaseous compounds present at low 
temperatures in the waste gas from the optical glass tank. MTDATA predicted that boric acid 
compounds would be volatile at lower temperatures than that at which dust control equipment 
normally works. After the study, a method was devised to condense the volatile B compounds 
allowing them to be captured by a baghouse before the clean gases were emitted to the 
atmosphere. 
 
9. POLLUTION FORMATION AND CONTROL 
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     Legislative emission limits apply to many gaseous and solid compounds in the furnace waste 
gas. Development of furnace operating procedures to minimise their production may be based on 
a good knowledge of the processes that form these compounds. 
 Often it is necessary to control the emission of pollutants after they have been formed and 
there are many techniques available to do this. Acid gases (i.e. HCl, HF and SOx) may be 
scrubbed from the flues using alkali-based reagents, and particulates may be removed by 
electrostatic precipitators or baghouses. The very small particle size and relative stickiness of the 
complex Na2SO4 condensates make them especially difficult to remove from the waste gas flue. 
 Until recently, NOx, the other important pollutant in waste gases, could not be economically 
removed from many types of furnace systems. Pilkington plc have recently developed the 3R 
process for NOx removal. 
 
10. CONCLUSION 
 
    Many very important aspects of the furnace operation are affected by the components of the 
waste gases produced by the melting process. The type of fuel used, the method of combustion 
and the type of glass being made all affect the waste gas composition. 
    Furnace life is affected by waste gas corrosion of refractories or blocking regenerators and 
flues. The waste gases may contain compounds that are subject to emission limits and thus 
require the use of pollution control equipment. 
 
 
 

This paper is published with the permission of the Directors of Pilkington plc and of 
Dr. A. Ledwith, Director of Group Research. 
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Abstract 

 
 The positive experience described in the paper is based on observations on the 
performance of more than 50 glass furnace crowns with LUBISOL monolithic crown 
insulation implemented all around the world, including 6    float furnaces in the USA. 
It has been achieved a service life 10 years, and heat loss reduction of 90 %, when the 
crown and the insulation have been part of a joint design. Data are given about the 
elimination of the loose joints in the silica crown and the reduction of the alkaline 
corrosion to a negligible degree. 

 
 
I. INTRODUCTION 
 
    Most glass producers all over the world use furnace insulation as a standard practice. The glass 
furnace crown covers a large area, and it can give significant savings of energy when insulated, 
reducing the heat losses from about 5000 W/sq.m. to 1750-2200 W/sq.m. (1). 
 The main obstacle for the implementation of an efficient thermal insulation of glass furnace 
silica crowns is the strong conservative tradition in the glass industry. 
 A false conception still prevails, that the more efficient insulation can bring a higher corrosion 
rate and "Rat holes" in the silica crown. 
 Starting our investigations back in 1970, we came quickly to the conclusion from a theoretical 
point of view, that silica crowns with an efficient insulation work at higher temperature, which 
reduces the risks from condensation of alkaline vapors, the main reason for alkaline corrosion. 
 One of the most important aim of our study was to collect correlation between the efficiency of 
the crown insulation and the rate of alkaline corrosion during the whole furnace campaign, and to 
use our positive experience in overcoming the doubts and fears towards the efficient crown 
insulation. The other aim was the elimination of the loose joints and the "Rat hole" formation in 
the silica crowns melting soda-lime glasses. 
 
II. CRITICAL ANALYSIS 
 
 Our first investigations in the filed of furnace crown insulation indicated, that all existing 
materials and applications have some setbacks which are still valid in recent days. 
 
* All existing materials are showing a rapid rise of thermal conductivity at higher temperatures, 
and a thicker insulation does not give the corresponding higher efficiency 
(see fig. 1 ). 
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Fig. 1 THERMAL CONDUCTIVITY OF INSULATING MATERIALS 

 

 
Fig. 2 

 
* The light silica bricks have a rather high specific weight, limiting the thickness of the insulation 
on large span crowns. 
 
* The light silica bricks have a very good corrosion resistance against alkali fumes leaking from 
the silica crown, but this proves to be no advantage. This high corrosion resistance does not 
prevent, but only delays the "Rat Hole" formation, making the damage of the crown bigger and 
the hot repair more difficult. 
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* Most of the top coating materials available on the market give cracks or peel of after 2-3 years 
of service life. They do not give a hermetic sealing of the insulation. 
 
*The ceramic fibber insulations have a major disadvantage - they are not air tight. We have 
observed in many locations ceramic fiber crown insulation in very bad shape after a few years of 
service. 
 
 All these observations gave us incentives to develop our new LUBISOL technology, which 
made possible the elimination of most of the set-backs of the existing insulation. 
 
III. THE "LUBISOL" TECHNOLOGY 
 
 A new type monolithic insulation material was developed, based on a new poreformation 
technology. 
 The LUBISOL insulation are a mixture of silicate materials, expanded fillers and burning 
particles, and this mixture is converted into a light porous body under the action of the heat of the 
furnace, the burning out taking place "in situ" on the furnace crown. 
 The LUBISOL insulation has a composite structure, being reinforced with light silica bricks 
and having a strong Cover coat with thermal-sensitive properties (See fig.2). This Cover coat 
becomes dark at higher temperatures and shows any local overheating prior to flame incoming. 
 It was found, that the monolithic insulation can be easily transported, packed in plastic bags, 
and compared with any type of bricks, no breakage takes place. 
 Thus it was possible to avoid several stages of the usual production process such as forming, 
drying and firing, which made possible to achieve a lower thermal conductivity, a low specific 
weight and a competitive low self cost. 
 Due to the rather low thermal conductivity (See Fig. 1 ) it was possible to obtain 90% heat loss 
reduction at a thickness of the LUBISOL crown insulation of 260 mm. 
 We came to the conclusion, that the thermal insulation of a glass furnace crown should be part 
of a complex design, including both crown and insulation. 
 We have accepted in our calculations, that the temperature in one- third of the thickness of the 
silica crown should not exceed 1450-1500oC. At the same time, we carried out a lot of 
measurement of the temperature at the intermediate layer between the crown and the insulation. 
 We have found considerable differences between the calculated and the directly measured 
values, the calculated values being higher than the measured ones every time. 
 This results allowed us to develop our own system for calculation of the heat losses and the 
intermediate temperatures. 
 We came very soon to the important conclusion, that the complex design of the thermal 
insulation and the glass furnace crown should include all specific parameters, such as maximum 
temperature in the furnace, type of glass being melted, size of the furnace crown, etc. 
 
 
IV. POSITIVE EXPERIENCE 
 
 Using our own system for calculations, we accepted as a safe upper limit of efficiency 90 % 
heat loss reduction (HLR) for furnaces melting soda-lime glass. We have achieved such high 
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figures of efficiency insulating crowns of furnaces working at 1580-1600 oC, and in order to be 
on the safe side, we always recommended a thickness of the silica crown of 450 mm for all 
crowns with spans between 3000 and 9000 mm. and 500 mm for larger spans. 
 We have achieved 90 % HLR when the thickness of the crown was 450 mm and the thickness 
of the LUBISOL insulation was 260 mm (see fig.2). 
 Reaching a rather high level of efficiency with our LUBISOL insulation we calculated a pay 
back of the insulation costs by the fuel savings within one year. 
 It is very important to note, that the high degree of thermal insulation on silica crowns melting 
soda-lime glasses does not have any negative effect on the furnace life when a high quality silica 
refractory is used, and when the loose joints in the crown are totally eliminated. 
 We have observed this on many glass furnaces melting soda-lime glass with LUBISOL crown 
insulation, and some of them had 10 years of service life without any serious "Rat hole" 
problems. 
 Taking into account the big importance of the tight brickwork, we have developed our own 
system for elimination of the loose joints, which we implement under the commercial name 
"ZERO-JOINT" Technology (2). 
 The ZERO-JOINT Technology incorporates checking for size tolerances of all silica bricks in 
the glass factory; elimination of both primary and secondary formed loose joints formed during 
the building and heating-up of the silica crown; special measures to avoid loose joints near the 
expansion joints, etc. 
 The ZERO-JOINT Technology is based on the company's practical experience and know-how 
gathered over a period of 30 years period, combined with a theoretical approach to the problem. 
 The ZERO-JOINT Technology becomes now days more important, due to the fact, that in 
silica crowns with oxy-fuel firing the problem of "Rat Hole" formation becomes a very one, due 
to the increased rate of corrosion. 
 The efficient thermal insulation of the glass furnace crowns gives considerable heat and fuel 
savings as a result. 
 The efficient crown insulation is very important for heavily loaded glass furnaces with 
constant pull with a melting temperature near to 1600 oC, and the percentage of saved fuel is 
higher at furnaces with higher fuel efficiency and low fuel consumption. 
 The positive effect of the efficient thermal insulation is not limited to fuel savings. There is a 
positive effect on the whole glass melting process. 
 The insulated crown accumulates about twice as much heat in comparison with the uninsulated 
one. The accumulated heat acts as a buffer reducing the temperature fluctuations in the furnace. 
 It is well known that maintaining constant temperature in the furnace is of prime importance to 
the glass melting process and hence to achieving homogenous glass. 
 The heat radiation from the crown towards the glass melt and the batch is the main source of 
energy for glass melting. The insulated crown keeps a constantly high temperature and speeds up 
the process of glass melting. 
 The well insulated crown creates preconditions for higher quality of the glass, and in flat and 
container glass furnaces - for higher quality and productivity due to better 
homogeneity of the glass. 
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Abstract 
 
  The MoF5 - glass structure was investigated by means of  Monte-Carlo (MCM) and 
Molecular dynamics (MDM) methods of a numerical simulation. The algorithm of 
Molecular dynamics method are briefly described. Results of the calculations for 
MoF5 - glass are discussed. The MCM simulated structure can be used for theoretical 
modeling of fundamental physical properties of the MoF5 - glass. 
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      A new alumothermic route for synthesis of oxynitride glasses was developed. In 
this method fine milled glasses of appropriate compositions were treated by powdered 
aluminium in reduction atmosphere at 730-760oC. As a result of redox reactions 
occurred mixtures containing large amounts of fine dispersed elemental Si and Al203 
(with particle sizes of 1 to a few micrometers) were prepared. The nitridation of the 
mixtures thus obtained was carried out at 1350oC under nitrogen atmosphere. The 
high surface to volume ratio of the elemental Si facilitated the synthesis of fine 
dispersed Si3N4 during the process of nitridation. Since oxides like P2O5 and B203 
favour both the nitrogen incorporation into the glass network and the dissolution of 
A1203 obtained at the alumothermic treatment, compounds containing P205 and B203 
were added to the mixtures after completing the nitridation. Through the 
alumothermic method described homogeneous oxynitride borophosphate silicate 
glasses with high nitrogen content (up to 20 at.%) were prepared. The glasses 
synthesized are characterized by very good corrosion resistance to molten Al and 
enhanced mechanical properties. 
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Abstract 
 
 
 Properties of the mold considerably affect the cost, productivity and quality of glass 
containers and glassware. Due to high manufacturing costs, it is hoped that molds will be 
used for a longer period of time. Therefore, certain mold surfaces which have contact 
with glass are coated by either welding special  powder alloys or placing solid inserts onto 
molds using special welding methods  which require know-how. Although these are 
costly operations, the cost can be  lowered if inserts are placed while casting the molds. 
The purpose of this study is  to explore whether this technique can be applied. 
 
 In this study, the bond between insert and mold is achieved during casting  of the 
mold. The mold-insert interface was examined by metallography and SEM. The casting 
parameters which affect the interface structure were optimized in order to get satisfactory 
bonding during pouring of the mold. The findings show  that bonding has been achieved 
successfully. This technique brings significant amounts of savings in mold manufacturing 
cost. 
 
 
I. INTRODUCTION 
 
     It is known that the properties of the molds for glass containers greatly affect the 
product quality and mold production productivity. The following list summarizes the, 
generally accepted mold properties. 
 
  - Good machinability 
  - Ability to produce a good surface finish 
  - Resistance to heat checking 
  - Low thermal expansion 
  - High thermal conductivity 
  - Resistance to growth 
  - Resistance to oxidation 
  - Resistance to wear 
  - Density or homogeneity 
  - High graphite particle distribution 
 



 Gray cast iron seems to be the most suitable material for the above mentioned 
requirements. Owing to the nature of gray iron, presence of graphite in the structure 
presents difficulties in achieving a good surface finish. 
 Another difficulty arising from gray iron material is its brittleness, where breakage  
and cracks often occur on the edges of molds. These disadvantages, however, may be 
eliminated by the application of the surface modification techniques, such as surface 
coating and welding. It is a common practice to use spray welding on the mold surface, 
blank neck and bottom, (4). 
 Powder welding is another technique in use to increase the life of cast iron 
components. It is generally applied to the plunger and the outer face of the neck ring, (1). 
In practice modern welding equipment is used. The mold surfaces are machined to the 
final shape following the application of welding. Because of application difficulties and 
economic reasons, however, the above mentioned techniques are always in need of 
improvement by either development of techniques or by establishment of new methods. 
In conjunction with this, using of insert materials and applying of PVD (Physical Vapor 
Deposition) techniques are being considered, (7), (8). 
 
2. POURING TRIALS AND EXPERIMENTS. 
 
      The method of bonding of insert material with iron was investigated. The preformed 
insert which contacts the glass was placed into the mold cavity, and gray iron was poured 
onto it. 
 Inserts supplied by ACS (Anadolu Cam Sanayii) were chromium and nickel containing 
iron alloy. The effects of pouring temperature of the liquid iron and of the gating design 
were investigated. The neck-ring casting shown in Fig.1 was chosen in order to 
determinate pouring parameters for achieving the best bond between the insert and iron 
poured onto it. 
 Pouring trials, with the gating design shown in Fig.2 were carried out at 1350 oC. After 
cooling, coldshut defects were detected in some of the castings. This may indicate the bad 
bond between the insert and cast iron. In the second trial with the gating system shown in 
Fig. 3, iron was poured at 1370oC. After cooling and cleaning, visual inspection has 
shown satisfactory results. 
 The bond between the insert and cast iron was examined under optical microscope. 
Photomicropraphs in Fig. 4 shows the section through A-A of Fig.1. Mechanical tests 
have also been carried out on the cross section shown in Fig.1,and a perfect bonding was 
observed between the insert and the iron. 
 SEM analysis of sections revealed bonding characteristics. Fig.5. shows the SEM 
photo of sections covering insert material, interface and cast material. When iron is 
poured on the insert, the liquid iron heats up and melts the surface of the insert and 
readily forms a weld by surface alloying and diffusion. This idea is supported by the 
results of EDX analysis of the carbides on the interface. The formed iron and chromium 
carbides are shown in Fig.6 and Fig.7. 
 
 
 



 
 After leveling of the surfaces of two pieces, casting-insert interphase was also tested 
by turning the castings on a turret lathe. During machining no loosening of the insert has 
been detected through passage of the cutter from insert to casting. 
 Strength of bond between insert and casting was also tested on the Universal Test 
Machine. Two samples were joined together as shown in Fig.8, and load was applied. 
When the maximum load which can be applied by the machine reached up to 19050 kgf 
without rupture, shear strength calculated as 
 
    σshear = load / interface area = 8.89 kgf/mm2 
 
The test was repeated by decreasing the contact area between the interface and casting. 
Again, the maximum load was reached without rupture, where shear strength was 
calculated as 39.65 kgf/mm2. This value is above the shear strength of most gray iron 
castings. Therefore no further tests have been done. This result has proved the perfect 
bonding of the insert to the cast material. 
 Neck ring samples poured with the technique described above have been machined to 
final dimensions and put into glass production. Results have shown longer production 
runs than glass produced from molds made by powder weld process. 
 
3. CONCLUSIONS 
 
 According to the results of this study, neck-rings produced by castings with inserts can 
safely be used in glass production bringing considerable savings in neck-ring 
manufacturing costs. 
 It is possible to obtain insert containing molds with a suitable gating design and 
pouring temperature. Manufacturing costs of molds were more economical than other 
processes, where 10%-15% cost reductions in molds have been achieved. 
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 Abstract 
 

 Influence of small additions of several substances on the stability of 
2CaO·Al2O3 glass was investigated. 
  They were: 1. substances incorporating into the aluminate glass network 
as [AlO4] tetrahedra substitutions i.e. SiO2 and B2O3, 2. substances forming 
chemical bonds with Ca2+, but not isomorphous with AlO4 tetrahedra. 
Admixtures of the first group appeared effective vitreous state stabilizers. 
Substances of the second group as enhanced the crystallization ability. 
Stabilising components form complexes composed of [SiO4], [BO4] 
tetrahedra. They hamper the ordering tendency of the amorphous structure, 
preventing devitrification. 

 
 
I. INTRODUCTION 
 
 Calcium-aluminate glasses are characterized by their specific structure. Their 
framework is formed of AlO4 tetrahedra, and the shortage of positive charge of a 
tetrahedron is compensated by the cations Ca2+ which are situated beside them. The glass-
forming range in the system CaO-Al2O3 has been determined by Rawson [1] as very 
narrow section limited by the eutectics of the 12CaO·7Al2O3 with 3CaO·Al2O3 and 
CaO·Al2O3 compounds. 
 Application of solar furnace melting and split quench techniques allows to extend the 
glass-forming region to 25-70 mole % of Al2O3 or 25-50 mole % of Al2O3 depending on 
the cooling rate [2, 3]. 
 Addition of about 5 wt % of SiO2 or GeO2 considerably increases the stability of CaO- 
Al2O3 glasses. A marked reduction of the ability for crystallization of these glasses can be 
obtained changing their composition through the introduction of additional components 
such as alkalies (about 10 mole %), BaO and MgO (about 5 mole % each). The best 
results were obtained when additionally 2 mole % of Fe2O3  2 mole % of  La2O3  and 2 
mole % of  SiO2 were introduced. Stable glasses transmitting IR radiation up to 5µm 
were obtained by introducing 3 wt % of BaO with 4.7 wt % of MgO or 6.1 wt % of  SiO2  
with 4.1 wt % of MgO [4]. 
 Such stable aluminate glasses are produced on commercial scale. They are 
characterized by  infrared  transmittance  similar  to  that  of  sapphire  and  stability  at  
high temperatures (Tg about 800oC). Calcium aluminate glasses have been proposed as 
materials for infrared windows and as high strength optical fibres and photomemory 
materials. 
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    It is believed that the structure of CaO-Al2O3 glasses corresponds to the structure of 
crystalline aluminates CaO·Al2O3 and 12CaO·7Al2O3 
    The structure of monoclinic variety of CaO·Al2O3 is equivalent to the structure of 
tridymite. It consists of six-membered rings built of AlO4 tetrahedra with Ca2+ ions 
stuffing the sites within the framework structure [5]. In this structure the tetrahedra are 
linked their all four corners forming fully polymerized Q4 units. 
 The structure of 12CaO·7Al2O3 has the character of three-dimensional network formed 
by a combination of rings built of 8 tetrahedra which join with each other through 4 or 3 
bridging oxygens (Q4 and Q3 units) [6]. 
 It is believed that the structure of glasses in the CaO-Al2O3 system is built of 
polymerized tetrahedra of AlO4, and Ca2+ ions are located in the vacant sites of the 
framework [2, 7]. Recent investigations [8] have revealed, that when the ratio CaO:Al2O3   
1 the glass structure contains only Al of fourfold co-ordination to oxygen and AlO4 
tetrahedra are connected through four bridging oxygens (structure Q4) When CaO:Al2O3 
<1 aluminium appears in co-ordination V and VI to oxygen and tetrahedra are linked only 
through two oxygen bridges (Q2 units). 
 It has been found that the rearrangement of Ca and Al in the next nearest neighboring 
co-ordination environment, around the central Al atom, changes with the cooling rate of 
the melt. The slower cooling causes the more ordered arrangement of Ca [8]. 
 It is difficult to obtain pure CaO-Al2O3 glasses of such structure by cooling greater 
quantities of the batch at the cooling rate usually applied in practice. Hence investigations 
were undertaken by us on the effect of the addition of components which might be 
incorporated into the aluminate framework on the stability of the glassy state of calcium 
aluminates. So far the stability of aluminate glasses was improved by adding mainly the 
components-modifiers. Attempt was also made to determine the position of the 
stabilizing additions in the structure and to explain why they stabilize the disordered state 
of the structure specific for glass. Results obtained were described below. 
 
II. EXPERIMENTAL 
 
 Glasses were melted in alumina or platinum crucibles from 100-200 g batches at 
1550oC. The molten glass was poured out on a steel plate as a layer 5 mm thick. 
Chemically pure components were melted to obtain the glasses. The basic chemical 
composition 2CaO·Al2O3 was corrected by introducing additions which played a different 
role in the glass structure. Infrared spectra of the glass were measured using MR-80 Zeiss 
Spectrophotometer. The derivatograph MOM Budapest and X-ray diffractometer DRON 
3 were applied to study the glass crystallization. Perkin-Elmer TMA-7 apparatus was 
applied to determinate thermal expansion coefficient. Density of the glasses was 
measured using AccuPyc 1330 equipment. Specord UV-VIS and Specord M80 Carl Zeiss 
Jena was used to measure the light transmittance in the visible and infrared range of 
spectrum. 
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III. RESULTS 
 
 The glass formation oxides incorporating into the aluminate network as single co-
ordination polyhedra or their groups were used as stabilizing additions. According to the 
flexible network model of the glass structure formulated earlier [9], these polyhedral with 
strong cation-anion chemical bonds can impede the rearrangement and ordering of the 
parent glass structure elements inhibiting the crystallization of glass. Substances of the 
following properties were used: 
1. substances incorporating into the aluminate glass network as AlO4 tetrahedra  
substitutions and simultaneously creating the chemical bonds of different strength  with 
calcium i.e.  SiO2 and B2O3, 
2. substances forming bonds with Ca2+ and Al3+ but not isomorphous with AlO4  
tetrahedra:  PO4 3- and SO4

2-, 
3. F- which can combine with Ca2+ and Al3+ but acts as a depolymerizing agent on  the      
aluminate network. 
 Results of glass melting experiments (Tab. 1) indicated that two component glasses 
was successfully obtained when the melt contained about 50 wt % CaO and 50 wt % 
Al2O3 which corresponds to the stochiometric formula 2CaO·Al2O3 or Ca2Al2O5. A little 
excess of CaO was acceptable or even help to obtain stable glass. On the other hand 
increase of the Al2O3 content has caused increase in the crystallization ability. 
 The addition of SiO2 up to 6 wt % makes the glass formation easier, while 8-10 wt % 
or more SiO2 causes volume crystallization of gehlenite (2CaO·Al2O3·SiO2). Up to 10 wt 
% of B2O3 addition increases significantly the ability of glass formation. Higher B2O3 
content causes calcium borates crystallization. The stabilizing action of SiO2 is enhanced 
by B2O3 addition. The glass can be obtained even when 1 wt % SiO2 and 1 wt % B2O3 are 
added. The F- , PO4

3+ or SO4
2-  admixture causes the destabilisation of the glassy structure 

and rapid crystallisation of the glass. 
 Their destabilising effect is diminished when besides P2O5 or CaF2 few percent of 
B2O3 is added. 
 Glasses obtained are homogeneous and transparent. They are green or red colored. 
Color of calcium aluminate glass is the result of low transmission of the glass at the short 
wave part of spectrum [4].The transmission threshold moves from 420 nm (green glass) 
to 310 nm (red glass) as the content of stabilising oxides increases. The glass transmits 
infrared light up to 5 :m (80-90 % transmittance value). The refractive index of glass is 
about 1.667. 
 Glass density changes from 2.882 to 3.033 g/cm3 depending on the admixtures content 
and the thermal history of the sample. 
 Thermal expansion coefficient of SiO2 stabilised glasses changes from 74·10 -7 1/oC 
for 1.5 wt % SiO2 to 84·10-7 1/o C for 6 wt % SiO2 content. It is constant in the 
temperature range 20-600 o C. Softening point of glasses is about 835oC 
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Table 1  
Allundum crucibles 

Melt 
No 

Composition wt.% Glass quality 

 Al2O3 CaO SiO2 CaF2 P2O5 SO4
2- B2O3  

1 50 50      glass+cryst.12CaO.7Al2O3 

2 52 48 - - - - - glass+cryst.  

3 47 43 10 - - - -      glass+cryst. 
2CaO.7Al2O3SiO2 

4 48 52 - - - - - glass+cryst. 

5 51 44 - 5 - - - cryst. material 

6 48.5 46.5 5 -  - - - phase separation 

7 48 46 6 - - - - glass 

8 46 44 - - 10 - - cryst.material12CaO.7Al2O3, 
CaO.3Al2O32P2O5 

9 46 44 5 - 5 - - some glass 

10 46 44 - - 5 5 - cryst. material 

11 46 44 - - - 10 - cryst. material 

12  46 44 - - - - 10 glass, surface cryst. 
3CaO.B2O3, CaO.Al2O3 

13 48.5 46.5 - - - - 5   glass 

14 50 48 - - - - 2 glass 

15 46 44 5 - - - 5 glass  

16 48.5 46.5 2.5 - - - 2.5 glass 

17 50 48 1 - - - 1 glass 

18 48.5 46.5 - - 2 - 3 glass, surface cryst. 

19 49.5 45.5 - 2.5 - - 2.5 glass with cryst. 
11 CaO.7Al2O3 CaF2, 

12CaO7Al2O3 
Platinium crucibles 

20 50.2 48.3 1.5 - - - - glass 

21 49.5 47.5 3 - - - - glass 

22 47.9 46.1 6 - - - - glass 
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Thermal analysis 
 DTA curves show that the transformation temperature (Tg) and crystallization 
temperature of glasses are under strong influence of the admixtures. SiO2 containing 
glasses has Tg and Tc temperatures higher (Tg - 810-840oC and T ~990oC) than B2O3 
stabilized glass (Tg ~ 720oC and Tc - 840-870oC). Shape of the crystallization peak 
changes with admixtures content. Diffuse peak indicates slow crystallization and 
optimum stabilising admixtures concentration. Excess of admixtures causes a rapid 
crystallization (sharp DTA peak). 
 
X ray diffraction 
 X-ray diffraction patterns have revealed that the aluminate 12CaO·7Al2O3 is a product 
of the 2CaO·Al2O3 glass crystallization. The admixtures, although in small quantities, 
distinctly affect the kind of the crystallizing phases. The product of the crystallization 
process in the presence of 10 wt % SiO2 admixture is gehlenite (Table 1 ). 
 The borate 3CaO·B2O3 and the aluminate CaO·Al2O3 appears in the case of 10 wt % 
B2O3 addition. An addition of 10 wt % P2O5 causes the crystallization of calcium alumino 
phosphate and the remaining components form 12CaO·7Al2O3. The addition of sulphate 
anion causes the crystallization of CaSO4 but the remaining glass components form 
12CaO.7Al2O3 and 2CaO·Al2O3 compounds. 
 On the infrared spectra of 2CaO.Al2O3 glass one can observe the intensive band 
840cm-1  connected with the stretching vibrations of AlIV-O bonds. This band is typical 
for "condensed" AlO4 tetrahedra. AlO4 tetrahedra give band of 480cm-1 as well, which is 
assigned at least in part to the bending motion Al ýv-O [5]. 
 On the spectrum of glass with SiO2 admixture there occurs a double band about 1100 
cm-1 related to Si-O-Si and Si-O-Al mixed vibrations [5]. The band is assigned to 
aluminosilicate elements in the glass network. Simultaneously, the Alýv-O band vibrations 
move to the region 800 cm-1 characteristic for the 3CaO·Al2O3 compound frequency. 
Furthermore, the Alýv-O band around 480 cm-1 appears. A similar band is given by 
3CaO·Al2O3 compound with SiO2 admixture. It could be explained as an effect of the 
solid solution with well-ordered distribution of Si4+ substitutions instead of Al3+. 
 Glass with B2O3 addition give the bands of "condensed" AlO4 tetrahedral structure, 
which are also similar to the CaO·Al2O3 bands. Besides, two additional bands in the 
1100-1200 cm-1 region corresponding to the Býv-O bonds, typical for borates are 
observed. 
 It should be noted that glasses containing 5 wt % SiO2 and 5 wt % B2O3 have very 
weak Si-O-Al bands. Vibration bands of aluminosilicate groups appear at 1100cm-1. 
 
IV. Conclusions 
 
 In the system CaO-Al2O3 the area of best glass forming power is around 50 wt % CaO 
and 50 wt % Al2O3. Glasses from this area can be formed by pouring 100-200 g batches 
out on a steel plate at 1500oC. The melts has the ability to form glasses when CaO and 
Al2O3 are in stochiometric ratio given by the 2CaO·Al2O3 i.e. Ca2Al2O3 formula. 
 The obtained glasses have high tendency for crystallization and can not be produced 
on the larger scale. It may be concluded from the results presented above that this 
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tendency could be diminished by adding components incorporating into the aluminate 
glass network. SiO2 and B2O3 can play this role in the quantities of 6 wt % and 7 wt %, 
respectively. Glassy state is stabilized more efficiently using these two oxides together. 
Homogeneous glass may be obtained already with both 1 wt % SiO2 and 1 wt % B2O3 
admixtures. 
 The introduction of PO4

3-, SO4
2- and F- anions destroys the glass forming ability and 

make the crystallization rapid. 
 These results correspond well with the calcium-aluminate glasses structure concept [2, 
7, 8]. 
 The network of 2CaO·Al2O3 glass contains "condensed" AlO4 tetrahedra and glass-
forming ability of the calcium aluminate melt is the consequence of an structural analogy 
between Si2O4 and CaAl2O4 groups. The formula of this glass may be written as 
Ca[Al2O4]CaO. Thus, the structure of the glass will consist of AlO4 tetrahedra joined 
together by oxygen bridges and by Ca2+ cations, which are connected with them and 
compensate a deficit of electrical charges of Al3+ tetrahedra. The excess of CaO courses 
the four-hold co-ordination of all Al3+ cations. Surplus Ca2+ cations should appear in this 
structure, outside the condensed tetrahedra groups, which are weekly connected with 
them. The spectra of the glass are similar to the spectrum of the 12CaO·Al2O3 compound. 
This indicates close structural similarity between both substances. 
 It is supposed, that the aluminosilicate clusters are formed inside the glass-network, 
when SiO2 is introduced into the glass. These clusters are built of SiO4 and AlO4 
tetrahedra, which are join by oxygen bridges. Then, the vibration Al-O-Si band occurs in 
the IR spectrum and the glass spectrum becomes the similar to the gehlenite (pyrosilicate 
Ca2Al[AlSiO7]) spectrum. During the crystallization process the gehlenite is formed as 
well. BO4 tetrahedra build into the glass network, when B2O3 is introduced to the batch. 
Then the typical vibration bands of Býv -O appear in the IR-spectrum. When B2O3 content 
is 10 wt % or higher, glass crystallizes intensively and Ca3B2O3 is formed. When 
aluminate network is modified by SiO2 plus B2O3 additions, the main band of AlIV-O 
moves to 800cm-1. This indicates that the glass structure becomes more similar to the 
aluminate CaAl2O4. 
 Vitreous state stabilizing function of admixtures can be explained if we assume that 
the following conditions must be satisfied to obtain the glass of a considerable kinetics 
stability [9]: 
1) The glass structure must posses enough elasticity to enable its elements to occupy 
varying positions with respect to each other and adjust to each other to a degree sufficient 
to maintain their random arrangement. 
2) Agents must operate to stabilize the randomness of structure and counteract of  their 
ordering.  
 In the normal glass the polymeric network with the flexible but strong chemical bonds 
acts as the vitreous state stabilizer. 
 In non-polymeric glasses or glasses with weak structural network vitreous state can be 
established by the proper admixtures incorporation. They are the substances distributed in 
the glass structure, forming strong chemical bonds with main glass components and thus 
preventing its ordering. 
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 The structure of 2CaO·Al2O3 glass is formed of AlO4 tetrahedra and Ca2+ associated 
with them (Ca[AlO4/2]2 groups) which are joined together by oxygen bridges. The oxygen 
bridges make it possible to change the angle between tetrahedra, making the network 
flexible. Thus, an amorphous structure of disordered geometry can be formed. SiO4 
tetrahedra introduced into the glass network join the neighboring AlO4 tetrahedra and 
probably pairs of [SiO4]-[AlO4] are formed as in the gehlenite structure. 
 These aluminosilicate clusters make it difficult to rearrange the aluminate network 
units. The rearrangement is necessary for the structure ordering and crystallization of 
glass. In this way the clusters stabilize the amorphous state. Likewise, Ca2Al2O5 glass is 
stabilized by boron-oxygen tetrahedra or triangles when B2O3 is added. This provides an 
explanation how small amounts of additions stabilize structure of glass. 
 The stabilizing additions are effective in relatively narrow ranges of their 
concentrations. If the solubility limit of additions in the aluminate network is exceeded, 
the network will be destroyed and a rapid glass crystallization process will follow. 
 The ions PO4

3-, SO4
2-, F- are bound stronger with Ca2+ than with Al3+. The above 

mentioned anions take the part of Ca2+ cations from the network to form their own 
compounds. The Ca2+ cations are necessary to ensure the stability of the network,                                                              
so when the calcium sulphate, phosphates or fluorides are being crystallized, the 
aluminate network is destroyed. A similar effect is observed when an amount of SiO2 is 
above 8 wt % or when content B2O3 is 10 wt % or higher. At that time the aluminates 
12CaO·7Al2O3 or CaO·Al2O3 are formed. 
    Too large differences in the affinity of the these anions to the Ca2+ and Al3+ seem to be 
the reason for the glass network destruction and its crystallization. 
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Abstract 
 

 Mathematical and physical models have been suggested of the phenomenon, 
explaining the lowering of the damage threshold of a transparent dielectric by self-
focusing of light energy on the refraction index dynamic inhomogeneity (RIDI or 
shock lens), arising in the compression wave which appears in transparent media 
around absorbing inhomogeneities (AI) in the process of their absorbing a part of light 
impulse. On the basis of this model the dependence have been obtained connecting 
parameters of light impulse, physical and chemical properties of the glass and 
absorbing inhomogeneity characteristics with the level of local concentration of light 
energy. 

 
Keywords: Mathematical and physical models, self-focusing of light energy on shock 
lenses, power impulse laser. 

 
 
I. INTRODUCTION 
 
 The glass optical strength (OS), or the glass damage threshold depends on both laser pulse 
parameters and glass properties. 
   One can conventionally divide "intrinsic" and "impurity" OS. The intrinsic OS is defined by 
glass matrix free from absorbing inhomogeneities (AI) and is described by the multiphoton 
absorption ( electron avalanche) model [1,2,3]. The impurity OS is defined by AI properties or by 
the totality of AI and glass properties. It is described by the thermal explosion model [ 4,5,6,7] 
and its modifications, by dynamic lenses [8,9]. 
 Based on the latter model, the present work is devoted to the calculation of light power local 
concentration in the shock lens caustic and to the discussion of the limits of the model's 
application. 
 
 
 
 
 
II. MODEL 
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  The presented model includes the following fundamental statements: 
   1. The transparent dielectric can contain the light absorbing AI (0.01-10) micron in size, such 
as metal drops ,carbon dust, dye segregation zones [10]. 
   2. Under conditions of laser impulse initial part absorption by the AI occurs its fast heating 
with forming the region of plasma. Fast expanding of plasma produces elastic compression in the 
surroundings. It leads to short time changing of refractive index (RI) around the AI. These short 
living regions with changed refractive index would be named the dynamic inhomogeneities of the 
refractive index (DIRI) or a shock lenses. 
 3. Focusing or defocusing of the rest of the laser impulse takes place depending on optical 
properties of medium. 
   4. Under conditions of forming focuses or caustics power of laser impulse can an essentially 
exceed initial value in front of lens Fig.1. 
   a. At the first stage (let's name it hydrodynamic) it's to solve the problem of light absorption by 
the Al and to define spatial and temporal distribution of the refractive index around the AI. 
   b. At the second stage (optical) it's to calculate change of the laser radiation field on defined 
refractive index distribution according to laws of optics of inhomogeneous media. 
   Formulation of the problem mentioned above has some uncertainties. So the shape, sizes, 
physic-chemical properties of the AI and its orientation are unknown beforehand. That makes the 
process of the transparent dielectric damage stochastic. 
   Assume that the AI is a sphere with radius Ro. Laser radiation is spatially homogeneous and 
the medium around the Al is isotropic. The absorbed energy is supposed to distribute within the 
AI uniformly. It's also assumed that interaction between the AI and surroundings is limited by the 
processes of pressure and mass velocity balance at the boundary of the fast heated AI. The energy 
of the Al radiation is supposed to absorb in a thin layer around the AI. 
 The physical model for the process under considerations the model of perfect elastic liquid, 
which contains a small sphere volume evenly heated by means of the light absorbing. The model 
describing the parameters of the shock waves is based on the assumption that the flow is 
isentropic. Mathematical model was presented in the paper [9]. 
 
III. RESULTS AND DISCUSSION. 
 
 Fig 2 show examples of calculation of parameters pressure waves outside plasma region for 
quarts. Fig 3 shows relative change of RI around plasma region (shocklens) at the moment ti/2. 
The refractive index for fused quartz n is adopted in the form: 
 
   n(q) = no(q) + dn/dp * P, 
 
where: no(q) =1.458 ,dn/dp = 0.00083 /96.2 MPa (from tab.1 [ 9 ] ),   P - from Fig. 2. 
 Light deformation on the shocks lens is calculated on the base of the ray theory [11]. 
 Fig. 4 shows ratio of energy density at the optical axis behind the lens W and energy density in 
front of the lens Wo depending the distance L from the lens center at the moment ti\2. Diffraction 
angle u for this lens estimated according to [11 ] u = 0.61 (h / r) is less than 0.0122 rad. where h - 
wavelength, r - radius of shock lens. It is seem that value W/Wo can increase in hundreds times. 
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IV. TYPE OF THE SHOCK LENS 
 
 Generally dependence of dielectric's refractive index in the region of absorption 
inhomogeneity on pressure can be described by the following equations [12]: 
 
   dn/dp = q* dz/dp + r* dz/dp 
 
where the first term characterizes change of the refractive index when density q rises, the second 
term describes change of the refractive index due to reduction of polarization ability z and change 
of effective radius of molecules with pressure change. 
   Such complicated dependence of n(P) on properties of transparent media explains the fact that 
few success has been achieved in determining correlation between physic-chemical properties of 
matter and the value of the optical breakdown threshold. 
   Data on change of refractive index of polymers, glasses and liquids under conditions of shock 
growth of pressure in literature are small in numbers. Nevertheless value of n = f(P) can be made 
on the base of change of n on conditions of static growth of pressure [12.13,14] with temperature 
298 K. (Tab.1 [ 9 ] ). 
   In general case function n(P) can have minimum and maximum and the problem what   kind of 
lens would be formed around AI must be solved for each separate type of material. 
   When lager impulse duration increases thermo - optical properties of the matter increase their 
influence on the change of RI. For each matter there is such a duration of the laser impulse that 
change of n around AI is determined by n(T) i.e. "thermal lenses " are forming around AI. 
According to our estimations transition from "shock lenses" to "thermal lenses" can take place 
when laser impulse duration is within (100 -1 ) micro sec. for different types of the matter. 
 It should be noted that change of lens type in same matters can cause transition from 
defocusing lenses to focusing ones (MgO, Diamond) and vice versa [12]. 
 
V. APPLICABILITY OF THE SHOCK LENS MODEL 
 
   Generally RI of the shock lens n and threshold damage power density J(*) = W(*)/ti in 
presented model depend on some parameters of the transparent matter and laser impulse: n = f{ 
P(a, B,k, Wo,ti),dn/dp, r }, r = f(a,ti, Ro), where a, B,k - velocity of sound and constants of shock 
adiabatic of the transparent medium, Wo and ti - energy density and impulse duration, dn/dp - 
piezo- optical coefficient of the matter, Ro - radius AI. J(*)=f(I,Z, Ro,h,n), where I - sample 
thickness, Z - breaking point of the sample, h - radiation wavelength. 
   Recommended sequence of the account of the parameters of medium and laser impulse is as 
follows: 
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1. Mechanism N1: 
If I<(10-20)Ro then damage is  determined by AI or medium evaporation. J1(*)= f(Tg, K, C, S), 
where Tg - temperature of evaporation of AI or medium, K - temperature conductivity the matter, 
2 - specific heat of AI,S-specific vaporization heat AI or medium. 
 
 2. Mechanism N2: 
When I >> 20Ro and J > W(1 )\ti, damage takes place in focus of the shock lens forming around 
plasma region. In this case J2(*)=f{n(P(a,B,k,),dn/dp,r}, r = f(a,ti, Ro). There W(1) is minimum 
damage energy for a single impulse. 
 
 3. Mechanism N3: 
If I >> 20Ro and J >> W(1 )\ti then besides mechanism N2 there can be damage of the matter due 
to wall damage around  plasma region when plasma pressure P on the walls exceeds compression 
break point Z, P > Z. In this case J3(*) = f{ P(a, B,k,),Z}. 
 
 
 It is evident that use of mechanism N2 is limited in single laser impulse duration for "short " 
impulses as well as for "long" one. "Short" impulse limitation is cased by the fact that within 
impulse a rather big lens (compared to wavelength) must be formed. Otherwise diffraction 
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scattering would prevail. The same cause restricts thickness of the sample "Long" impulse 
limitation is caused by heat dissipation from plasma zone and forming " thermal " lens. 
 
VI. CONCLUSIONS 
 
    1 ) Mathematical and physical models have been suggested of the phenomenon, explaining the 
lowering of the threshold of bulk damage of a transparent dielectric by self-focusing of light 
energy on the refraction index dynamic inhomogeneity (RIDI or shock lens),arising in the 
compression wave which appears in transparent media around absorbing inhomogeneities (AI) in 
the process of their absorbing a part of light impulse. 
 2) It is shown that characteristics of a shock lens and density of damage power are determined 
by a complicated influence of some parameters of transparent medium and laser impulse. 
    3) Sequence of recommended account of parameters of medium and laser impulse concerning 
the problem of damage is presented.  
     4) The statement concerning a role of heat lenses in "long" impulse medium damage is 
formulated. 
    5) On the base of the presented model it is formulated a statement that there are ways to rise a 
damage threshold of a transparent matter destruction: 
     a) to get the matter with no AI; 
     b) to make optical detail using matter with dn/dp < 0. 
   c) to make coating of components using matter with dn/dp < 0 and sound velocity exceeding 
sound velocity in the transparent medium. 
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Fig.1. Model of the self-focusing of laser radiation by dynamic lenses. 
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Fig.2 The dependence of pressure P as function 
of distance r outside plasma region for 
moments ti/2. Where: B =1000 MPa, Ro - 
radius of AI -1 micron, Wo - energy density -15 
J/sm2, ti - impulse duration -10 nsec. 
 
 
 
  
 
Fig.3 The ratio of (n -no) / no as function of  
distance inside compression wave region  for the 
moment ti / 2.  ti, Wo, B ,Ro are shown at Fig 2. 
 
 
  
 
 
 
Fig.5 Ratio energy density at the optical axis  after 
shock lens W and energy density behind  lens Wo 
versus distance from the center of  lens L, t=ti/2.  
Wo, B, ti, Ro are shown at Fig 2. 
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Abstract 
 
 In general, the dependences established on the influence of the chemical 
composition of the glassy slags on their hydration ability do not show always good 
results. In fact, they do not determine but forecast the formation of definite structure 
of slag glasses, or based on an empirical way allow to predetermine their properties as 
well as to use the results obtained in the practice. 
 The report presented exhibits the results obtained from the study on the influence 
of the chemical composition upon the formation structure of slag glass. The glasses 
from the CaO-Al2O3-MgO-SiO2 system in the limits of variation of CaO from 38% to 
50%, Al2O3 from 6 to 23%, MgO from 4 up to 18%, SiO2 from 28 to 38% have been 
investigated. 
 The molecular mass distribution, the average extent of polymerization and the 
mean alkalinity of silicon-oxygen anions in dependence on the cation-anion forming 
oxides have been determine on the basis of the method of molibdenum kinetic 
analysis. The results obtained have been compared to those produced for the hydration 
activity of the studied slag glasses. 
 It is established that the structure affects the hydrolysis and the hydration activity of 
slag glasses while the structure itself is determined by the initial chemical composition 
of the melt as well as by the fabrication conditions. 
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Abstract 
 
 Photochromic glass with CuCl photosensitive microcrystals are well known and widely used 
for investigation in extion light absorption, kinetics of darkening and relaxation, and so on. 
 The aim of the work is to improve the model suggested by Ruppin previously for spectrum of 
darkening calculation for different CuCl structure at various temperature. 
The consideration is concerning to the spectra dependence on size of CuCl microcrystals, size, 
shape and volume fraction of photo-induced copper sub particles in  CuCl microcrystals. These 
and other input parameters are used to fit the experimental spectra with model calculations. The 
copper refractive index temperature dependence so as particles size correction are taken into 
account. The refractive index of  CuCl crystals with copper inclusions are estimated in frame of 
effective refractive index theory. Mie and Aden-Kerker theories are in use for light absorption 
and scattering calculation. 
 The estimated data demonstrate the structural changes in CuCl microcrystals affect by UV 
irradiation at low ordinary temperature. 
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Abstract 
 

 In order to study how the pressure-induced amorphous structure is different from 
the usual amorphous structure formed by quenching, Monte Carlo computer 
simulations of high-density amorphous ice are carried out. The modelice crystal Ih is 
compressed 1-20% in linear dimension at 77 K. The structural change is studied by 
using pair distribution function (PDF). The results of the computer simulation are 
compared with those of the real high-pressure experiments. It is shown that the shape 
of PDF obtained from the 5% compression is similar to that of experimental PDF. 

 
 
l. INTRODUCTION 
 
    Glass structure or amorphous structure of materials usually occurs when they are quenched 
from their high temperature states, i.e., liquids or gases. For the production of amorphous state, 
there is another interesting method in which material is compressed at high-pressure. This method 
has been used for materials which have sparsely packed microscopic structures, e.g., ice or silica 
[1]. Mishima et al. compressed ice crystal Ih at pressure 10 Kbar and at temperature 77K and 
obtained high density amorphous ice [2-5]. They studied structure of the amorphous ice by X-ray 
method and discussed the data in terms of pair distribution functions. In the present paper, we 
carry out Monte Carlo (MC) computer simulations to study the formation process of high-
pressure amorphous ice. The relaxation process and the resulted structure of high-pressure 
amorphous ice are discussed on the basis of microscopic information obtained from the computer 
simulation. 
    The authors are also planning to carry out computer simulations of deposition of water 
molecules on a cold solid surface. By comparing the two lands of amorphous formation, 
quenching and compressing, we expect to answer, through the computational approach, to the old 
and popular but still challenging question "What is amorphous?" This report is the first step to the 
strategy and deals with the high pressure computer simulation of amorphous ice. 
 
2. COMPUTATIONAL METHOD 
 
    In the present simulation, we use a canonical Monte Carlo method [6]. This method generates a 
Markov chain of states. Whatever state is adopted for the start of the Markov chain, we can reach 
a series of states which forms a collect canonical ensemble. It is ensured that we can have collect 
microscopic states at a given temperature by this method. The procedure of MC is sometimes 
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called as MC annealing. There are some versions for the canonical Monte Carlo method. Here, 
we use Metropolis Monte Carlo algorithm [7]: 
 
    1) Specify an initial configuration of the system. 
    2) Generate a new configuration with the aid of a random number generator. 
    3) Compute the energy change ∆H associated with the transition. 
    4) If ∆H < 0, accept the new configuration and return to step 2. 
    5) Compute exp(-∆H / kBT). 
    6) Generate a random number R. 
    7) If R < exp(-∆H / kBT), accept the new configuration and return to step 2. 
    8) Otherwise, retain the old configuration as the new one and return to step 2. 
 

 
 
Fig. 1 Interaction of two water molecules; an open circle is a proton with charge (+q), 
           a filled circle is a fictitious charge (-2q) and a double circle is an oxygen atom. 
 
 
    There are various types of expressions for intermolecular potentials of water. Here, we use a 
type reported by V.Carravetta and E.Clementi [8]. We call it CC-potential in this paper. It is a 
pairwise potential. It neglects the internal freedom of molecular motion. In other words, the 
molecule is treated as a rigid body. The butterfly motion, twisting motion and dissociation of the 
molecule are not taken into account. Within this framework, we,try to simulate structure of water 
system. The CC-potential Φ is expressed as follows: 
 
  Φ = q2(l/r13 + l/rl4l/r23 + l/r24) + 4q2/r78 - 2q2(l/rl8 + l/r28 + l/r37 + l/r47) 
     + al exp(-blr56) + a2[exp(-b2r13) + exp(-b2r14) + exp(-b2r23) + exp(-b2r24)] 
     + a3[exp(-b3rl6) + exp(-b3r26) + exp(-b3r35) + exp(-b3r45)] 
     -  a4[exp(-b4r16) + exp(-b4r26) + exp(-b4r35) + exp(-b4r45)] 
 
Here, rij is the distance between i and , j particles. The numbers are labeled to atoms and  
fictitious charges in water molecules (see Fig.l). The parameters are derived from the ab inatio 
study of water dimer [8]: q2 = 0.998565 x l0-18 [J·Α], R = 0.2499356[A], al = 3157.08 x l0-l8 [J], 
a2 = 24.8732 x l0-l8 [J], a3 =14.6940 x l0-18 [J], a4 = 3.18140 x l0-18 [J], bl = 4.7555 [A-l], b2 = 
3.8446 [A-l],  b3 = 3.1763 [A-l],  b4 = 2.4806 [A-l]. 
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Fig. 2 A configuration of ice Ih at 77K viewed in c-direction (a) and a direction (b). 
          The large circle represents oxygen atom, the medium size circle is proton and 
          the small circle is the ficticious charge. 
 

 
 
Fig. 3 PDF of the state Ih at 77K, the solid line shows the result of the computer 
          simulation and the dotted line shows the X-ray result. 
 
 
    In the MC simulation, we calculate the total potential energy of the modeled water system. The 
calculations are done before and after a trial movement of a water molecule. The difference of the 
enegy values ∆H is used in the MC procedure. For this purpose, we sum up the values of the 
potential function over all the particle pairs in the system. We do not have much difficulty for the 
Born-type short range repulsive interaction, since the summation converges rapidly. However, for 
the Coulomb-type long-range interaction, the direct summation has no sense. We must use a 
rather tricky method named as the Ewald's method [9,10]. The method separates the sum into a 
real space shielded term and a reciprocal space term. The summation for each of the terms 
converges satisfactorily. The real space term is expressed by a complementary error function 
erfc(αr), where α is a shielding parameter and r is the distance between constituent particles of 
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molecules. In the present simulation, we take a recommended value α = 0.431 [Å-1]. For the 
convenience of efficient calculation of total potential energy of the system, the conventional 
minimum image method is used for the real space sum; the cut-off length is the half of the system 
size. The other supplemental technique used here is the book-keeping method which saves CPU 
time quite dramatically for large system [6]. 
 

 
 

Fig. 4 Change of peak height of PDF in the process of MC annealing at 77K. 
 
 
3. COMPRESSION EXPERIMENTS 
 
    We are trying to simulate high-pressure experiments which were carried out by Mishima et al. 
They pressed ice crystal Ih at 77K. The first step of our work is to obtain a microscopic 
configuration of ice Ih at 77K. This is done by the MC annealing described just before. We 
arranged water molecules precisely on the sites of proton ordered ice Ih and let them move 
according to the MC algorithm. The number of water molecules in our system was 96 or 768. 
Here, both translational and rotational movements of water molecule were allowed to occur. After 
a suitable length of MC calculation, in this case 3.13 x 104 Monte Carlo Steps (MCS), we got an 
aimed configuration. Figures 2(a) and (b) show the molecular configurations of ice Ih at 77K 
viewed in c-direction and in a-direction, respectively. Figure. 3 shows the results of PDF obtained 
from the configurational data. The solid curve represents the PDF obtained from the simulation 
and the dotted curve shows the PDF from X-ray study. We see fairly good agreement between the 
two curves. It is worthwhile to note that the computational PDF was determined from the position 
data of oxygen atoms alone. The proton data were not used there, because X-ray is not so 
sensitive to proton as compared with to oxygen. Before we proceed to compression computer 
experiments, we have to study relaxation time of the above MC annealing. For this purpose, we 
calculated PDF at various stages of the annealing process, and measured the height of peaks in the 
PDF curves. The results are shown in Fig.4. It is seen from this figure that the relaxation attains 
nearly at a time 1 x 104 [MCS]. The annealing time adopted in the present study is about three 
times longer than this value. The computational results obtained so far seem reasonable, which 
suggests that the used model nicely works in our system. 
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Fig. 5  A configuration of amorphous ice viewed in c-direction (a) and a-direction (b). 
           The compression rate is 5% in linear dimension. 
 
 

 
 

Fig. 6 PDF obtained from the configuration in Fig. 5. 
 
 
    Now, we describe the compression experiment of the model crystal Ih at 77K. The 
compression was done instantly and in isotropic manner, namely, a geometrically similar 
arrangement of molecules to that of the state obtained in the above MC annealing was adopted as 
the initial configuration of the MC experiment. All the distances between water molecules were 
reduced at a certain rate. As the result, the system size was also reduced at the same rate. By the 
same procedure as in the MC annealing, we can get an aimed microscopic state, this time, a 
configuration of the compressed ice. Note that direct controlling parameters in our simulation are 
the temperature and the volume (system size). The pressure of the system can be calculated 
secondary from configurational data with the aid of the Virial's formula [5]. Figure 5 shows the 
configuration obtained by the MC relaxation after the 5% compression in linear dimension. The 
time needed for the relaxation is almost same as that in the case shown in Fig. 4. The PDF 
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determined from the compressed state is shown in Fig. 6. The dotted line is the PDF curve 
obtained from the X-ray study of high-density amorphous ice. It is seen that the shape of the 
computational curve is similar to that of the experimental one. It should be noted that the third 
nearest neighbor peak is not seen here. The similar computer experiments were carried out at 
different compression rates ranging 1 - 20%. Much disturbed structures were seen at high 
compression rates. It was difficult to determine a critical compression rate for the occurence of 
amorphous ice. The structual change by pressure seems to occur continuously. Authors consider 
that there is no sharp phase transition from ice Ih to the amorphous phase. 
 
4. DISCUSSION 
 
    What is amorphous ice? A possible answer given by the X-ray experiment is that we can 
produce high-pressure states which have diffused X-ray diffraction patterns. The PDF curve 
obtained from the X-ray data have a clear nearest neighbor peak, a diffused second nearest 
neighbor peak and no other clear higher ordered peaks, which shows that the high-pressure states 
have a short-range order but not a long-range order. Since we have observed the similar shape of 
PDF also in the computer simulations, we seem to have succeeded in obtaining high-pressure or 
high-density amorphous ice. It should be noted, however, that the obtained state was amorphous 
or not was judged only by the shape of PDF. Remember PDF was calculated from configurational 
data of oxygen atoms alone. This is related to the fact that X-ray is insensitive to protons and the 
experimental PDF also represents the oxygen configuration. In the present study, we try to 
compare the simulation data to the real experiment and we focused our attention to the analysis of 
the configurational data of oxygen alone. But the author consider that it is important to examine 
the configurational data of proton for the discussion of amorphous ice because the positions of 
proton are closely related to formation of hydrogen bonds, the bond breaking and the bond 
distortion. These elemental processes are needed for the occurrence of amorphous state. We must 
know what land of parameter is suitable for the description of proton configuration. And also we 
must look for experimental approach to detect proton state at high pressures. Another interesting 
work is to carry out computer experiment of deposition of water molecules on a cold substrate 
and obtain the PDF data to compare with the present results. So, we note that there remain many 
things to do experimentally or computationally for the full understanding of physics of high-
pressure amorphous ice. The author are continuing this study and the related reports will appear 
elsewhere. 
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 Abstract 
 

 Better knowledge of the long-term behaviour of glass is required to ensure 
safe use of permanently loaded glass beams for structural application in 
buildings. For this purpose, the creep-recovery behaviour of a large thermally 
tempered thick glass plate was investigated in a more than one year long 
experiment. From a viscoelastic analysis of this experiment, it is shown that 
the observed creep of glass at room temperature is not viscous in nature but is 
a delayed elastic effect. No true viscous deformation is measurable. A long-
term extrapolation of this behaviour is attempted from which it is concluded 
that the deformation of a permanently loaded glass structural element should 
increase by less than 3% over 50 years. It is also concluded that the 
attenuation of the residual stress field intensity in the tempered glass should 
also be less than 3% over the same period. 

 
 
I. INTRODUCTION 
 
 Better knowledge of the long-term behaviour of glass is required to confirm that 
permanently loaded glass beams can be used safely for structural applications in 
buildings. Ageing glass under permanent loadings may be detrimental because of static 
fatigue. It is known that this phenomenon can lead to delayed failure. Static fatigue is 
basically caused by the subcritical crack growth that can take place in glass, even in a 
weak tension field. The load below which glass would be free of fatigue is not well 
known and moreover, static fatigue which is very sensitive to the environment is 
accelerated in particular by temperature and atmospheric humidity. Since control of the 
environment over very long times is not practical, an upper limit to load for the safe use 
of permanently loaded glass structural elements is difficult to determine. A convenient 
way to overcome these difficulties could be the prescription of thermally tempered glass 
for such applications. Since in a properly thermally tempered glass plate, the critical flaws 
always originate at the surface or edges and since surface and edges are in a state of 
compression, an immunization against static fatigue is obtained, provided that the 
permanently applied tensile stress does not exceed the original residual compressive 
stress in tempered glass. In this case, the design of structural glass elements should be 
quite simple. A question that arises however is to know whether any significant creep in 
permanently loaded tempered glass will take place over a very long time and whether the 
quenched residual stress field will be maintained. The aim of the present paper is to 
investigate these questions in the case of thermally tempered silico soda-lime glass. 
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II- EXPERIMENTAL 
 
   II-1 Test-sample 
   The test-sample is a 4 m long, 19 mm thick glass plate that has been tempered in a 
conventional horizontal tempering installation. It is 621 mm wide. The residual surface 
compression is 120 MPa, measured with the Epibiascope [1]. Compression of the edge, 
averaged over the thickness is 80 MPa, measured with a Babinet compensator. 
 

 
 

    Figure 1. 
 
 
    II-2 Loading 
   A specific four point loading device has been built and a finite-element calculation of 
the maximal applied stress carried out. According to this calculation, the glass weight 
plus an external applied load of 4000 N, lead to a maximal tensile stress of 72 MPa. This 
is below the residual compressive level and hence it should prevent the beam from 
suffering from static fatigue during a long experiment. The supporting and loading 
cylinders are inserted into roller bearings in order to minimize the membrane effects and 
to be as close as possible to the pure bending state. The applied load was made with 
concrete bricks enveloped with a tight polyethylene film. This ensures a negligible 
variation in the loading during the long experiment. Figure 1 is a schematic view of the 
device. 
 
 II-3 Measurements. 
 A rectified heavy base-plate, 1.5 m long is layed below the loaded test-sample. A 
moving displacement sensor (LVDT) allows the deflection of the beam with respect to 
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the base to be recorded along the Y-axis, in the middle of the beam's width at 10 
equidistant points. An adjustment of the recorded data with a second order polynomial 
allows the beam curvature to be derived. Such an identification of the curvature is 
possible since it can be considered as roughly constant along the inner span in the four-
point bending apparatus. By considering the second derivative of deflection, and not 
directly the deflection itself, one expects to eliminate any artifact, i.e. any additional creep 
originating for instance from the supporting points where concentrated loads are applied. 
Recording one set of data along the inner span took about 1 minute. The first record took 
place about 2 minutes after the loading. Measurements were performed for 200 days at 
increasing time intervals. The beam was then unloaded as quickly as possible, and the 
first record after unloading took place two minutes later. Again, measurements were 
performed for 200 additional days, at again increasing time intervals. The temperature 
was not controlled. Its variation from one measurement to the other is in the range 15-
25oC. The corresponding relative variation of the curvature is 10-4 (thermoelastic effect). 
 

 
    Figure 2. 

     
     
 II-4 Results 
 In Figure 2, the maximal deflection over the scanned length is plotted as a function of 
time. Figure 3 is the plot of the recovery of the deflection. 
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    Figure 3. 

 
 
III- DISCUSSION: VISCOELASTlCITY ANALYSIS 
 
    III-1 Nature of the creep. 
    From the general expression of the viscoelastic compliance [2], the beam's curvature K 
during the creep phase can be termed: 
 

       (1) 
 
with              (2) 
 
where t is time, K0 is the instantaneous elastic curvature, K∞ is the total elastic curvature, 
Φ the retardation function, <τ > the mean relaxation time, <τ2 > the mean squared 
relaxation time. During the loading phase, the applied loading as well as the gravity 
contribute to the beam curvature K(t): 
 

                   (3) 
 
where G refers to the curvature due to gravity and C to that due to the applied load. 
According to the finite-element numerical simulation, G≈K/6 in the present experiment. 
A general expression for the beam curvature k(t), also valid during the recovery phase is 
 

              (4) 
 
where H is the step function, t1 the duration of the loading phase. A widely used, 
approximate, but convenient representation of the retardation function is: 
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                 (5) 
 
At room temperature, t is very small compared to θ and <τ >, b<1, hence t/<τ > is 
negligible when compared to (t/θ)b. From Eq.(1), an approximate expression for the 
relative change of curvature during loading is obtained: 
 

             (6) 
 
The best fit of the experimental data to Eq.(6) gives b=0.23. Moreover, since the order of 
magnitude of the ratio (K∞-K0)/K0 is not very different from 2 [2], an estimation of the 
magnitude of time θ can also be obtained: θ((K∞-K0)/K0)1/b = 4.76 1015 s, hence θ is of 
the order of 1014 s. These numerical values for b and θ are very comparable to those of 
Pearson [3] for soda-lime rods at room temperature. Figure 4 is the relative variation in 
the beam curvature as a function of the time on a logarithmic time scale. 
 

 
    Figure 4. 

 

 
   Figure 5. 
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An extrapolation up to 50 years, based on Eq.(6) is also shown. In Figure 5, the beam's 
curvature is plotted as function of the time on a logarithmic time scale, during the 
recovery. From Figure 3, it can be seen that 200 days after unloading, the beam has not 
recovered the initial deflection it had before loading; a difference of about 50 microns 
still remains. Since this is also true of the curvature, this difference cannot be considered 
to be an artifact of the apparatus. In the following, it is shown that it cannot be considered 
either as residual deformation due to viscous flow at room temperature: let us consider 
the curvature after the completion of the experiment (at time 2t1 ). It is given by Eq.(4): 
 

                (7) 
 
With the same approximations as above: 
 

  (8) 
 
Finally, the following approximate expression for the change of curvature over the whole 
experiment (creep+recovery) is obtained: 

(9) 
 
On the right hand-side of this equation, the first term is the expected viscous effect. The 
second term, involving the magnitude of the increase in curvature during loading, can be 
estimated with: b=0.23, (K(t1)-K0)/K0 ≈1% and (G∞-G0)/(K∞-K0)=G/K≈1l6 in the present 
experiment. This second term is found to have the same magnitude as the observed final 
variation in curvature (it may even be higher due to the possibility an overestimation of 
the instantaneous initial curvature G0, since G0 was not measured immediately after the 
beam has been set into the four point bending apparatus). The conclusion is that the first 
term on the right hand-side of Eq.(9) is negligible, and hence that no measurable true 
viscous deformation can take place in the present experiment. 
 
   III-2 Attenuation of tempering stress field at room temperature. 
   According to the above extrapolation, the apparent Young's modulus is less than 3% 
lower than the instantaneous one, after the glass has been maintained under constant load 
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over 50 years. On the other hand, according to the well-known Adams-Williamson 
formula, the intensity of the residual stress field is linearly related to the room 
temperature Young's modulus. However, since in a free tempered plate, glass does not 
undergo pure creep (constant loading), one cannot so readily conclude on the residual 
stress attenuation over 50 years. In terms of Laplace transformations the most general 
relationship between the retardation Φ and relaxation ψ functions is given by [2]: 
 

 (10) 
 
It is again assumed that for the "short" duration that is considered, the relationship: 
     
 Φ(t)≈1-(t/θ)b                              (11) 
 
is a valid approximation. By substituting the Laplace transformation of Eq.(11) into 
Eq.(10), then taking the inverse Laplace transformation, and taking Eq.(2) into account, 
an approximate expression for the relaxation function ψ(t) is obtained: 
 
 ψ(t) ≈ 1-((K∞-K0)/K0)(t/θ)b                                        (12) 
 
From Eq.(12) it can be concluded that for short enough times, the magnitude of the stress 
relaxation rate is equal to the relative increase of the deformation due the delayed elastic 
effect over the same short time. In other words, after the glass has been maintained under 
constant strain over 50 years (which are considered as a "short enough" time at room 
temperature), the apparent Young's modulus is also less than 3% lower than the 
instantaneous one. However a free tempered glass does not experience a pure stress 
relaxation (constant strain) either. The attenuation of the residual stress field takes place 
under a complex combination of creep and relaxation. Since in both extreme cases, the 
Young's modulus is decreased by less than the same 3%, it is eventually concluded that a 
less than 3% attenuation of the tempering stress is expected over 50 years. 
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Abstract 
 
 Since 1970's there has been a growing interest in the sol-gel processing of the 
glasses and glass-ceramics due to the some advantages of this process over the 
conventional melting of appropriate raw materials. Advantages of the sol-gel 
processing in glasses are especially apparent in coatings, fibres and composites. 
 In the present work, the crystallization behaviours of the gel and melt-derived 
glasses in MAS (MgO-SiO2-Al2O3)and LAS (Li2O-Al2O3-SiO2) systems are given and 
compared. Gel-derived glass powders are produced by using alkoxides and salts as 
precursors to LiO2,SiO2,Al2O3, and MgO. The melt-derived glasses were produced by 
melting appropriate oxides and corbonates. 
 The results showed that the gel-derived glass powders crystallized faster than the 
melt-derived glasses, but the crystalline phases were identical. These behaviours could 
be attributed to the slight differences in chemical compositions, differences in the 
thermal histories between the gel and melt-derived glasses during preparation and to 
the different OH contents of the gel and melt-derived glasses. 
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ABSTRACT 
 

 The paper presents the investigation results of some physical and chemical 
properties of the glasses in ZnO-B2O3-SiO2-PbO-Li2O system, which are assigned 
as ceramic bonds mainly for CBN tools. The glasses of five sets, obtained by 
means of fritting were subjected to following investigations: DTA, density testing 
(by helium method). X-ray radiography, wettability testing (by sessile method) and 
TLEC in selected glasses the crystallization process was investigated as well as 
the effect of crystallization on some physical and chemical properties of obtained 
glass-crystalline materials. 

 
 
1. INTRODUCTION 
 
Glass is the material which has been known for centuries and applied in various branches of 
economy. The possibilities of controlling the properties of glasses contribute to the application 
of the same ZnO-B2O3-SiO2-PbO-Li2O system both as vitreous solders to bind glasses with  
other materials (e.g. ceramic or alloys), as TV kinescope stoppers and also as components of 
ceramic bonds for tools made of cubic boron nitride. 
 The research project comprised: 
- determining the basic physico-chemical properties of the obtained materials, i.e. density by 

means of the helium method, phase composition by means of the X-ray diffraction, 
thermogravimetric properties by means of the DTA method, wettability of backgrounds 
made of cubic boron nitride and some metals (nickel, cobalt, iron, chromium, aluminium); 

- obtaining of devitrificates; 
- effect of crystallization on certain physico-chemical properties (DTA, wettability of the 

CBN sinter by devitrificates, phase composition, TLEC) of the obtained glass-crystalline 
materials. 

 
2. OBTAINING OF GLASSES 
 
 Five sets of glasses were used for investigations out of which the first one did not contain 
lithium oxide at all. The initial raw materials for the production of glasses were: (all 
analytically pure) zinc oxide ZnO, boric acid H3BO3 silicon dioxide SiO2 lead oxide Pb3O4 
and vanadium pentoxide V2O5 serving as the crystallization nucleator. 
 The material preparation consisted in initial screening, weighing, exact mixing and, next, 
firing up to 1250oC in corundum crucibles (first version), platinum crucibles (second version) 
and to 15o), for the iron background the wettability angle increased from 14o for Set 1 to 40o 



for Set 5. Additionally, to evaluate the possibility of interdiffusion on the phase boundary of 
background-sample, the X-ray microanalysis of the surface fracture of the Set 1 sample and 
the kiborite background was performed. A slight diffusion of zinc and apparent of lead to the 
background was observed (Fig.1). 

     
Fig.1. The distribution of zinc (a) and lead (b) on the glass surface of Set 1 and kiborite (XZn 
Ka, 1000x, XPb Ka, 1000x). 
 
6. THE DATA MEASUREMENTS 
 
 The DTA measurements were executed with the Derivatigraph 1500 Q apparatus. 
Analysing the graphs it was observed that the transformation temperature increased with the 
lithium oxide content as opposed to the melting temperature which increased violently (from 
695oC for Set 1 to 885oC for Set 5). In Sets 2,3 and 5 crystalline phases, hard to be identified, 
were precipitated, and melted subsequently. 
 
7. MICROHARDNESS MEASUREMENTS 
 
 These measurements were performed on the samples heated in the gradient furnace 
manufactured by the ISM in Kyev by means of the PMT3 hardness tester with a diamond 
pyramid in the temperature range 750-920oC. The highest microhardness was reached by glass 
no 4 in the range of 71 MPa at 890oC. Other glasses oscillated within 19.4-45 MPa at 750-
920oC. According to the obtained results (mainly wettability and microhardness), Sets 1 and 4 
were directed to further investigations which were subjected to additional heat treatment in the 
range crystallization temperatures, read from DTA by means of the unistage treatment. 
 
8. DTA INVESTIGATIONS OF DEVITRIFICATES 
 
 The DTA investigations were used to record the exothermic effect, accompanying the 
process of crystallization in glass.  
 
The area of the effect is proportional to the formed crystalline phase. This is proved by the 
investigations carried out by Gutzov, China and Sarked Birga. The crystallization rate a (%) 
was calculated from the formula: 
 

α = 100 . (Sα - Sx) /100 
 
where: 
 



Sα - area of the exothermic effect on the thermogram of the initial glass; 
Sx - area of the exothermic effect on the thermogram of the subjected to heat    treatment 
 
 The effect area was calculated by weighing the effect cut off from the thermogram of the 
tested glass sample. The figure shows a clear decrease of the area of the exothermic effect 
with the growth of the crystalline phase content. It can be also observed that with the decrease 
of the fraction of the glassy phase, used for forming of the crystalline phase, the size of the 
exothermic effect, responsible for the precrystalline changes in glass, decreases. The results 
are listed in Table 1. 
  
 

Table 1. Crystallization rate of glasses of set 4 
 glass 400 oC -1h 420 oC -1h 480 oC -1h 510 oC -1h 
PbLi4 0 60 78 80 85 
 
 
9. THE LINEAR EXPANSION COEFFICIENT OF DEVITRIFICATES 
 
 The measurements of the linear expansion coefficient were performed on the research stand 
constructed in the Institute of Metal Cutting on sinter samples of 20 x 4 x 4 mm in air at the 
air heating velocity 100 C/minute. The values of the coefficient were calculated from the 
formula: 
 
   TLEC = TLECquartz + (1/lo) x ( ∆l / ∆T) 
 
where: 
 
TLECquartz = 0.55 x 10-6 1/deg 
 
 It is significant to make the TLEC of glasses and devitrificates during heating and cooling 
be close to the TLEC of CBN. According to Kingery, the mismatch of coefficients is the main 
reason of forming of stresses which can be strong enough to cause slight cracks. If the value 
of as   aCBN then around a "stretched" grain the tangent tensile stresses are developed which 
lead, at a strong mismatch, to forming of semicircular cracks around the grain. 
The"compression" of bonds causes the increase of the resistance of the abrasive mass. In the 
opposite case, when the value a of the bond is higher than a of the grain, radial compressive 
stresses and tangent tensile stresses should develop around the "compressed" grain and they 
make radial cracks appear. These cracks are more dangerous because they can join and form a 
network of cracks among the grains. Assuming, according to Cooley and Juchem, that the 
TLEC of CBN changes from 4.2 to 4.8 x 10-6 1/deg in the temperature range 20-800 oC, it is 
important for the obtained glass-crystalline materials to have TLEC close to the above, 
especially on the stage of initial cooling The coefficient of the sample of the initial PbLi4 
glass changed from (4.1-4.4) x 10-6 1/deg in the range 100-600o C at the maximum 5.8 x 10-6 
1/deg at 560oC. The value of a grew with the increase of crystallization and it decreased 
during cooling (-15 x 10-6 1/deg at 400oC). For the samples of Set 1 the value of a ranged 
within 3-5.5 x 10-6 1/deg. The increase of crystallization did not cause any significant changes 
of the value of a as compared to the initial glass. 
 
10. X-RAY RADIOGRAPHIC INVESTIGATIONS OF DEVITRIFICATES 



 
 These investigations of the samples of glass-crystalline materials of Set 1 and 4 were 
performed with the same equipment and in the same conditions in which the samples (not 
subjected to additional heat treatment at crystallization temperature) were tested. It is apparent 
that with the increase of the temperature of heat treatment, with the same time of tempering 
(1h), the reflexes were more intensive whereas the phase composition was not changed (for 
Set 4 it was larsenite PbZnSiO4, small amounts of ZnO, PbV2O6 and Li3BO3 while for Set 1 
willemite Zn2SiO4, V3O5 and Pb3(VO4)2). The scanning photographs of initial materials show 
shell fractures and sharp edges of particles of medium sizes 30-45 mm and the smaller ones 
10-15 mm which are characteristic for the glassy phase. The particle edges got rounded with 
the growth of heat treatment temperatures. 
 

     
Fig. 2 Scanning photographs of glasses of Set 1 (a) initial glass, (b) after heat treatment at 
510o C - SEI 3000x. 
 
11. WETTABILITY INVESTIGATIONS 
 
  The wettability tests were carried out with the same high-temperature microscope and on 
new plates, made in Poland. The value of the wettability angle between the initial materials 
and the obtained devitrificates was also visible. The more crystallized the devitrificate was, 
the higher was the value of O For Set 4 it ranged within 25-45o and for Set 1 the range was 
25- 35o 
 
 
 
12 CONCLUSIONS 
 
 The introduction of lithium oxide as a modifier into the zinc-boron-lead glasses showed 
that: 
-- already its slight addition leads to the structure ordering (X-ray investigations) 
-- wettability of kibrite by the glasses of all sets was good ( Θ=18 and 25o), similarly as for 
metallic backgrounds (e.g. wettability of titanium was 12-21o for all sets) where as the lower 
was the content of the modifier, the better was the wettability of a metal; 
-- the transformation temperature decreased with the growth of Li2O content while the melting 
temperature increased (from 695o C for Set 1 to 885o C for Set 5). 
 Additional heat treatment in the range of crystallization temperatures, read from DTA (400-
510o C), resulted in obtaining devitrificated materials in 85% in Set 4 and in 70% in Set l. 



  Larsenite PbZnSiO4 was identified in Set 4 as a dominating phase together with small 
amounts of ZnO, PbV2O6 and Li3BO3 while in Set 1 it was willemite Zn2SiO4 and small 
amounts of V3O5 and Pb3(VO4)2. 
  The growth of the content of the crystalline phase caused changes of the WCRL content 
during heating and inert cooling (in Set 4 - 2-6.2 x 10-6 l/deg at 600o C and -15.2 x 10-6 1 /deg 
at 400o C during cooling). These changes were not visible in Set 1. 
The increase of the content of the crystalline phase deteriorated clearly the wettability of 
backgrounds of cubic boron nitride by devitrificates. 
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 Abstract 
 

  The main subject of the present work, is concentrated on investigating the 
crystallization behaviour of glasses in the system Li2O-Al2O3-P2O5 to produce glass-
ceramic materials with AlPO4 as the prevailing phase, which would provide these 
materials with desirable thermo- and chemo-resistant properties. Glasses in the 
system Li2O-Al2O3-P2O5 crystallize well with AlPO4 as the main crystalline phase, 
together with unwanted other phase, e.g. lithium phosphates which decrease 
considerably, the chemical resistance. It is found that addition of SiO2, even in 
minimal amounts, limits the formation of the unwanted phases, without affecting the 
formation of AlPO4.SiO2 addition does affect the crystallization of different 
polymorphic forms of AlPO4. Addition of  0.05 mol % SiO2 completely inhibits 
formation of tridymite form of AlPO4. 

 
 
I. INTRODUCTION 
 
    In the present study it has been observed that the glass-crystalline materials obtained from the 
system Li2O-Al2O3-P2O5 are not stable enough since besides AlPO4, the disadvantageous 
crystalline phases: lithium phosphates are likely to occur, which considerably reduce the chemical 
resistance of the material. Silica introduced as an addition into the glasses of this system reduces 
the appearance of the undesirable phases without disturbing the crystallization of AlPO4. It may 
contribute, however, to the formation of various polymorphous varieties of aluminium 
ortophosphate [4]. 
 
II. EXPERIMENTAL 
 
     Investigations of crystallization were conducted in the system Li2O-Al2O3-P2O5-SiO2 on 
glasses in which the amount of silica was within 5-50 mole % and for glasses without any silica 
content or glasses in which silica represented only a small addition of 0,05 mole % (above 100 
%). The glasses were melted in a furnace, at the temperature 1400 °C, in unglazed porcelain 
crucibles and in alundum crucibles and next destressed at the temperature 420-500 °C, depending 
on the glass composition. The particular oxides were introduced by means of the following raw 
materials: Li2O-Li2CO3 pure, Al2O3-Al(OH)3 p., P2O5-(NH4)2HPO4 p. SiO2 was introduced using 
chemically pure silica. The composition of the glasses can be found in the enclosed system (Fig.1 
). X-ray diffraction, infrared spectroscopy and thermal differential analysis were used to identify 
the phases obtained in the process of glass crystallization before and after thermal treatment in a 
gradient furnace.  
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       Fig.1. Areas of glasses in the system Li2O-Al2O3-P2O5-SiO2. 
 
 
III. DISCUSSION OF THE INVESTIGATION RESULTS 
 
     The area of the glass formation in the examined system is shown in Fig.1. Colourless, 
transparent glasses are formed during melting batches containing in all more than 60 mole % 
phosphorus and aluminium oxides. According to the melting requirements [1] these oxides in 
each glass were introduced in the amount corresponding to the stoichiometric compound Al(PO3) 

3·  
    Glasses containing 5-20 mole % of silica, in which the presence of any crystalline phase after 
casting was not observed by XRD, were subjected to thermal treatment in a gradient furnace in 
the temperature range 600-1000 °C for 2 hours and next subjected again to X-ray diffraction. It 
has been found that in glasses containing 5-20 mole % of SiO2 and 55-80 mole % of Al(PO3) 3 in 
the temperature range 750-900 °C the crystobalite form of AlPO4 undergoes crystallization. This 
is evidenced by the lines appearing on the X-ray pattern, characteristic for these phase [5,6,7]. 
The presence of this phase was also confirmed on basis infrared analysis. For the crystobalite 
form AlPO4 the doublet 720 and 740 cm-1 in the infrared spectrum are characteristic [2, 3]. It 
derives from the Al-O bonds in AlPO4 [1,2,8] (Fig.2a). Moreover, bonds deriving from the bonds 
P=O (470, 620 cm-1) are also present. Bonds deriving from AlPO4 were absent in glasses before 
their thermal treatment which is evidence that AlPO4 did not crystallize during its cooling 
(Fig.2b). 



 3

    Crystallization in glasses without silica or glasses with very small silica content (0.05 mole % 
above 100 %) takes a completely different course. Glasses without silica and their equivalents 
containing an admixture of SiO2 and crystallizing during cooling (19, 30,19a, 30a) do not differ 
visually in any respect. They were melted in alundum crucibles since, as it has been observed 
earlier, when porcelain crucibles are used the silica from the crucible material passes into the 
glass. Glasses without silica and glasses containing very small amounts of SiO2 (0.05 mole %) 
differ considerably what regards the course of their crystallization. X-ray diffraction has revealed 
that when casting glasses without silica there crystallize the phases: the tridymite and the 
cristobalite forms of AlPO4 and lithium ortophosphate Li3P04. In the course of casting glasses 
with 0.05 mole % admixture of  SiO2 only the cristobalite form of AlPO4 becomes crystallized. 
 
 

 
 
             Fig.2. Spectra of glasses in the system Li2O-Al2O3-P2O5-SiO2 
                   a) IR spectra of glass No 17 after thermal treatment 
                   b) IR spectra of glass No 17 before thermal treatment 
 
These glasses were next subjected to thermal differential analysis in order to determine the course 
of their crystallization and the characteristic temperatures of the formation of crystallize phases. 
Fig.3a shows the DTA curve for cooling glass without silica No 30 from 1300 °C to 20 °C . On 
the curve one can observe the crystallization of a few phases in the temperature interval 880-840 
°C. X-ray diffraction of glass samples subjected to thermal treatment a temperatures from the 
range of crystallization effects obtained within 1 hour, has shown the following progress: at 880 
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°C  there crystallizes the cristobalite form of AlPO4, at 840 °C the tridymite form of AlPO4 
together with Li3PO4. Fig.3b shows the DTA curve for heating the same glass up to 1000 °C. It 
follows from the curve that in the interval 480-770 °C there occur the effects of crystallization 
and melting of the crystalline phases. X-ray diffraction of samples heated for 1 hour at the 
particular temperatures of the crystallization effects has revealed that lithium pyrophosphate 
Li4P2O7 crystallizes at 480 °C, and lithium metaphosphate at 570 °C. An attempt to identify the 
phase crystallizing at 530 °C failed. It may be aluminium metaphosphate Al(PO3)3 or the 
tridymite form AlPO4. This, however, is not very probable considering its earlier crystallization 
during cooling. The peaks at 610 and 770 °C illustrate the melting of lithium phosphates at these 
temperatures. 
     A different course of crystallization was observed in glass No 30a whose composition was the 
same as that of glass No 30, but with 0.05 mole % admixture of Si02 above 100 %. Fig.3c shows 
the DTA curve for cooling the alloy of this glass from 1300 °C only one crystallization effect is 
visible at 880 °C. On the basis of X-ray diffraction it has been identified as the cristobalite form 
of AlPO4 which has been also confirmed by infrared spectroscopy examination. Fig.3d shows the 
DTA curve for heating this glass to 1000°C. Two crystallization effects illustrating the 
crystallization and one effect of melting are visible. Crystallization occurs in the interval 460-550 
°C . Using the same method as in the case of glass No 30 it has been found that at 460 °C Li3PO4 
is formed, and at 550 °C probably the aluminium metaphosphate Al(PO3)3. At 720 °C there 
probably takes place the melting of Al(PO3)3 phase. The similarities and differences in the 
crystallization progress of both glasses, differing only in 0.05 mole % admixture of silica, are 
listed in Table 1. 
 

Table 1. Crystallization of glasses Nos. 30 and 30a. 
 Glass No 30 Glass No  

with 0.05 mole 
30a 
% of SiO2 

 temp. [°C] phase temp. [°C] 
 

phase 

Crystallization effects 
during cooling 

880 
840 
 

K-AlPO4 
T-AlPO4, 
Li3PO4 

880 K-AlPO4 

Crystallization effects 
during heating 

480 
530 
570 

Li4P2O7 
Al(PO3)3(?) 
LiPO3 

460 
550 

Li3PO4 
Al(PO3)3(?) 

Effects during heating 
associated with melting 

610 
770 

Li4P207  also 
LiPO3 
 

720 Al(PO3)3(?) 
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                Fig.3. DTA curves of glasses Nos. 30 and 30a 
                         a - Glass No 30 cooling curve,     b - heating curve 
                         c - Glass No 30a cooling curve,   d - heating curve 
 
 
IV. SUMMARY REMARKS AND CONCLUSIONS 
 
     An addition of SiO2 in the amount of 0.05 mole % above 100 % to glasses in the system Li2O-
Al2O3-P2O5 has a significant effect on the crystallization course and the kind of the obtained 
phases in the process of their thermal treatment and during casting. Small amount of silica 
prevents the appearance of the tridymite form of AlPO4 without disturbing crystallization of the 
cristobalite form at casting. During heating of these glasses the presence of SiO2 prevents 
crystallization of lithium pyro- and metaphosphates, while inducing crystallization of lithium 
ortophosphate. Speaking in general, silica addition contributes to the reduction of the crystallizing 
phases both at casting and during thermal treatment. 
     The presence of silica in the amount of 5-20 mole % stabilizes glasses in the system Li2O-
Al2O3-P2O5-SiO2 [1]. It inhibits the crystallization of adverse phases such as lithium phosphates 
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or aluminium metaphosphate. It does not disturb crystallization of the cristobalite form of AlPO4 
during thermal treatment of the glasses. 
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 Abstract 
 

 In the present work are presented the results from the investigation on the 
crystallization of gel - glasses with the stoichiometric cordierite composition 
(2MgO.2AI2O3.5SiO2) prepared on the basis of different precursors SiO2 - 
sol, TEOS, AI(NO3)3.9H2O and Mg(NO3)2.6H2O.  
  The structural evolution in the gels has been studied during their heat 
treatment till 1500 °C. The phase formation in the powder samples of gel-
glasses has been determined by means of X-ray diffraction analysis, IR-
spectroscopy, TEM and TEMD. 
   It was established that the types of the precursors influence on the 
processes of gel - sol formation. The microstructure of the studied materials 
was observed and the sizes of the formed crystals were determined. 

 
 
I. INTRODUCTION 
 
 Cordierite ideal formula (2MgO.Al2O3.5SiO2) and cordierite based glass-ceramics are 
promising materials for different industrial applications such as automotive and gas- 
turbine heat exchangers, electronic packaging refractory materials, because of their high 
strength, corrosion resistance, low thermal expansion and low dielectric constants [ 1-3 ]. 
Cordierite materials with good physical and chemical properties are difficult to obtain 
using conventional methods ( crystallization from glass or solid state reaction ) because of 
the very narrow sintering range of the stoichiometric compound (3). That is why the sol- 
gel synthesis of cordierite glass- ceramics is of great interest as it permits to obtain this 
kind of materials at low temperatures by direct crystallization of gels and gel - glasses 
without melting process. A number of papers have been published in the last few years in 
the field of the sol - gel synthesis of different cordierite materials ( powder, bulk, fiber )  
[ 2-8 ]. 
 The purpose of the present study is to compare the process of gel, silicate and glass 
formation of stoichiometric composition 2MgO.Al2O3.5SiO2 by using different ways of 
preparation of the batches. 
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II. EXPERIMENTAL 
 
    Stable cordierite gels were prepared using different precursors : 
 
           - SiO2 - sol, Al2O3.9H2O and Mg(NO3)2.6H2O 
 
          - Si(OC2H5) 4 (TEOS), AI(NO3)3.9H2O and Mg(NO3)2.6H2O. 
 
The thermal treatment of the gels was performed in the 200 to 1500 °C temperature range 
using corundum crucibles. The glass ceramics materials were prepared directly from gels 
without melting and by a conventionally by crystallization of the melted glass. The IR - 
spectra were recorded by a double - beam spectrophotometer SPECORD-M80 ( Karl 
Zeiss, Jena ) in the 14000 - 400 cm-1 range. The samples for these measurements were 
prepared as suspensions in liquid paraffin. The wave number accuracy was ± 3 cm-1. X 
ray diffraction analysis was made using DRON- 2TM diffractometer CuKα , Ni - filter) 
and transmission electron microscopy was performed by means of a Philips-505 
microscope. 
 
III. RESULTS AND DISCUSSION 
 
  The IR spectra of the investigated cordierite gels during thermal treatment in the 
temperature range 25 -1500 °C are presented in Figs.1 and 2. Figure 1 shows the IR 
spectra of the cordierite composition obtained from TEOS while Fig. 2 presents the IR - 
spectra of the same composition obtained from SiO2 sol . In the spectrum of an air - dry 
cordierite gel prepared on the basis of TEOS ( Fig.1 ) the band at 1080 cm-1 is 
determinative. It is well known that this band is structurally sensitive in relation to the 
silicate structure formation. According to [9] this band is assigned to the anti- 
symmetrical stretching vibrations of the Si - O - Si bonds in the network. On the other 
hand, the absorption band at 950 cm-1 can be attributed to the Si-OH vibrations in the gel 
structure. With increasing of the temperature up to 200 °C. the main maximum shifts to 
1050 cm-1 and the band at 950 cm-1 disappears. This is an indication for an early 
formation of networking of the cordierite gel - glass structure. It is evident ( Fig.1 ), that 
this structure exists from 200 to 1000 °C. The observed IR - bands at 1040, 925 and 450 
cm-1, are in good agreement with IR - spectra of pure cordierite glass obtained by the 
conventional method. [ 10 ]. 
    The shift of the main maximum to 1040 cm-1 is an indication of depolymerization of 
the silicate network on one hand resulting from the Mg -cations effect, and on the other 
hand it is due to the lattice -forming role of the AI - cations with the appearance of the Si 
- O -Al bonds. 
    The latter increase of the temperature leads to crystallization of the gel-glass at 800 °C 
with the formation of a metastable quartz -like phase µ- cordierite and α- cordierite. The 
second one is the main crystalline phase above 1000 °C. These crystalline products were 
established by means of X- ray diffraction analysis. 
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    A homogeneous cordierite glass with absorption maxima at 1065, 940 and 450 cm-1 

was produced at temperatures of the order of 1450 °C which is lower than the glass 
melting temperature of an oxide batch. 
    The IR - spectra of the gels prepared from a SiO2 - sol show a delay in the formation of 
the cordierite structure ( 400 °C), but on the other hand the gel - glass crystallizes with an 
unique crystalline phase α - cordierite at about 800 °C( Fig. 2 ). 
    The development of the cordierite microstructure during the thermal treatment at 900 
and 1200 °C. obtained by TEM is presented in Fig 3 a, b. 
 

 
 

Fig.1  IR - spectra of cordierite gel obtained from TEOS. 
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 Fig. 2  IR - spectra of cordierite gel obtained from SiO2 - sol. 
 

 

    b 
 

 Fig. 3  Microstructure of cordierite glass - ceramics : a - 900 °C; b -1200 °C. 
 
 
 
IV. CONCLUSIONS 
 
    As a result from the studies on processes of the gel - silicate, and glass- formation of 
the cordierite composition, it was established that the processes of the network formation 
take place at lower temperatures compared to similar oxide batches . On the other hand 
the formation of cordierite structure in the gel obtained from SiO2- sol shows an delay in 
comparison to the gel obtained from TEOS. α - cordierite is the main crystalline phase at 
high temperatures in both cases. 
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 Abstract 
 

 The glass-ceramics in the soda-lime-silica system has been studied for 
their good thermal stability, mechanical properties, chemical resistance, low 
production costs, the capability of easy to form glasses and the existence of a 
large compositional zones exhibiting high volume phase nucleation. 
Investigated glasses belong to various subsystems of the multicomponent 
system Na2O-K2O-Ca0-Al2O3-SiO2. The selected compositions with some of 
the 02- ions replaced by an equivalent number of F- ions and containing 
catalytic additives were characterized by a melting temperature below 
1500oC; the annealed glasses were homogenous and present no separations. 
The crystallization behaviour of isothermally treated glasses was investigated 
by thermal analysis, X-ray diffraction, IR spectroscopy and scanning electron 
microscopy. 

 
 
I. INTRODUCTION 
 
 Several systematic studies on glasses and glass-ceramics in Na2O-CaO-SiO2(P2O5) 
systems, composition dependent properties and structure had been reported [1-8]. By 
controlled crystallization, the crystal phase composition can be quite different, from 
colloid particles to complex solid solutions of silicates and silicophosphates [9]. 
Continuing these investigations, we studied the influence of composition on the 
properties and structure of glass-ceramics in the systems Na2O(K2O)-CaO(MgO)-Al2O3-
SiO2, which were prepared by adding single nucleating agents F, P2O5. Some peculiarities 
of the formed crystalline phases and the nucleation temperatures of different 
compositions are considered. 
 
II. EXPERIMENTAL 
 
    The glasses were prepared from high purity raw materials: natural quartz, CaCO3, 
Na2CO3, MgO, alumina, tribasic calcium phosphate and sodium silicofluoride. Mixed 
batches were melted in an electric furnace at 1450oC for 4h, poured in slabs on steel 
plates and proper annealed. For physical properties measurements there were used the 
Pulfrich refractometer PR2, Linseis dilatometer and a Zeiss Jena UV-VIS spectral 
photometer SPECORD M 40. Selected samples from obtained transparent glasses were 
thermally treated at Tc. The crystalline phase formation and structure development was 



investigated by means of X-ray diffraction analysis (Zeiss URD6-Cu-Kα), IR 
spectroscopy (Zeiss SPECORD M 80) and SEM (Tesla 350 BS). 
 
III. RESULTS AND DISCUSSIONS 
 
 The compositions of studied glasses and their influence on the physical properties are 
given in table 1. The melted and annealed glasses are colourless and perfectly transparent, 
with a high spectral transmission in the visible range (fig.1). 
 
 
      Table 1 Compositions (% wt) and physical properties of glasses 

 
                             Type of glass    OP 9   OP 17   OP 28 
SiO2                                    71.2      61.7     65.2 
Al2O3                                                  7.3       0.6          - 
CaO                                                 4.8       14.5      13.8 
Na2O                                                 14.2      19.0      14.5 
MgO                                                     -             -          3.0 
P2O5                                                -    4.2       3.5 
F2                                                         4.2       -          -         . 
Refractive index, ne                            1.489     1.533     1.531 
Abbe value, νe              69.7      57.9      59.7 
Wavelength (nm), corresponding to a  
 transmission of:  
 50%                                                310       315       300 
 80%                                                 330       340       325 
Coefficient of linear thermal expansion (10-7oC-1)    90        98        103 
Transformation temperature, Tg (oC)                    450       535       538 
Dilatometric softening point, Mg (oC)                  490       552       575 
Crystallization temperature, Tc (oC)                    706       723       762 
Density,(g/cm3)                                          2.52      2.74      2.63 

 
 
 DTA was used to determine the temperature of nucleation and crystallization, all 
glasses have an exothermic peak [Tc, table 1] and OP 17 glass shows a second strong 
peak at 885oC too. Powder X-ray diffraction patterns of thermally treated glasses were 
shown in fig.2. Data were collected over the range 14o to 50o (2θ) using a 0.02o step 
interval and a step time sufficient to give a good signal to noise ratio. On OP 9 samples 
[700oC, 2h] regarding the planes with the indices of JCPDS file [11 ] the peaks of the 
XRD pattern correspond almost perfectly to anorthite, CaO·Al2O3·2SiO2; the XRD peaks 
of OP 28 samples [760oC,24h] shows the crystallization of beta-wollastonite, CaO·SiO2 
and hydroxyapatite, Ca5(PO4)·3OH. 
    On OP 17 samples [720oC, 17h] no peaks are observed in the diffraction patterns. The 
opaque appearance of thermally treated glass, with low transmission in the spectral range 
300 to 700nm (less than 7%, fig.1) allowed the presumption of the spherolites formation, 



with fibrelike structure. This assumption are comparable to those reported for other 
calciumsilicate glasses [5, 14] and was confirmed by the scanning electron microscope 
micrograph (fig.4a). As can be seen, the fibres are more compact near the center and 
diverge at a great angle in the periphery of crystal, the space between fibres being filled 
with a glass phase. 
    Further method employed to characterize both the glasses and glass-ceramics included 
FTIR spectroscopy, in the range 1600-400 cm-1 (fig.3). The samples were dispersed in 
KBr pellets. 
 

 
Fig.1 UV-VIS spectral transmission 

 
 

 
Fig. 2 X-ray diffraction patterns 



 
Fig. 3 IR transmission on spectra: a) OP 17 glass; b) OP 17 (720oC,17h); 

 c)OP 28 glass; d)OP 28 (760oC, 24h);e) OP 9 glass 
 
 The analysis of infra-red transmission spectra structure allows to find a general 
regularity in forming vibration spectra of oxide glasses with silicate and phosphate bases, 
out of a relatively small number of constant spectral forms - comparted with the amount 
of samples that differ in composition - belonging to structure groupings with constant 
composition or chemical formations. For a helpful spectral assignments the characteristic 



bands of fused silica and silico-phosphate model glass (10% P205) according to reference 
[12) are also shown at the top of fig. 3. The 1620 cm-1 band in the model glass clearly 
assigned to P-OH bonds is shifted to 1570 cm-1 in our OP 17 and OP 28 glasses. No 
bands in this position appeared in OP 9 glass without P205. The 1340 cm-1 band assigned 
to P=O bond stretching vibration (in calcium phosphate content glasses) is shifted to 1280 
cm-1 in OP 17-OP 28 glasses and no bands appear in OP 9 glass. The specific shoulder at 
1280 cm-1 is more pronounced in heat treated glasses according to [12]. The medium 
absorption at 1260 cm-1 indicates the intensity of P=O vibration of metaphosphate. The 
spectra of all glasses are also characterized by a strong absorption maximum at 1090-
1070 cm-1 (mainly di- and metasilicate groups); a maximum of an average intensity 
present at 970-940 cm-1 can be referred to the bridge stretching vibration SiO, qSiq, and 
SiO3 (meta). The characteristic 810 cm-1 band (SiqSi, qSiq) is shifted, all samples 
showing a strong absorption at 780 cm-1 (specific for sodium silicate). The broad 
symmetric double peak at 950 cm-1 and 1050 cm-1 more accentuated in heat treated 
glasses, is attributed to Si-O-Ca/Si-O-Na and Si-O-Si bondings respectively (2,13]. 
    The vibration of Ca-O bonds are included in the 460-470 band [12]. A striking feature 
of thermally treated glasses is the occurrence of specific shoulders 680, 642, 560 cm-1 on 
OP 28 and 560 cm-1 on OP 17 IRT spectra. The assignments are the probable structural 
groups or compounds, a "defect structure" in vitreous SiO2 or double peaked distribution 
of bond angles / bond lengths less distorted SiO6 units or a "higher density". XRD and 
SEM showed the apatite/wollastonite crystallization (OP28) or spherulites formation (OP 
17). 
 
 

 
 
Fig. 4a, b SEM: a) cryptocrystallization of thermally treated OP 17 glass (720oC,17h); 
concentric wollastonite needles organized in spherules [5]; b) very thin cylindrical 
needles-shaped wollastonite, full growth on hair like crack. 

 



   
       a               b 
 

   
       c               d 
 

   
       e               f 
 
Fig. 5a, b, c, d, e, f SEM a), b) Bulk crystallization of glass OP 17 (720oC, 17h) 
"wollastonite precipitates only from the outher surface of a thick body" [10] causing a 
large crack in glassy volume; c) glassy microphase separation being the promotor for 
crystallization during transition from the glassy to glassy crystalline state, glass OP 17 
with 4.2% P2O5; d) detail-hexagonal calcium ortophosphate-symmetrical segregation as 
primary crystalline phase [2]; e) apatite on siliceous striae [10]; f) apatite formed on the 
inner surface of bubble, glass OP 28 [760oC, 24h] 
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Abstract 
 

 The crystallization behaviour of some high-alumina Na2O-CaO MgO Al2O3-SiO2 
glasses was investigated. In the law-magnesia compositions nepheline, or nepheline 
solid solution, first develop and then transform at higher temperatures into plagioclase 
feldspars. In compositions containing considerable amounts of magnesia a 
preferential formation of pyroxene solid solutions takes place and nepheline only 
forms at high temperatures. 
 Titanium and chromium oxides are effective in catalyzing the crystallization 
process. The presence of fluorine facilitates the formation of the framework silicates-
nepheline and feldspars. 
 The thermal expansion coefficients and microhardness of the resultant crystalline 
products are considerably higher than those of the original glasses. The obtained 
results reveal that attractive glass-ceramics may be produced from such compositions 
by controlling the heat treatment parameters. 
 The formation of the different solid solutions is discussed in the light of crystal 
chemistry of nepheline and pyroxene phases. 

 
 
INTRODUCTION 
 
 Many glass-ceramics with good physical and chemical properties contain high amounts of 
aluminium oxide in the structure of their crystalline phases. The presence of alkali 
aluminosilicate crystal phases is most desirable in glass-ceramics. Nepheline- containing 
glass-ceramics have been investigated by many authors; they enjoy high strength and can be 
easily glazed (1-5). 
 On the other hand, during glass manufacture the part of soda-lime(magnesia) glass in contact 
with aluminosilicate refractories becomes increasingly enriched in alumina and aluminium-
containing crystal phases, hybrid in composition between the refractory and the glass, develop in 
it. 
 The study of the role of aluminium during the crystallization of alkali and alkaline- earth 
aluminosilicate glasses is thus of great interest. In this context the crystallization behaviour of 
some low magnesia compositions (~1% MgO), expressed mainly by the system nepheline 
(NaAlSiO4) - anorthite (CaAl2Si2O8) - silica (SiO2), and others containing considerable amounts 
of magnesium oxide (>5%), related to the pyroxene-nepheline compositional system, was 
investigated. 
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EXPERIMENTAL TECHNIQUE 
 
 The compositions of the investigated glasses fall within the following range in wt.% (without 
the nucleating agents): 48-55 SiO2, 20-28 A12O3, 0.6-0.9 Fe2O3, 5-11 CaO,1-7 MgO, 0-3 BaO or 
ZnO, 9-13 Na2O + K2O, 0-0.5 Li2O. 
   Kaolinitic clays, quartz sand, dolomite, limestone and soda ash were the main batch ingredients 
used. Some Li2CO3, TiO2, Cr2O3, ZnO, BaCO3 were used to introduce the corresponding oxides 
into the glass composition. Some other ingredients including boric acid, arsenic trioxide and 
fluorine-containing compounds were sometimes used to facilitate batch melting and fining of the 
resultant melts. TiO2 (up to 6%) and Cr2O3 (up to 0.5%) were added to play the role of nucleation 
and crystallization catalysts in the investigated glasses. 
    Melting of the batches was conducted at 1500oC for 2-4 hours in an electrically heated furnace. 
The resulting melts were cast as rods and buttons and were properly annealed at 550-600 oC. The 
annealed glasses were then subjected to differential thermal analysis and were heat-treated 
according to different one and double-stage schedules.. 
   The developed crystalline phases were determined by powder X-ray diffraction. The coefficient 
of thermal expansion, density and the indentation microhardness were measured for the parent 
glasses and their crystalline products after heat-treatment. 
 
RESULTS 
 
CRYSTALLIZATION OF LOW MAGNESIA GLASSES 
   After double stage heat-treatment at 700 oC and 820 oC with a holding period of 45 minutes at 
each temperature the glass samples preserved their glassy appearance with a high  degree of gloss 
without any sign of deformation, however, their colour darkened to nearly black imparting the 
samples a very attractive appearance. After heat-treatment at 900 oC the samples became opaque 
and acquired gray and chocolate brown colours. 
 Samples treated at 820 oC developed ultra fine-grained microstructure, those treated at 900 oC 
developed a uniform very fine-grained microstructure (with TiO2), and a fine- grained 
microstructure composed of interlocking randomly oriented short needle-like crystals, with some 
six-sided crystals in the interstices (with Cr2O3). 
 XRD analysis of the glass-ceramics, obtained after the double stage heat-treatment (700 oC /45 
min. + 820 oC /45 min.), revealed a considerable degree of crystallinity with the formation of a 
nepheline crystal phase as the predominant crystalline structure (e.g., Fig. la), sometimes with 
minor plagioclase crystals. After heat-treatment of similar glasses at 900 oC for two hours, a 
major plagioclase crystalline phase developed (e.g., Fig. lb). 
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        Fig.1 X-ray diffraction patterns of low-magnesia glass No.1 after heat-treatment 
 
  This investigation also revealed the effectiveness of Cr2O3 as a nucleating agent in promoting 
the process of crystallization and nepheline phase formations in such glass compositions. The use 
of Cr2O3 reduces batch cost by the unnecessity of addition of much TiO2 to promote 
crystallization. The inherent titanium dioxide of the used clays (sometimes exceeds 1.8%) 
together with Cr2O3 (0.5%) can provide efficient nucleation during the ceramming of such 
compositions. 
 
CRYSTALLIZATION OF GLASSES CONTAINING CONSIDERABLE MAGNESIA 
   The parent glasses were amber in color and changed through crystallization to opaque light 
brown, gray, bluish gray, grayish white and white. Many of the samples developed bands of 
different shades within the above mentioned color range exhibiting a beautiful marble-like effect. 
   The investigated glasses developed major pyroxene phases upon heat-treatment, up to l000 oC 
for durations up to 4 hours, sometimes with minor nepheline (e.g., Fig.2). The crystallization of 
nepheline was enhanced at the higher temperatures and in the presence of boric oxide and 
fluorine in the parent glass composition. Such additives obviously facilitated the crystallization of 
this structurally more complex framework silicate phase. 
 The formation of nepheline was also enhanced in samples containing Na2O, as the sole alkali 
oxide, rather than in the presence of K2O in the parent glass composition. The amount of 
nepheline developed in samples containing ZnO was slightly greater than in samples with BaO 
heat-treated under the same conditions. Some low - form carnegieite may also develop. 
 Titanium dioxide (6%) was found effective in catalyzing the crystallization process leading to 
the formation of fine- and very fine-grained microstructures. 
 
PROPERTIES OF THE OBTAINED GLASS-CERAMICS 
 
 Table 1 summarizes some of the properties measured for the obtained glass-ceramics. 
 
 

Table l Properties of some obtained glass-ceramics 
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DISCUSSION 
 During the crystallization of alkali and alkaline earth aluminosilicate glasses the aluminium 
ions combine with the alkalies (K and/or Na) to form either alkali aluminosilicates, or alkali 
aluminium silicate, molecules. 
 

 
       Fig.2 X-ray diffraction pattern of glass No.4 after heat-treatment 
 
    In low-magnesia compositions (~1% MgO), such as those of the present investigated glasses, 
the aluminium ions preferentially assume tetrahedral coordination, substituting for silicon in the 
Si-O tetrahedra, forming alkali aluminosilicate molecules which first separate out in the glass as 
nepheline (NaAlSiO4) or nepheline solid solutions. 
 Calculations of such glass compositions (apart from the nucleating agents) to the possible 
crystalline phases reveal the following approximate composition:- 
 
Nepheline  NaAlSiO4     48 wt % 
Anorthite  CaAl2Si2O8  25 
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Silica      SiO2          20 
The rest being pyroxene and eucryptite. 
 
   Nepheline, however, is capable of accommodating considerable amounts of other molecules 
into its structure. Thus, up to 37 molecular percents of anorthite (CaAl2Si2O8) can dissolve in 
2NaAlSiO4 forming solid solutions. Silica itself can be accommodated in the nepheline structure 
up to about 25 mole percents (6). Nepheline is capable of mixing with CaAl2O4 up to 60% of the 
latter (7). NaAlSiO4 and KAlSiO4 mix together in all proportions at high temperatures; at low 
temperatures they form limited solid solution series. Similarly the present author believes that 
some LiAlSiO4 molecules can also be incorporated in the nepheline structure with lithium 
substituting for the sodium ions. 
 Thus, in view of the crystal chemical characteristics of the nepheline phase, many of the 
elements present in such low-magnesia experimented glasses can be well tolerated within a 
crystalline nepheline solid solution structure. In this manner the appearance of nepheline as a 
major crystalline phase in samples treated at 820 oC can be substantiated. 
   The nepheline phase is incompatible with silica with which it reacts, under favourable 
conditions, to form the more saturated sodium aluminium silicate (NaAlSi3O6) or sodium 
aluminosilicate (NaAlSi3O8) phases. The formed nepheline crystal phase in these investigated 
glasses after heat-treatment at 820 oC should, thus, be considered thermodynamically metastable. 
 In such low-magnesia compositions containing excess silica, over the nepheline stoichiometry, 
the nepheline molecules react with the excess silica, at such higher temperatures, to form albite 
(NaAlSi3O8) molecules. These molecules rather develop solid solutions with the possible 
anorthite (CaAl2Si2O8) molecules forming a mixed plagioclase crystalline structure. 
 Calculation of the glass compositions (apart from the nucleating agents) to plagioclase 
molecules reveals the following approximate composition :- 
 
Nepheline (or carnegeite)   24 wt% 
Plagioclase              69 
The rest being pyroxene and eucryptite. 
 
 Consequently, in spite of the considerable silica content of the system, the crystallization of 
such and similar glasses starts with the formation of nepheline, or nepheline solid solution, which 
then transforms to plagioclases at higher temperatures. 
 It is understood that varying amounts of glass, cementing the developed crystals, can still be 
present after any of the heat-treatment cycles applied. The composition of this residual glassy 
phase is likely to be more siliceous than the original parent glass before heat treatment. The 
presence of residual siliceous glassy phase in the present investigated glass ceramics is desirable. 
The high viscosity of such glass helps in reducing the deformation of the samples during heat-
treatment. It also possesses a lower coefficient of thermal expansion (due to its high silica 
content) which may generate a system of favourable internal stresses in the material imparting 
high mechanical strength to the samples. 
 In compositions containing considerable amounts (>5%) of magnesia, a substantial part of the 
aluiminium ions assumes octahedral coordination, beside the tetrahedral coordination, especially 
under nonequilibrium conditions of crystallization and is hosted in a pyroxene structure. The 
sharing of aluminium in these coordination positions is favoured by the ratio of its ionic radius to 
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that of oxygen which approaches the geometrical limit of stability between the 4 and 6 
coordinations. In such glasses, crystallization of diopsidic pyroxenes as a major phase takes place 
in spite of the fact that the calculated amounts of diopside in these compositions are relatively 
low. 
   The formation of such great percentages of diopsidic pyroxene phases is due to the wide range 
of isomorphous substitutions in the pyroxene formula. Thus, instead of the formation of a 
nepheline phase (Na,K)AlSiO4, sodium aluminium silicate molecules (Na,K)AlSi2O6 (jadeite) are 
formed and stabilized as an isomorphous component in a host pyroxene structure of complex 
composition. The accommodation of aluminium containing components in diopside increases 
under nonequilibrium conditions of crystallization (8). Calculation of these investigated glass 
compositions reveal the possibility of formation of over 60% of pyroxene solid solutions in which 
the jadeite component constitutes about 40%. The ease with which the pyroxene phase is formed 
relative to nepheline can be correlated with the difference in structural complexity and activation 
energies for crystallization of these phases. 
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 Abstract 
 

 Kramers-Kronig analysis (KKA), is a technique for deriving the optical constants 
from a single reflectance spectrum, using the KRAMERS-Kronig  relations (KKR's). 
Its application in the determination of optical material constants of glass in the 
infrared, for which glass is generally opaque, is  investigated. KKA requires 
integration over an infinite frequency domain, for which the reflectance must be 
known which can only be measured in a finite frequency range, necessitating 
extrapolation methods. The paper  presents a new extrapolation formula for the 
infrared reflectance of  dielectrics. The performance of three ordinary KKR's and 
three modified (M)KKR's, among which two new MKKR's, is evaluated using 
synthetic spectra based on a Lorentz oscillator model for the permitivitty. A method   
is used in which the CPV (Cauchy Principal Value) integrals are partly  integrated 
with respect to the frequency in one interval, and to the  wavelength in the other, 
leading to finite integration domains. An 11-point   integration rule for CPV integrals 
is derived improving the computation accuracy considerately. In experiments, the 
optical constants of BK7 are   determined, yielding accurate values of the complex 
refractive index in  the wavelength range from 5 µm to 50 µm. 

 
 
1. INTRODUCTION 
 
 The interaction of electromagnetic radiation with matter is described by optical material 
constants such as the permitivity, the conductivity or the complex refractive index. The use of 
different types of glass in interference filters, optical fibres, optical instruments, coated glazing 
for windows and other devices, require an accurate knowledge about their optical constants over 
wide ranges of wavelengths. Spectral values of the refractive index n and extinction coefficient κ 
of glass in the UV/VIS/NIR wavelength range, can be accurately determined from the spectral 
reflectance and transmittance[1]. This method, however, cannot be used in the case when the 
transmittance tends to zero as for glass in the far infrared. In this case, an alternative lies in the 
application of Kramers -Kronig relations (KKR's) [2,3]. 
 The procedure for determining the optical constants n(ω) and κ(ω) using the Kramers -Kronig 
relations, usually consists of the following four steps: 
1. The spectral (near)normal reflectance R(ω) is measured with a spectrophotometer for a 
frequency range as wide as possible. 
2. Measurement data is extended in the unobserved regions by extrapolation, e.g. with the aid of 
known physical relations describing the optical behavior in these regions. 
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3. Using the Kramers-Kronig relations, the argument φ(ω) of the amplitude reflection coefficient 
is determined from the extended reflectance spectrum. 
4. The optical constants n(ω) and κ(ω) are determined from R(ω) and φ(ω) 
 For normal incidence, the complex amplitude reflection coefficient ⊆ = R1/2exp {iφ}    
at the air interface of a semi-infinite medium is related to the optical constants n and κ  through a 
Fresnel equation. Inverting this equation results in 

                             (1) 
 
where na is the refractive index for air. From Eq.(1) the optical constants n(ω) and  κ(ω) can be 
determined if both R(ω) and  φ(ω) are known. R(ω) can be measured directly with a 
spectrophotometer. 
     The research discussed in this paper is an extension of work published earlier [1], which 
involved the determination of optical constants of glass in the UV/VIS/NIR wavelength range. In 
the following sections, 6 equivalent KKR's are evaluated and their numerical integration 
investigated. As an example, the optical constants in the infrared of BK7 are determined. 
 
2. KRAMERS -KRONIG RELATIONS 
 
It can be shown [4] that Kramers-Kronig relations exist between the spectral argument   φ(ω) of the 
amplitude reflectance (also referred to as the phase spectrum) and ln(R(ω)). For the calculation of 
φ(ω) from the measured power reflectance R(ω), each of the following equivalent KKR's can be 
used [5,6]. 

                         (2a) 

                        (2b) 
                          

                        (2c) 
 
If the argument φ(ω) of the amplitude reflectance at one point can be determined , an expansion 
around that point will yield a modified integral whose value is less determined by the contribution 
of the interval where  ω2 >> ωj

2. The following Modified Kramers -Kronig equations (MKKR's) 
have proved to be useful [7]: 
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                            (3a) 
 

                            (3b) 
 

                           (3c) 
 
in which the function φ is known for  ω=ωh.The first equation has been derived by Ahrenkiel[8]  
The other two have been derived by replacing ln(R(ω)) in Eq.(1d) by ln(R(ω)/R((ωm)) with m=j 
or m=h. As a result, one of the two poles in Eq.(3a) is removed. 
 
3. NUMERICAL INTEGRATION SCHEME 
 
The aim of the present investigation is to determine optical constants in the frequency range   ω< 
2000 cm-1 (defined as ω= 1/λ), for which glass is nontransparent. A frequency interval of 10 cm-1 
gives sufficient resolution in order to describe the optical behavior of glass in this range. The 
output data files of the KKA computer codes contain 380 values of φ(ω) in the frequency range 
205 cm-1-3995 cm-1 with 10 cm-1 intervals. The choice of the abscissa values (205, 215, 225,235, 
.....) proves to be convenient for the evaluation of the CPV part (Cauchy Principle Value) of the 
integrals. 
     Since measurement data for the (IR) frequency range 200 cm-1 - 4000 cm-1 is usually available 
in 1 cm-1 intervals, and for the (UV/VIS/NIR) data is presented as function of the wavelength in 1 
nm intervals (range 200 nm - 2500 nm), it is convenient to adapt these intervals for the numerical 
integration. The input data files prepared for the KKA programs, therefore contain the entire 
reflectance spectrum, divided over 6502 reflectance values, of which 4001 values at frequencies 
ω in the range 0 cm -1 - 4000 cm-1 (1 cm-1 intervals), and 2501 values at wavelengths λ in the 
range 0 nm - 2500 nm (1 nm intervals). The reflectance at  λ =2500 nm is given twice, once as 
R(2500nm) and once as R(4000cm-1). By deviding the integration domain into two ranges, 
integrating the high frequency part with respect to the wavelength  λ and the low frequency part 
with respect to the frequency, we obtain two finite integration domains. Taking into account the 
format of the input data and the 10 cm-1 interval of the output data φ(ω), the following integration 
scheme has been chosen for the numerical evaluation of the KKR's 
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                              (4) 
 
where p = (ω - 5)/10 with  ω = 205, 215, 225,......., 3995 and 
 

                                 (5) 
 
with f the integrand in the KKR and Wj  (j = 1, 2, 3,....., 10) a weighing factor depending on the 
choice of integration rule. 
 

Table 1    Weighing factors of Wj of integration rules 1-4 for Eqs. (5) 
 Wj 

j rule1 
trapezium rule 

rule 2 
Simpson’s rule 

rule 3 
Newton-Cotes 

rule 4 
11 points rule 

0,10     0.5 1/3 95/288 480/1512 
1,9 1 4/3 375/288 2100/1512 
2,8 1 2/3 250/288 900/1512 
3,7 1 4/3 250/288 2100/1512 
4,6 1 2/3 375/288 900/1512 
5 1 4/3 190/288 2160/1512 

 
 
In Table 1, values for Wj are listed for the Trapezium rule, Simpson's rule, a 6- points Newton-
Cotes rule [9], and for an 11-points rule which has been derived using the Euler-Maclaurin 
summation formula [10]. 
  The term ICPV (ω) in Eq.(4) contains the point ω=ω′. The following three methods for the 
calculation of ICPV have been compared: 
Method A involves the use of one of the four integration rules listed in Table 1, and 
excluding the pole at   ω=ωj  from the integration. 
Method B is similar to Method A, but the integrant in the pole is replaced by the 
average of the two neighboring values [11]. 
Method C is the following 11-points integration rule which has been derived 

according to a method given by Davis and Rabinowitz [9]: 
                             (6) 
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In the case of Eq.(2c), Method C has to be excluded since its integrand does not change sign 
when passing the point ω=ωj and therefore does not agree with the behavior of the type of 
integrand for which Eq.(6) has been derived.   
   For the evaluation of the integration rules, a synthetic spectrum of crystalline quartz has been 
used, simulated by a Lorentz oscillator band model (see Fig.1 ). This model fully complies with 
the KKR's and offers the possibility of calculating φ(ω) for all ω and comparing the result with 
that obtained by KKA. The synthetic model spectra represent a worst case since for glass the 
peaks in the spectra are less sharp. Having  3 integration methods 
 

 
Figure 1. Model spectra of quartz. 

 
for ICPV  (A, B and C) and 4 integration rules (1, 2, 3 and 4) for the rest of the spectrum, 12 
different combinations can be evaluated. The result is summarized in Table 2. The best results are 
obtained with the new MKKR's Eq.(3b) and Ec.(3c) and integration method C1 in which  ICPV  is 
computed by Eq.(6) and the trapezium rule is used for the evaluation of the remaining integrals. 
 

Table 2  Average absolute error in the computation of φ(λ) the KKR's for  various integration 
methods. In the case of Eq's.(3a-c), ωh=2005 cm-1. 

 Eq(2a) Eq(2b) Eq(2c) Eq(3a) Eq(3b) Eq(3c) 
A1 
A2 
A3 
A4 

9.0% 
14% 
6.3% 
15% 

6.2% 
8.1% 
4.9% 
9.0% 

63% 
80% 
73% 
82% 

134% 
179% 
89% 
192% 

7.1% 
9.5% 
4.8% 
10% 

5.5% 
7.4% 
3.6% 
7.9% 
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B1 
B2 
B3 
B4 

2.6% 
1.6% 
2.9% 
1.4% 

2.6% 
1.6% 
2.9% 
1.4% 

11% 
13% 
82% 
28% 

0.024% 
0.11% 
0.41% 
0.070% 

0.24% 
0.87% 
0.29% 
0.064% 

0.24% 
0.087% 
0.29% 
0.064% 

C1 
C2 
C3 
C4 

2.6% 
1.6% 
2.9% 
1.3% 

2.6% 
1.6% 
2.9% 
1.3% 

- 
- 
- 
- 

0.016% 
0.062% 
0.29% 
0.036% 

0.016% 
0.062% 
0.29% 
0.036% 

0.016% 
0.062% 
0.29% 
0.036% 

 
4. EXTRAPOLATION OF THE MEASURED REFLECTANCE SPECTRUM 
 
An extensive literature search didn't reveal an extrapolation formula for dielectrics in the low-
frequency range. The following formula, which proved to fit excellent on the Lorentz Model, has 
been obtained by expanding the Lorentz model equation for the permitivity in factors  ω2 and 
neglecting terms with a degree in  ω higher than 4: 
 
  R (ω) = R(0 ) + C1ω2 + C2 ω 4.                                        (7) 
 
R(0) is calculated from the static permitivity data from literature, C1 and C2 are calculated from 
R(ω) and his derivative at  ω = 200 cm-1. In the present research Eq.(6) has been used for the 
range 0 <  ω <200 cm-1. For extrapolation of the UV part (0 < λ < 200 nm), R(λ) is assumed to be 
constant and equal to R(200nm). 
     As a result of these extrapolations, a systematic error ∆φ(ω) will occur. Zaitsev and Fedorov 
[13]  have proposed a phase correction procedure which in the present case yields: 
 

 ∆φ(ω)= a ω + b ω-1                                                    (8) 
 

The constants a and b are found by fitting Eq.(7) on ∆φ(ω) =  φR,T(ω)-φKKA(ω) in the transparent 
range where φ(ω) can be determined using the R,T-method. Table 3 summarizes the results of the 
error analysis of the extrapolation with and without the phase correction. Applying the phase 
correction drastically improves the accuracy for all extrapolated spectra, except for Eq.(2b). 
 

Table 3   Average absolute error as result of the extrapolations. 
(M)KKR : Eq. (2a) Eq. (2b) Eq. (2c) Eq. (3a) Eq. (3B) Eq. (3C) 

int. method : C4 C4 B1 C1 C1 C1 
error before correction : 662 % 291 % 324  % 327 % 326 % 326 % 
error after correction : 2.9 % 282 % 17 % 4.6% 1.3 % 1.2 % 

5. THE OPTICAL CONSTANTS OF BK7 
 
 For the reflectance measurements, test samples of size 30 mm x 30 mm x 20 mm have been 
used, the back surface approximately 10o tilted with respect to the front surface in order to 
prevent the second surface reflectance from being detected during measurement. The specular 
reflectance in the infrared range (200 cm-1-4000 cm-1) has been measured using a Perkin Elmer 
983 Infrared spectrophotometer equipped with a specular reflectance accessory. The low 
frequency part of the spectrum has been extrapolated using E.(7) for which R(0) has been 
calculated from the static permitivity [7]. For the reflectance in the wavelength range from 250nm 
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- 2500 nm results from a previous investigation have been used [1] . The high frequency 
reflectance was assumed to be constant R(λ< 250 nm) = R(250 nm). The KKA results were 
obtained  using Eq. (3c)  (with integration method C1) , taking    φ(ωh) = 0  at  ωh = 1505 cm-1 . 
The phase spectra were corrected using Eq.(8) with b=0, since the second term led to large 
extrapolation errors (negative values for φ), especially in the range > 30µm. The results are shown 
in Fig.2. The results for wavelengths smaller than approximately 7 µm are not very accurate due 
to the large amount of noise obtained in this range. The error in φ is large for wavelengths > 25 
pm, possibly due to the error in R(0). 
 

    
 
Figure 2  Averages and upper and lower limits (three curves per quantity), based on 
measurement uncertainty, of R(ω) and φ(ω) and of n(ω) and κ(ω). ln case of the reflectance, the 
three curves seem to fall together due to its relatively high accuracy. 
 
 
6. CONCLUSION 
 
 The application of KKA for the determination of optical material constants of glass in the 
infrared, for which glass is largely opaque, has been investigated. A method has been developed 
by which the Kramers -Kronig integrals, which essentially are Cauchy  Principal Value (CPV) 
integrals, were partly integrated with respect to the frequency, and partly with respect to the 
wavelength, thereby obtaining two finite integration domains. An 11-point integration rule for the 
CPV part of the (M)KKR integrals has been derived which improved the accuracy of the 
integration. The performance of three ordinary KKR's and three modified (M)KKR's, from which 
two new MKKR's, have been compared using a synthetic model derived from the Lorentz 
dispersion model, with optical properties similar to those of glass. The new MKKR's gave the 
best performance in terms of accuracy. A newly derived extrapolation formula for the infrared 
reflectance of dielectrics (necessary for extending the finite measurement range) has been 
evaluated and proved to be successful. It was shown that when a constant reflectance 
extrapolation in the high-frequency region is used, the phase correction procedure proposed by 
Zaitsev and Fedorov drastically improves the result. Accurate values of optical constants of  BK7 
have been obtained with KKA in the wavelength  range from  
5µm to 50 µm. 
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Abstract 
 
 The concept of "ideal glass" implies random spatial distribution of interconnected 
constituent structural elements, so that the glass is homogeneous and isotropic on a 
macroscopic scale. Chalcogenide semiconductor glasses (CSG) are commonly 
considered as typical examples of such systems. Doping CSG with metal impurities, 
as a rule, results in a decrease of the optical and electrical gap, with no impurity 
conduction, and a nearly parallel red shift of the Urbach absorption edge suggesting 
the formation of homogeneous solid solutions. 
 In this paper, new evidence for strong deviations  from this rule in metal-doped 
CSG are summarized. The deviations were first observed in thermally evaporated 
glassy As2Se3Bix films (x=0.001-0.1) and then in In-and Ga-doped bulk As2S3 glass. 
The data on the non-Urbach absorption edge in these alloys as well as on 
electroabsorption, electrooptical effect and temperature dependence of conductivity in 
As2Se3Bix  films are presented to show a tendency for forming nanometric metaly-
enriched clusters in a metal-depleted matrix. 
 The most surprising phenomenon related to nanoclusters in CSG is well-
pronounced stable linear dichroism and briefringence discovered in glassy As 2S3In0.05. 
As detailed X-ray diffraction data demonstrate, this optical anisotropy is closely  
connected with structural  anisotropy  due to predominant orientation of the In- 
enriched non- crystalline with nanoclusters 1-5nm in size. The impurity-induced 
"clusterization" is discussed as a way for producing novel "non-ideal" glasses offering 
properties of crystals.  
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Abstract 
 
 It is well known that the additions of the variable valence elements affect very 
strongly the efficiency of radiation color centers (CCs) formation in optical glasses. 
The reason of such an effect is the ability of the above elements to change their charge 
states when interacting with the electrons and holes which are generated in the glass 
matrix by the primary radiation. Thereby the cerium oxide additions make optical 
glass more transparent in the visible region of the spectrum as compared with the glass 
without cerium. In the case of Fe2+ ions the iron additions influence the CCs formation 
in the same way but in the case of Fe3+ ions they raise the accumulation efficiency of 
the hole CCs with absorption bands in the visible region. 
 The aim of the work was to estimate how cerium and iron-both separately and 
together - influenced the rates  of radiation CCs regression in silicate glasses which 
form the basis of optical materials. It was shown that the additions of Ce3+ or Fe2+ ions 
made the isothermal relaxation of the visible coloring more fast. As for Fe3+ ions they 
capture electrons thus forming the impurity color centers (Fe3+)- of electron type. 
These CCs are very stable at room temperature in the glass with iron additions only 
and hence they restrict the rate of intrinsic hole CCs dissipation in the process of their 
recombination with electrons. At the same time the simultaneous availability of Ce3+ 
and Fe3+ ions in the glass matrix leads to the acceleration of the process of (Fe3+)- 
centers decomposition. The different schemes of recombination processes are 
discussed. 
 
 
 
-------------------------------------------------------------------------------------------------------- 
∗ Full manuscript not available at the time of printing 
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V. Zaprianova and R. Raicheff 

University of Chemical Technology and Metallurgy, Bulgaria 
 
 

 Abstract 
 

 The effect of heat treatment (up to 550°C) on the electrochemical 
behaviour of glassy Fe40Ni40P14B6 alloy in a model acidic solution (1N 
H2SO4) has been studied using electrochemical potential sweep technique in 
conjunction with X-ray diffraction, electron microscopy and differential 
thermal analysis. It is established that the susceptibility of the metallic glass to 
passivation is enhanced after structural relaxation. Thermal treatment of the 
alloy above the temperature of crystallization however lowers its corrosion 
resistance - the rate of corrosion increases more than an order of magnitude. 

 
 
I.  INTRODUCTION 
 
     In the recent years the studies on various properties of metallic glassy alloys have 
received a growing scientific and technological interest. It has been shown [1-3] that the 
rapid quenching method gives wide possibilities for obtaining amorphous alloys with 
high corrosion resistance. 
    The studies on the electrochemical and corrosion behaviour of amorphous alloys are of 
great significance for defining the fields for application of these alloys as well as for 
introducing appropriate corrosion control. From a practical point of view it is important to 
determine the thermal stability of the amorphous alloys as well as the changes in their 
physical and chemical properties as a consequence of heat treatment. In most cases the 
good corrosion characteristics of the glassy alloys defined by both their composition and 
structure could be lost after thermal treatment over a given temperature: metastable 
phases could be formed and a transition in crystalline state may occur, as established for 
amorphous Fe-Ni-Cr-P-C [4], Fe-B [5] and Ni-P [6] alloys. The thermal treatment 
however, may also result in an improvement of the corrosion resistance of metallic 
glasses after structural relaxation as found out for Pd-Ni-Si [7] and Co-Fe-Si-B alloys [8]. 
    The amorphous alloy Fe40Ni40P14B6 processes good magnetic properties and a high 
mechanical strength [9]. However there are limited data concerning its electrochemical 
and corrosion behaviour and the perspective for its application as a corrosion resistant 
material. Thus, it has been found, that the amorphous alloy undergoes an active to passive 
transition in sulfate solutions with different pH values [10-12] as well as in sodium 
chloride solutions [13], but the current densities in the active and passive regions are 
rather high. 
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 The effect of thermal treatment at different temperatures on the electrochemical 
corrosion behaviour of this alloy is not studied. This determined the main purpose of the 
present work: a study on the effect of heat treatment on the dissolution and passivation .of 
the alloy. It is also an objective of the work to make an assessment of the corrosion 
resistance of the alloy in various acid solutions. 
 
II. EXPERIMENTAL 
 
 The glassy alloy Fe40Ni40P14B6 was produced in the form of ribbons (thickness 30 µm) 
by a rapid quenching from a melt. Samples from the alloy were subjected to heat 
treatment in evacuated quartz tubings for 1 hour at different temperatures (up to 550°C). 
The structure of the alloy without and after heat treatment was characterized by X-ray 
diffraction (TUR-M 62 apparatus, CuKα radiation ), by transmission electron microscopy 
(Philips EM - 400) and by differential thermal analysis (Paulik apparatus). 
 Potentiodynamic polarization technique was applied in the electrochemical 
measurements. A conventional three-compartments electrochemical cell and a specially 
designed Teflon holder for the sample-electrode were used [14]. The polarization 
potential-current curves of the alloy in a model corrosive solution (1M H2SO4) were 
automatically recorded (potential sweep rate 1 mV.s-1) in semilogarithmic scales and the 
main electrochemical and corrosion parameters of the alloy obtained.  
 The corrosion rates of the glassy Fe40Ni40P14B6 alloy and the pure metals nickel and 
iron in various corrosive solutions (1M H2SO4, HNO3, H3PO4 and HCl) were also 
obtained from gravimetric measurements. 
 
III. RESULTS AND DISCUSSION 
 
    The DTA curve of the as-quenched Fe40Ni40P14B6 alloy is shown on Fig.1. As seen the 
alloy undergoes a single stage crystallization and the exothermic maximum is at 380 °C. 
This result is in good agreement with the data reported by other authors [15].  
 X-ray diffraction patterns of the as-quenched alloy as well as of heat-treated at 
temperatures up to 300 °C samples show broad halo typical for an amorphous structure 
(Fig.2). At 400°C diffraction maxima were established and the alloy undergoes 
crystallization. The crystalline phases were identified as Fe-Ni and (Fe,Ni)3(P,B) 
compounds. The heat treatment at higher temperature (550°C) does not considerably alter 
the X-ray diffraction patterns. 
    The corrosion tests show that the glassy alloy has a lower corrosion rate in comparison 
with the pure metal nickel and especially iron in all acid solution studied, as those 
differences being much more pronounced in the oxidizing acid (cf. Fig.3). The higher 
corrosion resistance of the amorphous alloy is obviously related to the formation of 
protective layers containing the metalloids P and B. However in all cases the pure nickel 
exhibits a higher tendency to anodic passivation. 
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   Fig.1  DTA-curve of amorphous Fe40Ni40P14B6 alloy. 
 
   Typical polarization curves illustrating the effect of thermal treatment on the active 
dissolution and anodic passivation of the alloy in 1 M H2SO4 are presented on Fig.4. The 
polarization curve for as-quenched alloy (curve 1 ) shows typical transition behaviour 
from active dissolution to anodic passivation, both regions being well defýned.  
 The  thermal treatment at 300 °C (preserving the amorphous state of the alloy) leads to 
a considerable decrease of the active anodic dissolution region and to an enhanced 
susceptibility of the alloy to passivation (cf. curves 1 and 2). Similar results have been 
obtained [ 7, 8 ] for other glassy alloys and they may be related to the structural relaxation 
which leads to a denser amorphous structure with low residual stresses. 
 As one can expect, the appearance of crystalline phases upon heat treatment above the 
temperature of crystallization of the alloy (e.g. 400  °C; cf. curve 3) results in a 
signifýcant increase of the rate of anodic dissolution of metal as well to a lowering of the 
overpotential of hydrogen evolution (i.e. increase in the rate of cathodic reaction), the 
overall result being a substantial increase in rate of corrosion of the alloy. 
 The data both for the composition and the electrochemical properties of the crystalline 
phases ( Fe, Ni )3( P,B ) however are largely missing in order to make a quantitative 
assertion of the mechanism for enhanced corrosion of the alloy upon crystallization. 
  The effect of thermal treatment on some basic corrosion parameters: corrosion 
potential, corrosion current and current in the region of passivity is illustrated also in 
Table 1. 
 
 

Table 1: Effect of heat treatment on the corrosion parameters of 
Fe40Ni40P14B6 alloy in 1M H2SO4,  at 2O °C : corrosion potential ( Ecorr ), 
corrosion current (icorr) and passive current ( ip ) 

Corrosion Untreated Temperature of heat treatment  
parameter thermally 300 °C 400 °C 550 °C 
Ecorr, V (SCE) 0,02 0,03 - 0.15 - 0,17 
icorr , A/cm2 5,0.10-5 4,5.10-5 2,2.10-4 2,5.10-4 
ip , A/cm2 1,8.10-3 1,0.10-3 3,5.10-3 3,5.10-3 
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 Fig.2 : X-ray diffraction patterns of Fe40Ni40P14B6 alloy:1-as 
quenched,  2 and 3 - after thermal treatment at 300 °C and 400 
°C. 

 

 
 

Fig .3 Corrosion rate of glassy Fe40Ni40P14B6 alloy and pure Ni 
and Fe metal in various 1 M acid solutions at 20°C. 

 
   It is seen that up to 300 °C the structural relaxation practically does not exert an effect 
on the corrosion current, while the crystallization (at 400°C) leads to a considerable 
increase (about an order of magnitude) in the corrosion rate of the alloy. The heat 
treatment at a higher temperature (e.g. 550°C) has no further effect on the corrosion 
parameters - they are practically the same as for the samples treated thermally at 400°C. 
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Fig.4  Potentiodynamic polarization curves of  Fe40Ni40P14B6 
alloy in 1 M H2SO4 at 2O °C: 1-as-quenched sample; 2- and 3-
thermally treated samples at 300 °C and 400 °C. 

 
 
IV. CONCLUSIONS 
 
    The results of the present study on the electrochemical corrosion behaviour of 
Fe40Ni40P14B6 alloy show that the alloy possesses a higher corrosion resistance in mineral 
acid solutions in comparison to pure metal nickel and especially iron. The susceptibility 
of the glassy alloy to passivation is enhanced after structural relaxation at heat treatment 
up to about 300°C. The crystallization of the amorphous alloy however leads to a 
considerable decrease of its corrosion resistance in acidic medium.  
 The electrochemical behaviour of the glassy Fe-Ni-P-B alloy in non-oxidizing acid 
solutions are sensitive to the structural changes upon heat treatment and they may be used 
for an additional evaluation of its thermal stability. 
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Abstract 
 

 The present study refers to the synthesis of glass-crystalline materials of 
the CaO - P2O5 - SiO2 system using the sol-gel method. Sol-gel processing 
offers an alternative to conventional melting method, several potential 
advantages such as: higher purity and homogeneity, lower processing 
temperatures. The influence of P2O5 and CaO precursors on the formation 
process of gels glass-crystalline materials has been examined using the 
following compounds  
 
 P2O5 -  triethylphosphate      OP(OC2 H5)3    
    phosphoric acid     H3PO4 
 CaO -  calcium nitrate    Ca(NO3)2 * 4 H2O 
              calcium acetate      Ca(C H3COO)2 * H2O 
 
 Gels dried at ambient temperatures were next heated with controlled rate 
up to the temperatures 700 oC (and hold in this temperature 20h) and 1000oC. 
 It has been demonstrated by means of DTA method that the kind of  the 
P2O5 and CaO precursors affects the formation process of gels materials and 
their ability to crystallization. The structural evolution of gels during and after 
thermal treatment has   been investigated by FTIR and XRD method. 

 
 
I. INTRODUCTION 
 
 The chemical method of synthesis, called the sol-gel method, is a low-temperature 
method of obtaining glasses, ceramic materials and composites. It utilizes the possibility 
of the formation of a continuous structure of a solid state as a result of the reaction of 
appropriate compounds, occurring in the solution. In this method polymerization in the 
liquid phase leads to colloidal dispersion and the formation first of sol and next of gel 
from which by appropriate thermal treatment a solid body is obtained. Since the 
substrates in this process may be various substances in a liquid state (alcoholates chelates, 
esters) or substances which can be liquefied (nitrates, chlorates, acetates) it is difficult to 
predict the course of the occurring chemical reactions which lead to the formation of gel 
[1-2]. 
    Another problem is the determination of the effect of the kind of the precursors of the 
respective oxides on the process of wet gel transformation into a solid body and the 
description of the basic structural properties of the obtained gel materials.  
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 The present study is an attempt to determine the effect of the compounds introducing 
CaO and P2O5 on the formation of glass-crystalline materials from the system CaO- P2O5 
- SiO2 during thermal treatment and to describe the occurring structural changes. 
 
II. EXPERIMENTAL 
 
    The investigations comprised materials of present oxide compositions as follows (mole 
%) [3-4]: 
 
S   16 CaO   80 SiO2   4 P2O5 
T   36 CaO   60 SiO2   4 P2O5 
 
    The scheme of the preparation of solutions is given on Fig.1. 
 

 
 
 
 
 The gels obtained by the above method were dried at ambient temperature for 14 days, 
and next heated to 700 oC and 1000 oC and kept at these temperatures for 20 h and 1 h, 
respectively [4]. 
 In order to determine the influence of CaO and P2O5 precursors on the process of 
obtaining gel-derived glasses and glass-crystalline materials were applied the following 
research methods: DTA, FTIR, XRD. 
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III. RESULTS 
 
 On the DTA curves (Figs 2, 3) there appeared the following endothermal effects: 
- for all gels in the temperature range 125-170 oC, this effect is due to the evaporation of 
water and alcohol present in the gel and deriving from the starting solution as well as 
chemically bound with gel, formed as a result of the occurring processes of hydrolysis 
and polycondensation; 
- in the case when phosphate ester (triethylphosphate) OP(OC2H5)3 is used as precursor of 
P2O5 ,at about 260 oC - gels S1, T1; at about 330 oC - gels S2, T2, these effects may be 
associated with the decomposition of ester; 
- in the case when the nitrate Ca(NO3)2·4 H2O is used as CaO precursor, at about 400 oC, 
475oC - T22; at about 530oC - T2,  
these effects are due to thermal dissociation of nitrate with the release of water and NO2, 
(decomposition of calcium nitrate)[5]; 
- when ortophosphoric acid H3PO4 is used as a precursor of P2O5 and calcium acetate as 
precursor of CaO (gel T11 ) at about 760 oC, this effect is probably connected with the 
dehydroxylation of hydrated calcium silicate formed earlier.  
    Moreover, on the DTA curves there appear the exothermic effects: 
- at about 270 oC, when nitrate is the precursor of CaO; at about 540 oC, when acetate is 
the precursor of CaO, and P2O5 is introduced through via phosphate ester, this effect is 
due to the oxidation of the organic matter present in the gel structure, the temperature 
being dependent on the applied precursor of CaO; for the material T1 there occurs a 
double effect at 420, 525 oC [6]; 
- when P2O5 is introduced through phosphate ester, in the temperature range 770-940 oC - 
gels S2, S1, T2, T22, T1- these effects are connected with the crystallization of new 
phases identified by XRD method. 
 Any distinct exothermic effects on the DTA curves were not observed for the 
remaining gels, where H3PO4 is the precursor of P2O5, although XRD and FTIR analyses 
indicated phase crystallization. 
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    Fig.2. DTA curves of gel materials series S 
 

 
Fig.3. DTA curves of gel materials series T 
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Results of X-ray analysis are present in table 1. 

 
 
 
    In FTIR spectra (Figs.4,5) of all gels dried at ambient temperatures there are present 
three main absorption bands situated at ≈ 460 cm-1, ≈ 1080 cm-1 associated with the 
respective bending and stretching vibration of the bands in the [SiO4] tetrahedra. Greater 
intensity of these bands for gels of the composition S is evidence of a higher degree of 
polymerization of these materials in comparisons with gels of the T series. Within the 
ranges of wave numbers corresponding to the above bands there occurs also the vibration 
of P-O-P and Si-O-P bonds. Combination of these vibrations is responsible for the 
asymmetry of the band with the maximum at ≈ 1080 cm-1. Extension of the band up to 
about 1220 cm-1 may be evidence of the of the occurrence, in the structure of the gels, of 
P=O bonds in [PO4] groups. The formation of such groups is also confirmed by the 
presence of a band at about 550 cm-1, ascribed to the bending vibrations O-P-O [7]. The 
presence of water is evidenced by bands at ≈ 1630 cm-1 connected with the bending 
vibration of the O-H groups in water particles present in gel pores, and a band at 960 cm-1 
which derives from the vibration of OH groups bound in the structure with Si or P (Si-
OH, P-OH), with a rather small proportion of the stretching vibration of P-O-P. For gels, 
in which nitrate is the precursor of CaO, there appear bands in the spectra which are 
connected with the vibration of bonds in NO3 groups (≈820, 1420 cm-1). In the spectra of 
most gels there are also present bands deriving from the vibration of bonds in alcoxilate 
groups in the range 1380-1480 cm-1.  
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Fig.4 FTIR spectra of wet gels and gel-derived materials series S 
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Fig. 5 FTIR Spectra of wet gels and gel derived materials series T 
 
    In the spectra of gels heated to the temperature of 700 oC for 20h the decay of bands 
associated with the presence of organic matter can be observed. Increased intensity of 
bands characteristic for bonds in the [SiO4] tetrahedra and the associated vibration of Si-
O-P, P-O-P groups is evidence that a continuous framework has been formed, which in 
the case of materials of S composition is almost completely amorphous. An conception 
here is the gel S11- in which there appear bands at 540, 602 cm-1, characteristic for 
apatite the initial crystallization of which has been confirmed by XRD analysis in spite of 
the absence of any effect on the DTA curve. Thermal treatment at 700 oC causes also 
considerable reduction of the intensity of the bands at 1630 cm-1 and 960 cm-1 caused by 
the loss of water as well as the OH groups from the gel structure. 
    In the spectra of gels of the composition T there appear bands at ≈ 570, 606 cm-1 
characteristic for the crystallized phases identified by X-ray diffraction. These bands are 
connected with the bending vibration of P-O-P in [PO4] groups occurring in apatite. For 
gels, in which acetate is the precursor of CaO, there appear bands at 1460 cm-1, 870 cm-1, 
derived from C-O bonds in CO3 groups, the intensity of these bands being definitely 
greater when triethylphosphate is the substance introducing P2O5. In the case when 
acetate Ca and the acid H3PO4 are used as precursors of the respective oxides (T11) there 
appear bands at 984 cm-1 connected with the vibration of Si-O-; at 941 cm-1 deriving from 
the overlapping extending vibration of Si-O- and P-O-P, and a band at 716 cm-1 which is 
characteristic for vibration in the rings of the [SiO4] tetrahedra of cyclowollastonite [8]. 
    One-stage thermal treatment of gels up to 1000 oC brings about the decay of the bands: 
≈ 1630 cm-1 connected with the presence of water and ≈ 1460 cm-1, 870 cm-1, derived 
from vibration in CO3 groups. In the case of S1 gel, where acetate is the precursor of CaO 
and ester of P2O5, there appear bands at 570, 610 cm-1, characteristic for vibration of 
[PO4] groups in apatite, and bands corresponding to the vibration of bonds in 
recrystallized cyclowollastonite (716, 925, 939 cm-1). 
    In the spectrum of S11 material (CaO-acetate, P2O5 - acid) one can observe increased 
intensity of bands connected with the vibration of bands in apatite (570,610 cm-1). On the 
other hand, when nitrate is used to introduce CaO, the spectra of the materials do not 
show any greater changes after heating at 1000 oC, only the band at 1224 cm-1, 
corresponding to the vibration of P=O groups when ester is the precursor of P2O5, 
becomes conspicuous. 
    In the spectra of all gels of the T series intensive bands at 570, 610 cm-1, attributed to 
the vibration of the apatite groups [PO4], are visible.  
 Thermal treatment of T1 and T11 gels in which CaO was introduced via acetate, 
caused the occurrence or increase in the intensity of the bands at 925, 937, 991 cm-1 
connected with the extending vibration Si-O- in cyclowollastonite. The band described as 
deriving from the vibration of the rings of the SiO4 tetrahedra above compound is very 
distinct. 
    On the other hand, in the spectra of materials, for the synthesis of which the nitrate Ca 
was used as precursor of CaO, independently of the applied precursor of P2O5, there 
appear several bands ascribed, respectively, to the extending vibration of the bands Si-O-
Si (700, 930 cm-1) and Si-O- (665, 683, 895, 968 cm-1) in crystallizing wollastonite. 
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IV. CONCLUSIONS 
 
    While carrying out the synthesis of gels of the compositions S and T from the system 
CaO- SiO2- P2O5 it has been observed that the mode of the formation of these materials 
depends on the precursors of the oxides CaO and P2O5. With the applied preparation 
method the final product obtained as a result of thermal treatment up to the temperature 
of 1000 oC is a glass-crystalline material of various degree of recrystallization. 
 The main crystalline phase is apatite and besides it, depending on the applied 
precursors, other phases undergo crystallization. In the case when acetate is used as 
precursor of CaO, cyclowollastonite is crystallized, and when CaO is introduced via 
nitrate - it is wollastonite. Independently of the precursors there appears crystalline 
calcium phosphate. 
    The greatest tendency for crystallization is manifested by gels in which acetate was 
used as precursor of CaO, and the smallest - when nitrate is the precursor of CaO and 
phosphate ester is used to introduce P2O5. 
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Abstract 
 
 Elastic properties at room temperature are very informative about the structure of 
solids and they are directly related to the interatomic potentials. The elastic properties 
have been calculated after measuring both longitudinal&shear ultrasonic velocities 
and density of the prepared amorphous solid "Tellurite Glasses". The rest of the other 
elastic moduli (Bulk, Young's, Poisson's and Debye temperature) have been deduced. 
Information about the structure of the glass can be deduced after calculating the 
number of network bonds per unit volume, value of the stretching force constant of 
each bond and the mean crosslink density. 
 The  shape of the loss peaks of ultrasonic attenuation in the rang 100-300 K for the 
present tellurite glass (i.e., the relaxation spectra), the activation energy and the elastic 
moduli at room temperature were analysed and correlated with the bulk modulus and 
cation-anion stretching force constant. 
 
 
 
-------------------------------------------------------------------------------------------------------- 
∗ Full manuscript not available at the time of printing 



ELECTRICAL PROPERTIES OF COPPER - CADMIUM PHOTOCHROMIC 
GLASSES 

 
E.Rysiakiewicz-Pasek, B.Ziemba* and E. ∫elazowska* 

 
Institute of Physics, Technical University of  Wroc≈aw, Poland 

*Institute of Glass and Ceramics in Warsaw, Cracow Branch, Poland 
 
 

Abstract 
 

 The electrical properties of copper - cadmium photochromic glasses using 
thermally stimulated currents (thermally stimulated polarization TSPC and 
depolarization TSDC) technique were investigated. The measurements were 
performed for the glass after heat treatment because untreated glass has no 
photochromic properties. The photochromic properties (spectral curves of the 
optical density) after various heat treatments are also presented. 

 
 
1. INTRODUCTION 
 
    Silver halide photochromic glasses, the largest group of photosensitive glasses, have so 
far been extensively used as spectacle glasses [1-3]. Such an application requires glass to 
be able to attain as short as possible darkening times (from over a dozen sec. to 30 sec.) 
when exposed to irradiation, and as short as possible relaxation times (0.5 - 5 min) after 
irradiation ceases. 
    Over the last years there have been more and more frequent mentions to another 
possible application of photochromic glasses as an information (image) carrier of 
multiple use [4,5]. There have been no data, however, evidencing that these glasses had 
already been employed for the above mentioned purposes. As opposed to spectacle 
glasses, they should have a relatively short darkening period and a very prolonged 
bleaching period (slow relaxation). It has been assumed that the bleaching period of such 
glasses should be longer than 30 min. 
    This new trend in the applications of photochromic glasses, suggested in the literature, 
has prompted us to undertake research work in this field at the Institute of Glass and 
Ceramics, Cracow Branch. The main purposes of our investigations performed within a 
research project included the synthesis of phototropic glasses which could be used as 
reversible information carriers of multiple use. This purpose determined the requirements 
to be met by base glasses, our starting point of experimental research work. 
    In this paper we investigate the electrical properties of copper-cadmium photochromic 
glasses using thermally stimulated current technique. This method was efficiently applied 
to determine of structure of silicate and germanate glasses [6.9]. 
 
 
 



 2

2. EXPERIMENTAL 
 
    The SiO2 -B2O3 -Al2O3 -Na2O system was chosen as a point of departure for laboratory 
trials because it had so far been studied the most thoroughly [10-13]. Based on the data 
relative to the compositions largely adopted for photochromic glasses in this system it has 
been found that the average content of particular components oscillated about the 
following values (mol %, rounded numbers): 61 SiO2, 19 B2O3, 6 Al2O3 , 14 Na2O. On its 
basis a net of matrix glasses was established, and chemical compositions of over a dozen 
glasses were determined. for laboratory melting. The content of particular components in 
a matrix glass changed in the following range (mol %): SiO2 from 57 to 64, B2O3 19 - 23, 
Al2O3  6 - 7, Na2O  9 -14. 
   In agreement with the literature data, copper and cadmium compounds (corresponding 
to 0.5 - 0.75 mas % of Cu and 1.0 -1.5 mas % of CdO), chloride and fluorine were 
introduced as the main components  of  the photochromic phase. Tin oxide and a reducing 
agent were also used as additives. The content of active additives was introduced over 
100 mass parts of a matrix glass. Glasses were melted in a laboratory silite PSK-7 furnace 
in unglazed porcelain crucibles, 250 cm3 capacity each, at 1420 -1440 oC 
   According to expectations, none of copper-cadmium glasses melted in the laboratory 
trials showed photochromity or became coloured under UV irradiation directly after 
annealing. That is why all these glasses were subjected to the single - stage heat treatment 
by holding at a chosen temperature  in  the range 530 - 650oC for a time of 15 min to 6 
hours. It was only after such a treatment that some of the glasses reacted to radiation and 
took on smoky color (sometimes with a greenish tint). Glasses held at temperatures above 
600oC  sometimes displayed distinct opalescence and even slight opacity. 
   The subject of investigation was glass with the basic composition (mol %): SiO2 - 57, 
B2O3 - 23, Al2O3 - 7, Na2O - 13 (glass A) to which was added copper and cadmium 
compounds (glass B). Glass B was submitted heat treatment at 600, 610 and 620oC during 
1h (glasses B1, B2 and B3 respectively). 
   The transmittance measurements were performed on the samples in an initial state and 
after 10 min. irradiation with a 200W  mercury discharge lamp without filter as a light 
source 
 The thermally stimulated polarization TSPC and thermally stimulated depolarization 
TSDC measurement procedures have been described in detail [7,8]. In TSPC 
measurements, an unpolarized sample is cooled to a low temperature (~100 K). An 
electric field F is applied and the sample is heated with a constant rate. During heating 
TSPC-1 current is recorded. Then the sample is rapidly recooled with the field still 
applied. The sample is again heated and TSPC-2 current is measured. The dc conductivity 
σ was calculated from TSPC-2 curve from the equation: 
 
    σ =I/ F. A                                                              ( 1 ) 
 
where I is the current, and A is the electrode area, F is the field [V/m] . 
   The activation energy for dc conductivity Edc was obtained from plots  of  log σ vs 1/T   
using the equation:. 
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      σ =σo exp(-Edc / kT)                                                   (2) 
 
where σo is the preexponential factor, Edc  is the dc  activation  energy, k is the Boltzmann 
constant, T is the temperature. 
   For thermally stimulated depolarization TSDC measurement a sample is polarized by 
an applied electric field FP at a temperature TP for a time tP. This polarization is frozen-in 
by cooling the sample to a low temperature. Then the electric field is switched off an the 
sample is heated, while depolarization current is measured. The activation energy of 
TSDC peak was determined by partial-discharge technique. In this technique the sample 
after being polarized is then depolarized by partial heatings. 
   The apparatus used for TSPC/TSDC measurements  has been described previously [14]. 
Corresponding investigations were performed in the system consisting of a cell, vacuum 
system and an electrometer. All TSPC/TSDC measurements were carried out by means of 
computerized automatic measuring system. Before measurements the glass samples were 
preheated to 450K to remove the surface moisture. The thermally stimulated currents 
were measured in the temperature range 100-450K with a constant rate 5 K/min. The 
glass samples were of the following dimensions 10 . 10 . 0.5 mm3, the surfaces were 
polished from both sides. 
 
3. RESULTS AND DISCUSSION 
 
   The majority of the samples darkened after that irradiation. The optical density of these 
glasses has increased significantly over the whole spectral range. This is illustrated by 
diagrams shown in Fig.1. which relate to the glass B1 

   The diagrams in Fig.2 show the time dependence of glass bleaching process at room 
temperature after the end of irradiation. At first, the bleaching process (a decrease in 

 
 Fig.1. Spectral curves of the optical density, D, for  the glass B1. Optical density of a 
sample -  curve making: 1- before irradiation, 2 - directly after irradiation, 3 -15 min, 4 -
60 min, 5 -180 min after irradiation. 
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optical density, D) is fast, and then it starts to slow down, and the sample reaches the 
initial optical density after 24 or even after 48 hours. As a measure of bleaching progress, 
the time after which the added optical density of a given sample decreases to its half 
starting value can be adopted. This coefficient, designated by  τ1/2 ∆D is also dependent on 
the heat treatment temperature of a glass. In the example shown in Fig.2  τ1/2 ∆D is equal 
about 45 min. for a sample held at 620 oC for 1 hour (glass B3) and about 250 min. for a 
sample held at 600 oC for 1 hour (glass B1).  
 The dc conductivity curves for glass A, B and B2 are presented in Fig.3. The activation 
energy, Edc , values are equal: 47 kJ/mol for glass A and 48 kJ/mol for glass B before and 
after heat treatment (∆Edc = ±2 kJ/mol). The influence of photochromic elements on dc 
conductivity is not significant. The values of dc conductivity for glass A and B are almost 
similar. After heat treatment dc conductivity of glass B increases. 

 
 In Fig.4 and 5 the dependencies of TSDC current on polarization electric field and 
polarization temperature of glass B2 are presented. Three peaks Pl, P2 and P3  are 
observed in the glasses B and B2. The magnitude of the low temperature peaks (P1) is 
similar for unheated and heated glass B. The magnitude of the high temperature peak (P2 
and P3) varied with the heat treatment. Glass B2 which was heated has smaller P2 and P3 
peaks than homogeneous glass B [15] 
 

 
Fig.2. Optical density ,D, of the glass B1 and B3 as a function of bleaching time, τ , 
at room temperature. 
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 The values of activation energy, Ea ,obtained from partial discharge experiments are 
presented in Table 1 

 

 
Fig.3. The dc conductivity for glass A and    Fig.4. Dependence of TSDC peaks on 
glass B before and after heat treatment.    polarizing field for glass B2 (Tp = 243 
                 K, tp =l5min) Fp = 1-3 105 V/m, 2 -  
                 7 ·105 V/m, 3 - 9 105 V/m. 
 

 
        a             b 
Fig.5. Dependence of TSDC peaks on polarization temperature for glass B2 
(Fp=5 105 V/m, tp =10min)  Tp = a) 1-243K, 2-273K, b)1-323K, 2-363K, 3 -
383K. 
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Table 1 

   The activation energy values, Ea ,of TSDC peaks for glass B2 
 

Peak   P1 P2 P3 

Ea [kJ/mol] 18 30 36 

∆Edc  = ± 2 kJ/mol 
 
 The increase in dc conductivity and the changes of magnitude of TSDC peaks after 
heat treatment are attributed to the structure of investigated glasses. 
 Generally  it is known that the incorporation of aluminum oxide in the glass network 
results in the formation of tetrahedra (fourfold coordination) up to a ratio of 
Al2O3/Na2O=1. At higher ratio the excess of aluminum ions is believed to form octahedra 
(sixfold coordination). In the investigated glasses the Al2O3 / Na2O ratio equals 0.54. 
According to Milberg [16] and Bray [17] in the borosilicate glasses with Na2O/B2O3 <0.5 
all Na2O is incorporated in the borate network and SiO2 dilutes this network. Therefore it 
can be supposed that sodium ions in the investigated glass may be divided between the 
aluminate and borate units. 
 Glasses A and B are homogeneous. After heat treatment the transparent glass B 
became Milky. The insignificant increase in dc conductivity after heat treatment can be 
related to partially phase separation into silica and sodium-rich phases. It can be supposed 
that sodium-rich phase starts to be interconnected and dc conductivity is defined by this 
conducting phase. 
 The more detail information about structure of glass B can be determined from TSDC 
data. The obtained results indicate different  activation energies for TSDC peaks and dc 
conductivity. The activation energy values for P1, P2 and P3 peaks are smaller than for dc 
conductivity. The temperature maximum of the low temperature P1 peak is independent 
on the polarization time and the polarization field. The magnitude of this peak is linearly 
dependent upon the polarizing field (up to 9 . 105  V/m) and the polarization time. These 
facts confirm the dipolar origin of P1 peak. The low temperature peak in both B and B2 
glasses can be attributed to reorientation sodium ions around [AlO4]- or and [BO4]-  
groups. The high temperature TSDC peaks (P2 and P3) are obviously dependent upon the 
microstructure of glass. The observed changes of magnitude of these peaks in glass B and 
B2 can be explained by phase separation occurring in  glass B after heat treatment. It can 
be supposed that a translational sodium ions motion in sodium-rich phases is responsible 
for high temperature TSDC peaks (Day's model [6]). Presently, more precise explanation 
of the origin of  P2 and P3 peaks is difficult because of complicated structure of the 
examined glasses. 
 
4. CONCLUSIONS 
  
 The darkening - bleaching process in the investigated glasses has a reversible 
character. The results obtained show that these glasses keep a generated image 
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sufficiently long in the state of darkening that allows to use them as reversible data 
recording media. 
 The increase in dc conductivity and change of the magnitude of thermally stimulated 
peaks for cooper - cadmium photochromic glasses are related to phase separation 
occurring in  these glasses after heat treatment. 
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 Abstract 
 

 For the first time the electrochemical  dissolution is investigated of 
vitreous alloys. We investigated anodi dissolution of telluride glasses of the 
binary and ternary systems. The electrochemical and chemical equivalents is 
investigated for glasses of the mentioned systems. The means of 
electrochemical and chemical equivalents are shown for valuation of features 
of a structure of glasses. The example is shown of a research of a 
electrochemical dissolution of glasses of a system T1-Ge-Te. Results specify 
inclusion in a glassy grid of a system Tl-Ge-Te of fragments of a metastable 
combination GeTe2. 

 
 
I. INTRODUCTION. 
 
    The researchers are engaged as a rule kinetics of a dissolution of glasses in various 
solvents. The information about a study of the electrochemical dissolution of glasses is 
completely away. For the first time the research is carried out with the purpose of the 
study of the electrochemical anodi dissolution of the chalcogenide glasses of systems AIV-
BVI, AV-BVI, AIV-BV- CVI, AI-BIV- CVI, AIII-BIV-CVI, AI-BV- CVI, AIII-BV-CVI,The 
dependence of a rate of the anodi dissolution of glasses from density of the current is 
investigated for mentioned systems. The significances of the electrochemical equivalent 
were determined for the vitreous alloys investigated. The various gears of the 
electrochemical dissolution of glasses are offered. 
 
II.  EXPERIMENTAL RESULTS 
 
 In this report the example is shown of a research of a electrochemical dissolution of 
glasses of a system Tl-Ge-Te. For synthesis of glasses is used a standard method of 
synthesis from elementary substances of a semi-conductor cleanliness. The electrodes 
joined to example of glasses with the constant area of section. Another parties of example 
are coated by a dielectric. The telluride glasses are dissolved electrochemically easiest. 
The electrolyte for a electrochemical dissolution is selected individually for different 
glasses. For example, 1m solution of NaOH was used for glasses of a system T1-Ge-Te. 
The electrochemical equivalent ( ECE ) is calculated by stationary method under the 
formula (1): 
 
 ECE =  ∆m/Q =  ∆m/JQτ                      (1) 
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where ∆m is a loss of a weight of a example; 
Q is a quantity of the electricity;  
J is current during time τ.  
The molar weight of chemical equivalent ( CE ) is calculated under the formula (2): 
 
 CE = ECE·F                                                    (2) 
 
where F is Faraday constant ( F = 96500 C·mol -1). 
   The speed of electrochemical dissolution W is calculated by stationary method under 
the formula (3): 
 
 W = ∆m/∆τ·S·A                       (3) 
 
where S is the area of section of a sample, adjoined with the electrolyte; } is the average 
weight of a mole of atoms of a glass. 
    The speed of electrochemical solution W is calculated by stationary method under the 
formula (4): 
 
            W = (d∆m/dτ)  1/S.}                                      (4) 
                        
where d∆m/dτ is determined on a angular factor of a tangent to graph of dependence of a 
loss of a weight ∆m from a density of a current J/S. The condition (J/S=const·τ) give 
manually or automatically. At the moment of weighing the current in a circuit was 
disconnected. The electrochemical equivalent and a molar weight of chemical equivalent 
are calculated under the formulas ( 4, 5) : 
 
            ECE = K·A                                               (5) 
 
            CE = K·}·F                                              (6) 
 
where K is the angular factor of a linear graph of the dependence of the speed of 
electrochemical dissolution W from density of current J/S. 
    The results of investigation are submitted on a figure for glasses of a system T1-Ge-Te 
on section GeTlTex. . 
     
III. DISCUSSION 
 
    The dependence of the speed of electrochemical dissolution of chalcogenide glasses 
from density of a current is linear in the case, if a electrolyte select correctly. The sizes of 
electrochemical and chemical equivalents do not depend on choice of stationary or 
unstationary methods of research. The exception was made by glasses of a system T1-Ge-
Te with the shortage of a tellurium. The glasses of a system Tl-Ge-Te on a section GeTl-
Te are dissolved electrochemically in 1m solution of NaOH. The graphs are submitted of 
the dependence of mole weight of a chemical equivalent of glasses of a given section, 
received unstationary (1) and stationary (2) methods by electrochemical dissolution in 1m 
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solution of NaOH and as well as calculated to next gears: (3) by a loss in a deposit of 
combination GeTe2, (4) by a loss in a deposit of combination GeTe, (5) by a complete 
solution of glasses. The fragments of metastable combination GeTe2 were found out by 
the by stationary method. It is followed from a figure. In this case the advantage was 
realized by stationary method consisting that in difference from a stationary method, its 
use require of the frequent weighing of examples each 3-5 mines. The sample was always 
cleared before weighing. In case of the stationary method a sample is cleared through 40-
60 mines, therefore the deposit of metastable combination GeTe2 dissolve 
electrochemically partly (4) or completely (5). 
 

 
Figure. The dependence of the experimental and theoretical sizes of a molar weight of a 
chemical equivalent of glasses of a system Ge-Te-T1 on section GeTlTex from a 
composition of glasses. The senses of symbols are in a text. 
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IV. RESUME 
 
    For the first time the electrochemical dissolution  is investigated of glassy alloys. It is 
shown, that the electrochemical and chemical equivalents, received in relation to reaction 
of the anodi solution, is the structure-sensitive size. It is shown that the research of the 
electrochemical dissolution of the glasses gives the applied information and the 
information about a nature of the microheterogeneous structure of the glassy alloys with 
electronic conductivity. The fragments of metastable combination GeTe2 were found out 
by the unstationary method of the electrochemical dissolution in glasses of a system Ge-
Te-T1. 
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Abstract 

 
 This work is addressed the investigation of electronic states in the gap of mobility 
and defects in the bulk and surface layers of glasses MeO-P2O5 (Me=Be, Zn, Ca, Sr, 
Ba). The methods applied are quantum-chemical cluster simulation, luminescence 
optical absorption. ESR and exelectronic spectroscopy of the surface. Electronic 
structure is governed by the cation-modifier type and the short range order in glass. In 
case of cations with weak ionic field (Me=Ca, Sr, Ba) band tails are formed by O2p 
orbitals of oxygen atoms on coordinations P=O=Me and P-O for valency band and by 
a complex molecular orbitals involving P, O and Me atomic orbitals for conduction 
band. In case of "strong" cations (Me=Be, Zn) valency and conduction band tails are 
maked up by O2p orbitals of oxygen atoms P-O-Me and by space and energetically 
isolated P 3s, 3p, 3d states, respectively. Radiation-induced optical and ESR centers 
are subdivided into two classes according to the type of short-range structural 
disturbances (1) discreet (defect) states of bond breaks (PO4

2-, PO3
2- centers); and (2) 

continual (localized) states of band tails, caused by dispersion of short-range order 
parameters (PO4

4-, (Me2+)2- centers). The features of electron-hole processes depend 
on the cation type in glass as well. The exoelectron emission observed from the 
surface takes place due to Auger mechanism: the recombination of holes from PO4

-2 
centers with electrons of PO3

2- (weak cations) or (Me2+)2- centers (strong cations). 
Hole induced processes result from high hole mobility and short valency tail length in 
phosphate glasses. 
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Abstract 
 

        By automating the I.S. machine by means of the Feeder, Parallel 
Cutting, Invert and Take-out servomechanisms and by means of a 
powerful and flexible control electronics that is configurable by the 
customers, BDF fulfills the requirements of the glass industry with some 
electric mechanisms which are the result of the state-of the-art automation 
technology and modern mechanics and which consist of a small number of 
components. Thanks to its new automation project, BDF manufactured 
some mechanisms that are driven by electric servomotors and that are able 
to optimize the movement of those mechanisms which were usually driven 
by mechanical cams. The need of an electric servocontrol of the Feeder, 
Invert and Take-out mechanisms is due to the fact that the mechanisms 
working "in contact with glass" should be more and more flexible and it is 
also the result of a thorough analysis of the    manufacturing defects and of 
the scraps due to a malfunction of these mechanisms. 

 
 
I. INTRODUCTION 
 
    Speedup, weight lightening and higher quality standard were the spur for the 
manufacturers of machines in the mid-eighties in Europe. At the beginning of the 
nineties, instead, the manufacturers of hollow glass were interested in high-
productivity forming machines for ordinary articles (bottles for beer, mineral water, 
wine, etc.) and very flexible machines for special articles as a result of the greater 
demand for this type of articles and of the strong domestic competition. 
    The production mix is a strategic component for the management of a company 
where there is not one single product but where the range of products includes articles 
that are similar from a technological point of view but that differ in their appearance. 
    For a glass industry, manufacturing means also choosing the articles to be 
manufactured at the same time, so that the pull of the melting unit is constant. The 
more the pull of the melting unit is constant, the better it is; in this way, the costs of 
the melting energy are lower, the temperature of the melting glass is constant, the 
properties of glass are more stable, the melting unit is used under the best operating 
conditions and the gob weight varies very little during the manufacturing cycle. 
    In order to meet the above mentioned requirements, modernizing the present 
technologies is not enough. New solutions with up-to-date automation technologies 
are necessary. 
 
II. ELECTRONIC CONTROL SYSTEM 
 
    The new control of the I.S. machines is the BDF-TDE128T integrated system with 
distributed intelligence architecture controlled by a supervision computer which is 
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series connected with the various control modules and which is managed by a view 
windows software for a guided dialogue and for an easier and quicker usage. 
    The control modules, one per each section, are independent units with their own 
CPU with double microprocessor which is able to control 48 inputs and 48 outputs for 
each section and to control the electronic pusher and the invert and take-out 
servomechanisms. 
    Each section module is independent and it may be controlled and programmed 
autonomously, so that it is possible to manufacture different articles with the same 
machine at the same time. 
    The integrated drive module, a flex-line type, is able to control and synchronize all 
the motors with the machine speed, the independent motors and the motors of the 
Invert and Take-out servomechanisms. 
    The system has brushless motors with a speed of 100 - 2000 rpm, characterized by 
small size, accurate positioning repeatability, reliability, constant torque during almost 
all the speed range. The motor is coupled with its drive by the machine computer so 
that the max. flexibility of the system is achieved. 
    BDF, of course, together with the new integrated control system, manufactured also 
a new line of servomechanisms which can fulfill the requirements of the latest 
electronic digital controls. 
 
III. SERVO FEEDER 
 
    Recently BDF introduced the Feeder with electronic control in the flexible line. 
According to this new project, the two mechanisms, Shears and Plunger, are 
independent one of the other and each one is driven by a brushless servomotor, which 
is controlled by a microprocessor card. In this way, the mechanical cams are not used 
any more thanks to the management of an electronic cam file. 
  Thanks to the new shears mechanism with parallel cut the cut of the gob was 
improved: in fact, the time when the shears are in contact with glass, which should be 
as shorter as possible according to the gob dimensions, is controlled accurately and 
continuously. 
    Very short times of contact with glass, when the weight of the gobs is of few grams, 
implies a strong side push against the gob during the cutting operation, because the 
inertial mass of the gob is very small and therefore the gob might side-skid off the 
theoretical trajectory. 
    This is the reason why BDF designed 16 different types of cams, according to the 
type of gob to be cut: cams with quick cut and triangular profile for low speed and big 
gobs or cams with slow cut and harmonic profile for medium-high speed and light 
gobs. 
    For each selected cam, the time of contact with glass is always constant also when 
the cutting speed changes and this is the contrary of what happened before; in fact, a 
mechanical cam could be used in a rather wide range of speed and, therefore, the time 
of contact with glass were different and this resulted in a defective cut and in a 
defective fýnished product. 
    Moreover, BDF solved the problem of the shears vibration, which was due to the 
mechanical cam drive and, by doing so, also the defects and the problems of loading 
were solved, thanks to a rigid mechanical drive between the motor and the roller 
screw driving the alternating motion of the blade-holding trolleys. 
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     Thanks to the plunger mechanism it is possible to select the desired cam by means 
of the computer and to change the starting point and the stroke according to the 
production requirements; all this improves the control of the gob formation, especially 
at low and high speed and the weight of the gobs is more constant. 
     Thanks to the above mentioned characteristics, the machine flexibility is increased, 
the operator does not have to operate the Feeder directly and there is a saving of raw 
materials and energy, resulting from an increase in productivity and in output. 
 
IV. SERVO GOB DISTRIBUTOR 
 
    This mechanism, which is driven by a brushless motor, works with a number of 
sections and with a delivery order that is programmable by the machine terminal 
automatically. 
   The theoretical positioning angles and the delivery order may be checked and 
changed by means of the portable terminal or machine computer. 
     The servocontrolled gob distributor combines programming flexibility with a high 
productive capacity, up to a speed of 220 gobs per minute. 
     The positioning movements are governed by a law with sinusoidal acceleration so 
that the motion is continuous and free of vibrations. 
     The gearing, which is oil-bath lubricated and consists of helical gears and of a rack 
with inclined and ground teeth, offers top reliability and repetitive positioning in time. 
    The position is controlled by a double resolver, one on the motor and one on the 
pinion driving the rack, thus obtaining the max. safety. 
 
V. ELECTROPNEUMATIC VALVE BLOCK 
 
    The control of the movement of the section mechanisms is performed by means of 
the new electropneumatic valve block 05-BVE with 21 lines, which is characterized 
by: 
· pneumatic slide valves with shutter for high speed of response and low flow 
resistance; 
· valve body made of light alloy with seals made of vulcanized polymer; 
· 16 mm diameter air vents; 
· operation with air up to 120oC: 
· the valves are positioned vertically for a balanced operation of the shutter; 
· quick replacement of the single valves; 
· possibility to feed all the lines independently; 
· independent adjustments of all the 21 lines; 
· enblock light alloy frame; 
· interchangeability with the existing ones. 
 
VI. MACHINE CONVEYOR AND HIGH SPEED TRANSFER WHEEL 
 
    The pushers with electronic cam by BDF are the result of an accurate design aiming 
to optimize the drive of the mechanism and the pusher cylinder. 
    A bipolar stepping motor with 10,000 pulses/revolution is really ideal for this type 
of mechanism, which is characterized by low speed of rotation, low inertia and, 
therefore, low torque. The BDF pusher with stepping motor is equipped with a 
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continuous cooling system throughout the conveyor tunnel, to prevent overheating 
problems due to the small fires which usually take place under the conveyor. 
    The timing belt drive, the light alloy support and cylinder and the cylinder with 
fixed stroke, which may be adjusted from the outside, guarantee the reliability of these 
mechanisms. 
    By means of the portable terminal or of the machine computer, it is possible to 
change all the regulating parameters of the Pusher mechanisms manually. 
    The conveyor drive includes a microprocessor-controlled brushless motor. In this 
way, it is possible to change the relation of minimum speed to maximum speed of the 
machine from 1:8 (in case of an inverter system) to 1:20 (in case of a brushless 
system). 
    This is possible thanks to a brushless motor exerting the rated torque also at low 
rotation speed, when the synchronous and induction motors suffer from power losses 
because of heat dissipation to a greater extent. 
     By means of the flexible drive of the BDF conveyor it is possible to program all 
the speeds of the conveyor belt in a range of number of machine sections from 4 to 12, 
in a range of section speeds from 2 to 20 cuts per minute and in a range of belt 
conveyor step from 5" 1 /4 to 31 "1 /2. 
      The new transfer wheel 20-TR1 is controlled by the machine drive electronically. 
The machine drive controls the tip speed of the transfer fingers automatically 
according to the machine speed, to the type of process (SG-DG-TG) and to the step 
between the transfer f ngers. 
  The drive of the transfer wheel was made independent by assembling a 
servocontrolled brushless motor. 
    Thanks to a system for the electronic timing of the transfer wheel by means of a 
proximity switch, it is possible to synchronize the wheel movement with the articles 
arriving on the conveyor, without the mechanical clutch unit which is usually 
assembled on this mechanism. 
     The cross-conveyor control is an useful additional unit in a flexible line with a step 
which may be programmed by the computer without the traditional mechanical speed 
variator. 
    Also for the cross-conveyor there is a fixed-ratio drive controlled by a brushless 
motor; this may work in the whole range of speed necessary to obtain a step of 1.2" to 
30". 
 
VII. SERVO INVERT AND SERVO TAKE-OUT 
 
     A great step forward in the technological development of I.S. machine by BDF was 
the control of the Invert and Take-Out mechanisms by electric servomotors. 
  The innovation consists in replacing the pneumatic cylinders with electric 
servomotors controlling the rotation of the invert and take-out arms by means of ball 
screws. 
   The high output speed of the I.S. machines with one single delivery (450-500 
articles/minute) have shown the limits of the compressed-air mechanisms; in fact, this 
type of energy cannot guarantee a "perfect repeatability" of the movements in time and 
"the same setup" of all the mechanisms. 
    Presently the parison delivery time is about 0.55 seconds and the return of the invert 
arms into the blank mould is 0.4 seconds; it is easy to understand, therefore, that a 
pneumatic cylinder working at low pressure, even if it is servocontrolled, cannot 
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guarantee a constant motion and a continuous trend of acceleration and deceleration in 
time. 
    After some tests in a glass industry, it was found out that it is possible to reduce the 
manufacturing defects of the manufactured piece finish by using BDF mechanisms 
with electric control, thus increasing the output of about 2-2.5%. 
    In view of the cost of the finished product when it is scrapped because of defects in 
workmanship, the cost of compressed air, the noise, the pollutants and the cost of 
maintenance of the pneumatic mechanisms, it is clear that the application of a 
servomotor to the mechanisms working in contact with glass certainly benefits 
productivity, energy saving and work environment. 
    The control electronics and software are integrated with the section control of the 
forming machine and it is possible to program all the mechanisms by means of the 
machine computer without operating them manually. 
    A sensor at the end of stroke, assembled on the mechanisms, check that the arms 
have been positioned correctly in every cycle. 
    The servomotor resolver controls the position continuously. The motor control card 
includes an absolute meter which, by reading the resolver signal, checks the 
theoretical position (electronic cam) with the actual position of the motor in real time, 
so that it stops the whole section module if a mechanism is not positioned properly. 
 
VIII. CONCLUSION 
 
    What above mentioned is what BDF designed for its own machines and control 
systems, but new projects are being worked out, particularly about: 
 
· safety systems; 
· reduction of noise level; 
· processing of statistical data of the cold control line. 
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Abstract 
 
 The thermodynamic similitude method was applied for estimation of structural and 
energy order for glasses in the Na2O-SiO2, Rb2O(Cs2O)-B2O3, Na2O-ZnO-P2O5 
systems. Excess functions (enthalpy, entropy, Gibbs energy) of glasses with relative to 
the crystals of the same composition were calculated using the temperature 
dependencies of heat capacity obtained by DSC. Analysis of the results suggests the 
existence of two types of structural order (that of a crystal and of a metastable liquid) 
in alkali borate glasses as distinguished from the sodium silicate glasses (of a 
metastable liquid only). For alkali borate as well as alkali phosphate glasses the 
structural equilibrium increases with the alkali ion content. 
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Abstract 
 

 Most contemporary buildings of high technology are enclosed with a metal framed 
curtain wall comprising double glazing units as infill panels. The proposed 
comparative method ascertains the geometric efficiency of alternative glazing 
modules for selecting the most rational among alternative façade modules for such 
external envelope systems. The basic attributes of planar geometry for rectangular 
glass panes are here considered. As both dimensions of the glass pane increase while 
the shape approaches a square, the total number of panes, the total length of joints and 
the number of panes on the façade decrease, therefore reducing the risk of water 
penetration through joints as well as the assembly time on site. The mechanical 
performance of such panes is also improved since they act as membranes under wind 
pressure and an interaction occurs between the outer and inner panes of the double 
glazing units. 

 
 
1. INTRODUCTION 
 
 There are 2 parameters on rectangular glass panes for describing the planar geometry. These 
are the width (a) and the length (b). Different pane sizes for given increments of these are here 
tabulated as a matrix and also as a one-dimensional array below. 
 
            Table 1: Matrix and Array of Pane Sizes 
 

b1 1   
 

b2 
 
2 

 
3 

 

 
 

b3 

 
 
4 

 
 
5 

 
 
6 

 a1 a2 a3 
 

a1,b1 a1,b2 a2 ,b2 a1 ,b3 a2 ,b3 a3 ,b3 
1 2 3 4 5 6 

 
The area (A=a.b) and the aspect ratio (r=b/a) are then derived from the above quantities. Hence a 
and b can be expressed in terms of A and r. 
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    a=√(A/r)                           b=√(A.r)                                                              (1a)  (1b) 
 The joints along the perimeter of panes are considered as locations for potential air infiltration, 
water leakage or heat loss. The failures are attributed either to deficient joint design or errors in 
assembly on or off site. Consequently a reduction of the total length of joints on the façade is 
desirable for averting such failures. 
 In the case of curtain walls, for constant aspect ratio, a larger pane implies a smaller total 
length between the adjacent panes mounted on a metal carrier frame. The assembly time of the 
façade system is reduced as well owing to the smaller number of panes required on that façade 
[1]. This advantage is somewhat offset by the increased pane weight. 
 Similarly, for constant pane area, a smaller aspect ratio also yields a smaller total length on the 
façade. This parameter influences the mechanical behaviour of panes under wind pressure. The 
membrane effect becomes more significant as the pane shape becomes a square and this ratio 
approaches 1.0 allowing a smaller glass thickness to be achieved. The relevant design standards 
and failure models are reviewed in Reference [2]. The shape also affects the mechanical 
interaction which occurs between the outer and inner panes of a double glazing unit under wind 
pressure [3]. On a square unit the wind load is distributed more evenly between the two panes 
through the sealed air-gap. This effect is accentuated on higher wind pressures. 
 When windows are in consideration, the total length of joints increases with the window area, 
contrary to curtain walls. In that case the perimeter length becomes a direct criteria.  
 Thus 3 performance criteria emerge for evaluating the geometric efficiency of glass panes in 
curtain walls: 1. Large area, 2. Small aspect ratio, 3. Large division of area by aspect ratio 
expressing the combined effect of the first two criteria. 
 
2. METHOD 
 
 The quantitative method employed here for comparing pane sizes is described below, followed 
by an implementation on a set of alternative sizes in the context of curtain walls. 
 The actual values of parameters for the alternatives are first tabulated to provide input for 
evaluation. 
 Since some parameters have different dimensions, these are required to be non-dimensional for 
the purpose of comparing parameter performances with each other. Therefore the actual values 
are converted to relative values by interpolation between the maximum and minimum actual 
values in the set of alternatives for each parameter. The interpolation may be applied as linear or 
curvilinear depending on the circumstances. In this case linear is deemed to be appropriate. 
 
 
xr= ((xa -xa min)( xr max -xr min)/( xa max -xa min))+ xr min                                                                        (2) 
 
 
xr  : Relative parameter performance value 
xa  : Actual parameter value 
xa min : Minimum actual value encountered in the set 
xa max : Maximum actual value encountered in the set 
xr min  : Lower limit (e.g.1 ) 
xr max  : Upper limit (e.g.10) 
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 If the performance values are in an inversely proportional relationship with the actual values 
then the equation above is modified which indicates a rise in performance with a fall in actual 
values and vice versa. 
 In case that there are only 2 unidentical values among the alternatives for a given parameter, 
the maximum performance value will be assigned to the greater and the minimum to the smaller, 
since there are no intermediate values.  
 This comparative analysis enables to ascertain the performance of alternatives relative to each 
other rather than to establish their absolute adequacy. 
 The relative values are then multiplied by the appropriate weight factor of the relevant 
parameter, thereby reflecting the degree of significance which arises from the objectives 
stipulated by prevailing environmental or economic conditions and constraints. 
 
 
xs= (xr-xr ave) /Sxr                                                                                                           (3) 
 
 
xs  : Standard relative value 
xr  : Relative value 
xr ave : Arithmetic mean of relative values 
Sxr  : Standard deviation of relative values 
 
 Subsequently the weighted relative values are converted to standardized values for taking the 
statistical characteristics of the set of alternatives into account. 
 Finally, the 3 statistical performance criteria of arithmetic mean (Ave), standard deviation 
(Dev) and coefficient of variation (Var) of the parameters for each alternative are calculated and 
converted to relative performance values as above. For any system to be regarded as satisfactory 
all 3 criteria must be above their respective average values. The alternatives that fulfill this 
condition are then ranked in order of their statistical performance. Hence the method enables pre-
defined performances of alternatives as well as individual parameters to be compared analytically, 
providing an effective design tool. 
 The successive steps of the method are listed below. Computer- coding is done in Pascal 7.0 
programming language [4]. 
 1. Input of actual parameter values 
  2. Transformation to weighted relative performance values 
  3. Statistical Analysis 
  4. Transformation to standard performance values 
  5. Criteria test and Sorting of results 
 
 
 
 
 
3. IMPLEMENTATION 
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 10 alternative sizes of glass panes (G01, G02, ...) for a curtain wall are assumed to be available 
for the purpose of implementing the comparative method above. The minimum and maximum 
parameter values of alternatives and their sizes are given below. A constant dimensional 
increment of 30 cm. is used. 
 
                       Dimension (a,b)            Glass Area (A)                  Aspect ratio (r) 
Min:                        60                                0.36                                   1.0 
Max:                      150                                2.25                                   2.5 
 
 
             Table 2: Matrix and Array of Sample Pane Sizes 
 
b(cm) 60 G0l     
 90 G02 G03    
 120 G04 G05 G06   
 150 G07 G08 G09 G10  
  60 90 120 150 a(cm) 
 
60,60 60,90 90,90 60,120 90,120 120,120 60,150 90,150 120,150 150.150 
 G0l       G02       G03        G04         G05           G06           G07          G08         G09            G10 
 
 
  The effects of pane parameters on the performance criteria are tabulated below. The plus or 
minus sign denotes the rise or fall of performance for that criteria provided that all other 
parameter values remain constant. Zero signifies that there is no relationship in-between. While a 
affects all 3 criteria positively, b only has such an effect on A. 

 
     Table 3: Correlations between Parameters and Criteria 
 

 A r A/r 
a: + + + 
b: + - 0 

 
The 3 consecutive tables below present the actual geometrical criteria values, the relative 
geometrical performance criteria values and finally the relative statistical performance criteria 
values for each of the 10 alternative panes in the set. The weight factors of the criteria are taken 
as equal. The minus sign in the performance tables denotes that the corresponding value is below 
average. 
 
 
 
 
 

Table 4: Actual Geometrical Criteria Values for each Pane 
 

 G0l G02 G03 G04 G05 G06 G07 G08 G09 G10 
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A: 0.4 0.5 0.8 0.7 l.1 1.4 0.9 1.4 1.8 2.3 
n: 1.0 1.5 1.0 2.0 1..3 1.0 2.5 1.7 1.3 1.0 

A/n: 0.4 0.4 0.8 0.4 0.8 1.4 0.4 0.8 1.4 2.3 
 

Table 5: Relative Geometrical Performance Criteria Values (%) for each Pane. 
 
 G0l G02 G03 G04 G05 G06 G07 G08 G09 G10 

A: - - - - - 20.5 - 19.0 26.2 33.3 
n: 33.3 - 33.3 - 26.7 33.3 - - 28.3 33.3 

A/n: - - - - - 20.5 - 10.5 20.5 33.3 
 

Table 6: Relative Statistical Performance Criteria Values (%) for each Pane. 
 
 G0l G02 G03 G04 G05 G06 G07 G08 G09 G10 

Ave - - 16.5 - - 23.9 - - 24.1 33.3 
Dev - - - 24.6 - 20.5 24.8 24.2 26.3 33.3 
Var - - - - 22.1 26.4 - 26.0 29.6 33.3 

 
 
4. CONCLUSION 
 
    The panes satisfying the requirement that all 3 statistical criteria should be above average are 
G10, G09 and G06, as can be anticipated, with respective overall performance values of 100%, 
80% and 70%. While G10 has equal, i.e. perfectly balanced, relative statistical criteria values, 
G09 and G06 appear to perform the highest in terms of the variation coefficient. The initial 
assumption that pane performance increases with both pane dimensions is thus confirmed. Any 
one of these 3 panes is deemed as geometrically efficient. 
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Abstract 
 

    The fluorescence of Eu3+ ions is an environment-sensitive probe, which can 
be used as a new tool in the study of the microstructural changes in the gel to 
glass transformation. With increasing the heat-treated temperature, the total 
fluorescence intensity of Eu3+ ions doped in silica gel from the 5D0 excited 
state and the relative intensity of the hypersensitive transition 5D0 → 7F2 
(defýned as asymmetry parameter R) increase, and the emission spectrum 
shift takes place. These results show that the following processes may cause 
upon heating of the gel. Being heated at 250oC, the physical absorbed water 
and ethanol molecules in the gel have been desorbed, and one- and two-
dimensional polymerizations form. Treated at the temperature range of 250oC 
and 500oC, the SiO4 tetrahedral three dimensional network structure forms 
and strengthens gradually with removing the coordination water of Eu3+ ions 
and residual organic molecules. The glass network has basically formed upon 
heating to 500oC, and then the volume relaxation and viscous sintering take 
place at elevated temperature (up to 800oC). The high resolution emission 
spectrum of Eu3+ ions measured at 8.5 K indicates that the symmetry of Eu3+ 
ion sites in silica glass prepared by sol-gel process is Cs. 

 
 
1. INTRODUCTION 
 
    As a new wet chemical technique, sol-gel process has been successfully applied to 
prepare the inorganic powder, fýlm, fýbre and monolithic glasses. By sol-gel process, the 
oxide-glass can be prepared at lower temperature with respect to conventional melt 
method, and homogeneous doping at a molecular level can be performed in solution at 
room temperature. This technique with the ability to trap photoactive substances in an 
inorganic glass is expected to lead to new applications in nonlinear optics, solid state 
tunable lasers, photochemical hole býýrning, etc. [1]. To obtain a crack-free and 
homogeneous glass from wet gel, two main steps may be distinguished: wet gel to 
xerogel conversion and xerogel to fully densifýed glass conversion. Iýý order to make 
clear the complicated gel to glass transition, a variety of techniques have been applied to 
study the changes in the porous gel as a result of heat-treatment, including dilatometry, 
gas adsorption, DTA, TGA, TEM, IR, Raman spectroscopy, resonance techniques and 



SAXS, as reviewed by P. F. James [2]. A great deal of information has been obtained 
about the chemical and microstructural changes occurring in the gel to glass transition.      
 Most of the f - f* transitions in trivalent lanthanides are not much affected by the 
environment of the ion because of shielding from out shell electrons. Some, however, are 
very sensitive in a complex field. Such transitions are termed "hypersensitive" and obey 
the selection rules ∆J ≤ 2,  ∆L≤ 2,  ∆S=0 which are the selection rules on Γ(2) [3]. 
Here J, L and S are total angular, orbital and spin quantum numbers, respectively, and 
Γ(2) defines the crystalline fýeld. The transition 5D0 → 7F2 of Eu3+ ion is identified as 
hypersensitive transition. In this work, the fluorescence of Eu3+ ions is used as an 
environment-sensitive probe to study the microstructural changes in the silica gel to glass 
conversion. This will help to further advance the scientific understanding of the gel to 
glass transition. 
 
2. EXPERIMENTAL                                        
 
2.1. Preparation of Eu3+ doped silica xerogels 
 
     The Eu3+-doped silica gels were prepared by the acidic (HCl) hydrolysis of 
tetraethoxysilane ( TEOS ) in ethanol as has been reported previously [4]. Europium 
chloride was prepared from Eu203, 99.99 % purity, by dissolution in hydrochloric acid. 
The molar ratio of TEOS : water : ethanol in starting solutions was 1 : 4 : 4. Appropriate 
amount of EuCl3 solution was introduced in these solutions. The mixed solutions were 
adjusted to a pH of about 2 by the addition of HCl and stirred vigorously for 1 hour at 
room temperature, and then were placed in sealed plastic containers. The precursor 
solutions converted to wet gels after several days' gelation at 40oC. The containers should 
be left a perforation on the top allowing further hydrolysis and condensation reactions to 
take place at ambient temperature. The wet gels were continuously dried to obtain 
xerogels at room temperature.  
 
2. 2. Heat-treatment of Eu3+-doped silica xerogels 
 
    The derived Eu3+-doped silica xerogels were heat-treated as following: heated up to the 
required temperature and kept at that temperature for 24 hours in air, and then cooled in 
the furnace. In order to obtain crack-free monolithic gel glasses, the examples should be 
heated at the rate of 20oC / hour below 300oC and 60oC / hour at elevated temperature to 
avoid cracking and bloating induced by the rapid vaporization of water and residual 
organic molecules. 
 
2. 3. Measurement                                               
 
     The DTA and TGA curves were measured with a Lcp-1 differential thermal analyser 
and a PRT-1 thermogravimetric analyser, respectively. The fluorescence spectra were 
measured at room temperature with a Hitachi 850 spectrofluorometer. The high resolution 
emission spectrum of Eu3+ ions was performed at 8.5 K using the fourth harmonic of Nd : 
YAG laser at 266 nm, Spex-1403 monochrometer and boxcar. 



3. RESULTS AND DISCUSSION 
 
3.1. Temperature dependence of asymmetry parameter R 
 
    The electric-dipole transition 5D0 → 7F2 of Eu3+ ion is identified as hypersensitive 
transition, its transition intensity varies remarkably with the change in the site symmetry 
of Eu3+ ion. But on the other hand, the 5D0 → 7F1 transition intensity which is of the 
magnetic-dipole type is independent of the site symmetry. Therefore, it is generally 
suggested that the ratio of the emission intensities 
 

 
 
is an asymmetry parameter for the Eu3+ ion site [5]. The variation of R reflects the 
variation of the surroundings of Eu3+ ions and the covalency degree of the Eu-O bond in 
gel glasses. 
 

 
 
Fig.1 Asymmetry parameter R as a function of the heat-treatment temperature. 
 



 
 
Fig. 2 DTA and TGA curves of silica xerogel doped with Eu3+ ions. 
 
 Fig. 1 shows the fluorescence intensity ratio R of the 5D0 → 7F2 to the 5D0 → 7F1 
transitions versus the heat-treatment temperature. R increases remarkably when the Eu3+- 
doped silica xerogel is heat-treated in the range 250oC to 500oC, and increases slowly 
both below 250oC and above 500oC. Fig. 2 shows the DTA and TGA curves of Eu3+-
doped silica xerogel. The DTA endothermic band peaking at 140oC is attributed to the 
vaporization of physically absorbed water and residual organic molecules. The TGA 
curve shows marked weight losses in the same temperature range corresponding to the 
endothermic DTA peak, as a result of the removal of water and organics. The TGA curve 
between 250oC and 500oC shows smaller weight losses corresponding to the endothermic 
should DTA peak at around 250oC, which may be attributed to the results of the slow 
removal of the chemical absorbed water, e. g. coordination water, and the water resulted 
from further condensation-polymerization reactions. The TGA curve shows few weight 
losses at higher temperature (up to 800oC ). 
     When the Eu3+-doped xerogel is heated between room temperature and 250oC, R 
increases slowly because that the linear and planar polymerizations remain in the sample 
and the nearest neighbour of Eu3+ ion has few changes compared to that in no heat-
treatment xerogel. Being heated in the range 250oC to 500oC, Eu3+ ions are gradually 
coordinated by Si04 tetrahedral instead of H20 as a result of the removal of the chemical 
absorbed water and the formation of three dimensional polymerization. Eu3+ ion is 
situated in a distorted cube with eight nonbridging oxygens belonging to the corners of 
four SiO4 tetrahedra, each tetrahedron donating two oxygens [6]. This results in lowering 
the site symmetry of Eu3+ ions, and then increases greatly the asymmetry parameter R. 
The slow increase in R at elevated temperature (up to 800oC) shows that the nearest 
neighbour of Eu3+ ions exhibits few further changes and only volume relaxation and 
viscous sintering take place in this temperature range. The IR spectra indicate that silica 
glass can be obtained from xerogel after being heated at 800oC for 24 hours [7]. It implied 



that the Si04 tetrahedral three dimensional network structure has formed upon heating to 
500oC. 
 
3. 2. Shift effects of  5D0 → 7F2 emission bond of Eu3+ ions 
 
    During the gel to glass transition, the polarizability of the environment surrounding 
Eu3+ ions and the nearest neighbour of Eu3+ ions change with the removal of water and 
residual organics and the formation of three dimensional network structure, and then shift 
of Eu3+ ion emission spectrum will take place. Fig. 3(a) shows the heat-treatment 
temperature dependence of the peak site vm, the wave number in cm-1, of 5D0 → 7F2 
emission. The emission band shifts to blue part below 500oC, to red part at elevated 
temperature. 
    The loss of energy between absorption and emission of light, known as stokes' shift, is 
a result of the changes in the polarity of Eu3+ ions surrounding environment. If the silica 
xerogel can be regarded as a continuum, the relation of stokes' shift ∆v and the polarity of 
the environment surrounding Eu3+ ions is described by the Lippert equation [8]: 

 
 
where h is Planck's constant, c is the speed of light, a is the radius of the cavity in which 
Eu3+ ion resides; µ and µ* are the ground and excited state dipole moments respectively, 
and f is the orientation polarizability of the entire set of surrounding environment rather 
than one or a few neighbouring molecules. 
     Being heated between room temperature and 300oC, the relatively polar solvents, 
water and ethanol, evaporate, and the orientation polarizability decreases remarkably. The 
decrease in Stokes' losses results in a blue-shifted emission spectrum with respect to the 
emission spectrum of no heat-treatment xerogel. Being consecutively heated at elevated 
temperature, the increasing in the covalency degree of Eu-O bond brings an additional 
interaction as a result of substituting Si04 tetrahedra for water to coordinate with Eu3+ 
ions, and then introduces another shift effect, known as Nephelauxetic effect. This causes 
shift of the emission spectrum to longer wavelength. Stokes' shift has disappeared after 
heating at 500oC, and Nexphelauxetic effect has become the dominant shift effect from 
that temperature. 
 



 
 
Fig. 3 Peak wavenumber v m ( a ) and fluorescence intensity ( b ) of 5D0 → 7F2 transition 
emission of Eu3+ ions doped in silica gel as a function of heat-treatment temperature. 
 
 
3. 3. Temperature dependence of the emission intensity arising from the 5D0 → 7F2 
transition of Eu3+ ions 
 
   Fig. 3(b) shows the 5D0 → 7F2 transition emission of Eu3+ ions versus the heat-
treatment teýnperature. The temperature dependence of the 5D0 → 7F2 emission intensity 
is similar to that of asymmetry parameter. The result of the Eu3+-doped xerogel linear 
shrinkage versus heat- treatment temperature shows that the shrinkage in the range room 
temperature to 500oC is much smaller than that at higher temperature (up to 800oC). This 
indicates that the great increase in fluorescence intensity in the range 300oC to 500oC isn't 
caused mainly by the increase in Eu3+ ion concentration as a result of the decrease in the 
sample's volume. From the DTA and TGA curves of the doped xerogels and the shift 
effects of Eu3+ ion emission spectrum, as shown in fýg. 2 and fýg. 3(a), we suggest that 
the change .in the fluorescence intensity is caused mainly by the change in the hydroxyl 
group ( O-H ) concentration in the gel to glass conversion. 
  The study of Stein and Wurzberg [9] has conformed that the radiative transitions of 
lanthanide ions in the aqueous solutions are quenched strongly by the high-frequency 
vibrations of O-H groups located at around 3500 cm-1. Taking Eu3+ ions for example, the 
energy gap between the lowest fluorescent level 5D0 and the highest nonfluorescent level 
7F6  is about 12150 cm-1. This energy of the gap can be dissipated by 4 hydroxyl groups, 
and thus quenching by O-H vibration becomes an important mode of radiationless 



transitions. The fluorescence intensity of Eu3+ ions, however, increases slowly between 
room temperature and 250oC although much water loses in the same temperature range 
(see Fig.2). We suggest that the O-H groups which quench strongly the radiation 
transitions of Eu3+ ions are from the coordination water rather than the physically 
absorbed water. As mentioned above, with increasing the heat-treatment temperature, the 
three dimensional network forms and strengthens gradually, and the coordination water 
molecules are substituted by SiOa tetrahedra in the range 250 to 500 oC. The frequency of 
Si-O stretching vibration is about 1100 cm-1 [6]. The energy gap of Eu3+ ion need about 
12 vibrational quanta to match. It is obvious that there are lower probabilities of the non-
radiative transitions induced by Si-O stretching vibration. So the fluorescence intensity 
increases greatly. After heating at 500oC, the coordination water molecules are almost 
removed with forming the (Si-O)nEu bonds. Increasing the fluorescence intensity is due 
to the increase in Eu3+ ion concentration as a result of the decrease in the sample's 
porosity and volume at higher temperature.  
 
3. 4. Symmetry of Eu3+ ion sites in silica gel glass 
 
    J levels of Eu3+ ion split under the effect of crystal fýeld. The number of sublevels and 
bands is related to symmetry of Eu3+ ion sites. Transition features between Eu3+ ion 
sublevels depend obviously on the local symmetry of Eu3+ ion. By means of group theory 
and quantum mechanics, the 5D0 → 7FJ transitions can be classified in accordance with 7 
crystallographic systems and 32 point groups. Fig. 4 shows the high resolution emission 
spectrum of Eu3+ ions in silica gel glass measured at 8.5 K. There is one band at 17250 
cm-1 arising from the 5D0 → 7F0 transition, three bands at 16985 cm-1, 16855 cm-1 and 
16730 cm-1 from the 5D0 → 7F1 transition and five bands at 16271 cm-1,16210 cm-1,16133 
cm-1,16029 cm-1 and 15943 cm-1 from the 5D0 → 7F2 transition. The splitting numbers of 
the 5D0 → 7FJ (J=0, l, 2) transitions correspond to l, 3 and 5, respectively. Therefore, the 
local symmetry of Eu3+ ion sites is Cs [6,10]. 
 

 
Fig. 4 High resolution emission spectrum of Eu3+ ions in the sample treated at 800oC for 
24 hours measured at 8.5 K. 



4. CONCLUSIONS 
 
    The fluorescence of Eu3+ ions can be used to probe the changes in the nearest 
neighbour of Eu3+ ions and the microstructure of the Eu3+-doped silica gel in the gel to 
glass conversion. Three steps may be distinguished during the gel to glass transition. 
Being heated between room temperature and 250oC, the linear and planar polymerizations 
form and remain. Treated in the range 250oC to 500oC, the Si04 tetrahedral three 
dimensional network forms and strengthens gradually. The volume relaxation and viscous 
sintering take place at elevated temperature, until silica glass is obtained after being 
heated at 800oC. The symmetry of Eu3+ ion sites in this glass is Cs. 
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Abstract 
 
 One of the local waste by-product that represents a serious problem is the by-pass 
cement dust accumulated during the manufacturing of cement by the dry technology 
method. The amount of cement dust which accumulate in one plant may reach 600 
ton/day. These dust accumulations represent not only significant loss of money, 
energy and raw materials but also have a negative impact to the environment. The 
very fine nature of the cement dust causes air pollution which would negatively affect 
the health of man and living things. 
 The present work make use of the by-pass cement dust to be used as raw material 
for preparation of glass and glass-ceramics. Glass samples were prepared using 
batches containing about 50% of the by-pass cement dust, natural sedimentary 
materials and small percentage of chemical materials. Melting was carried out at 1450 
0C and the obtained glasses were yellow to green in colour, and have micro hardness 
(Vickers) values ranging between 610-596. Their optical absorption in the visible 
region and DTA were studied. The glasses were heat-treated at the temperatures 
revealed by DTA curves. The obtained glass-ceramics were found to have micro 
hardness (Vickers) values ranging between 618-702. X-ray examinations of glass-
ceramics samples that heat-treated at 910 0C indicated formation of gehlenite and 
wolastonite phases. 
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Abstract 
 

 This paper summarizes results from the studies on the synthesis of glass 
ceramic materials from the systems SiO2 - CaO - Na2O - B2O - P2O5 - CaF2 
and CaO - Al2O3 - P2O5 / R2O. The synthesis of the compositions  was carried 
out by the conventional glass-making technology and by the sol-gel method. 
The phase-formation areas are established and the corresponding phase 
diagrams are presented. The crystal products are studied and identified by the 
application of IR -spectroscopy in the range 1300 - 300 cm-1 .By using X-ray 
phase analysis it was proved that the phases predominantly formed are 
CaSiO3, Ca2P2O7 and borates in accord with the preset chemical composition 
of the glasses. In parallel with the formed silicates and phosphates mixed 
phases are present too. The results from the analysis of the thermal, 
mechanical and chemical properties of the synthesized products are presented. 

 
 
1. INTRODUCTION 
 
    The investigations carried out were aimed at the synthesis of glass ceramic materials 
for coatings on metal bodies , based on the systems SiO2 - CaO - Na2O -B2O3 - P2O5 - 
CaF2 and CaO - Al2O3 - P2O5 / R2O. The compositions were obtained by using the 
conventional glass-making technology and by the sol-gel method. The areas of phase 
formation were studied and the corresponding phase diagrams were plotted. On the 
ground of the synthesized glass ceramic materials detailed investigations of the 
crystallization processes were carried out. Some physicochemical properties such as the 
chemical resistance, the coefficient of linear thermal expansion, the softening temperature 
of the glassy materials and their mechanical behavior were determined as well . On the 
ground of the prepared compositions in the form of suspension and after thermal 
treatment coatings were formed on a Co-Cr alloy finding application as artificial dentures. 
 
2. EXPERIMENTAL 
 
    As initial raw materials were used predominantly oxides and carbonates with a purity 
over 99 %. After good homogenization of the batch the melting was carried out in a super 
canthal furnace at a temperature up to 1300oC. The time for achieving 
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chemical and thermal homogeneity of the melt was about 2 hours at maximum 
temperature . The glassy samples used for the study were cast in graphite moulds with 
consequent annealing at 540 o C for one hour. Part of the melt was cooled in cold water 
for easier grinding. The samples prepared were characterized visually, microscopically by 
X-ray analysis and by IR-spectroscopy. The initial raw materials for the synthesis of the 
composition of the glasses by the sol-gel method were: Na2SiO3, NaNO3, Ca(NO3)2 
.4H2O, H3BO3, P2O5 and finely milled CaF2. According to reference data from 10 % 
solution of Na2SiO3 and 10 % solution of HCI is obtained good quality sol which is stable 
at pH = 3-4. Then are added in stoichiometric quantities the solutions of the other 
substances, as CaF2 was the only one added as a finely milled powder after the complete 
gel drying [1-5] at the end. The complete homogeneity of the colloidal solutions was 
achieved by using magnetic stirrer. The solutions of the initial raw materials were mixed 
by continuous stirring and the solution pH = 3-4 was achieved by adding 10 % solution of 
HCl. The mixing sequence was as follows : 10 % solution of Na2SiO3 + H3BO3 + NaNO3 
+ P2O5 + Ca(NO3)2.4H2O + 10 % solution of HCl. Finally proceeded gel-formation, 
drying and melting of the synthetic batches. The prepared samples were studied in 
parallel with those obtained by the conventional method. 
 
3. RESULTS AND DISCUSSION 
 
    The areas of glass formation of the compositions synthesized by the conventional 
technology and by the sol-gel method are shown on the phase diagrams ( Fig.1 and Fig. 
2). Accounting for the results from the sections the spatial image of the area of glass 
formation in the system SiO2 - Na2O - CaO - ( B2O3 + P5O5 + CaF2 ) was plotted -Fig.1. 
In both systems five glass compositions were prepared and investigated. 
    On Fig. 3 and 4 are shown the IR - spectra of some selected compositions prepared by 
the conventional technology and by the sol - gel method. Accounting for the results from 
the Differential Thermal Analysis ( DTA ) studies on the 5 compositions - glasses in the 
system SiO2 - CaO - Na2O - B2O3 - P2O5 - CaF2, the samples were thermally treated for 2 
hours at T = 800 o C. The IR - spectra were recorded in the range 1300 - 300 cm-1 by a 
double beam spectrophotometer Specord M-80. The IR - spectra on Figures 3 and 4 are of 
a similar type. They have the features typical for the glass ceramic material. It is obvious 
that the crystallization processes are considerably accelerated with the treated samples of 
compositions 1 - 5, prepared by the sol - gel method (Fig. 4). Clearly expressed bands 
were observed at 1035 - 960 cm-1 , 780 - 600 cm-1 , 470 - 450 cm-1. The occurrence of 
more intensive crystallization processes in the samples obtained by the sol - gel 
technology was indicated by the greater number and the more expressed absorption 
maxima for the crystal phases formed (Fig. 4). In accord with the preset chemical 
compositions of the glasses the phases of CaSiO3 and Ca2P5O7, are formed 
predominantly. This was confirmed by the X-Ray phase Analysis (XRA) data. The 
complexity of the system made possible the formation of borates and mixed phases, but 
the absorption maxima of these phases were with close values which impeded their 
interpretation to a considerable extend.
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Figure 1 

 

 
 

Figure 2 
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    From the recorded IR - spectra of the studied compositions, it is seen that with both 
synthetic methods occured actual consumption of SiO2, evidenced by the absence of the 
maximum at 1100 cm-1, featuring the presence of free SiO2 in the spectra of all samples 
(1-5 ). It was established that the crystallization of the glassy materials occurred above 
700oC. 
    To investigate the physicochemical properties of the obtained glasses specially 
moulded samples were applied. The samples were characterized in relation to their 
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softening temperature, their chemical resistance an their microhardness in glassy and in 
crystalline state. 
    The values of the Coefficient of Linear Thermal Expansion ( CLTE ) - α for both 
systems are presented in Table 1. 
 

Table 1 
Compositions α 1 2 3 4 5 

I system α.10-7 K-1 144 145 147 148 142 
II system α.10-7 K-1 127 124 121 120 123 

 

 
Figure 5. 

 
 It was established that the temperature of glass softening for the system SiO2 - CaO - 
Na2O - B2O3 - P2O5 - CaF2 is in the temperature range 500 - 625 o C and for the second 
system in the range 535 - 600 o C. 
    The values of the microhardness were determined by the formula : 
 
               MHV = 1854,3 P/d2, kg/mm2                       (1) 
 
where,  
 MHV is the value of the microhardness of the glass / glass-ceramics ; 
     P is the loading, kg ; 
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     d is the diagonal of the square footprint / mm2. 
 
 
The samples were preliminary treated mechanically as to obtained polished surface. The 
microhardness of the corresponding glass samples of the first system before and after the 
crystallization is shown on Fig. 5. The preparation of a glass ceramic coating of some 
compositions on a chromo-cobalt alloy, used for artificial dentures was successfully 
experimented. It was established that as to prepare good quality coating it was obligatory 
to carry out the drying, melting and crystallization under vacuum. 
 
4. CONCLUSIONS 
 
   a. Investigated and plotted were the spatial areas of glass - formation in the systems 
SiO2 - CaO - Na2O - B2O3- P2O5 - CaF2 and CaO - Al2O3 -P2O5/ R2O. 
     b. On the ground of the data from the XRA and the IR - spectra it was concluded that 
after crystallization are formed predominantly the phases CaSiO3 and Ca2P2O7. 
    c. With the help of DTA it was determined the temperature crystallization range (700-
870oC). The softening temperature is in the range 500 - 625 o C . For the various 
compositions, the CLTE (α) varies within the range 120 - 148 .10-7 K -1. 
  d. After the occurrence of the crystallization process, the chemical resistance of the 
glasses (IV hydrolytic class) was increased by approximately one hydrolytic class The 
microhardness is varying differently and reaches to values of 690 kg/mm2. 
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Abstract 
 
 The vitreous areas have been found in the ternary system  SnF2-ZrF4-NaF. In a 
typical composition 60 SnF2-35ZrF4-5NaF (mol.%) Tg occurs at 370 K, and Tc at 443 
K. The structural and dynamic characteristics of fluorine subnets of these glasses were 
studied within the temperature range of 200-400 K by NMR method. Analysis of 
NMR parameteres spectra of there glasses allowed to state the factors effecting the 
character of inner ion mobility in glass structure, to determine types of ion motions 
and estimate its activation energies. 
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Abstract 
 

  Glasses and glass-ceramics for immobilization of High Level Waste 
(HLW) and Intermediate Level Waste (ILW) are developed. They are 
synthesized on the basis of some borosilicate and phosphate systems, basalt 
rock, zeolite and metallurgical slags. Different type of model HLW and ILW 
are added in the glass batches up to 50%. The sol-gel technology has been 
used for synthesis of borosilicate glasses and the processes of structure 
evolution have been investigated by means of X-ray diffraction analysis, IR-
spectroscopy and TEM. Some physical and chemical properties of glasses and 
the influence of the chemical composition on them have been studied. The 
special attention has been paid on the investigations about the kinetics of 
hydrolytic solubility and the crystallization processes. 

 
 
I. INTRODUCTION 
 
 The environmental protection is one of the most important problems for the modern 
society. The radioactive wastes are considered as especially hazardous pollutants 
produced from the nuclear power stations, scientific medical and other  different 
laboratories using radioactive isotopes [1]. Glasses belong to the most suitable matrices 
for immobilization of intermediate and high-level radioactive wastes. They possess a high 
chemical, thermal stability and radiation stability. Glasses based mainly on borosilicates 
are used in the practice for immobilization of radioactive wastes [2-3]. The sol-gel 
method is considered to be a promising technology for radioactive waste storage [4 - 6]. 
The method allows the preparation of products with very good homogeneity in which the 
wastes are strongly fixed. In this method borosilicate matrix is prepared in advance using 
sol-gel technology, then the radioactive wastes are added to it. There is a definite interest 
[7, 8] in the synthesis of phosphate-based glasses to be used for immobilization of 
radioactive wastes. Glasses based on the natural raw materials as basalts, zeolites, clays 
and etc. allow to be regarded as reliable and suitable from economical point of view 
[9,10]. These raw materials are widely spread on the Earth's surface and contain all 
necessary glass forming components. They are able to accumulate large amounts of 
radioactive wastes. 
 The purpose of the present work is to synthesize and to examine glasses of different 
chemical composition for immobilization of the radioactive wastes. Generally, some 
special attention is paid on the vitrious materials on the PbO-Fe2O3-P2O5-BaO as well as 
on the natural products (basalts and zeolites), and to examine the processes of gel and 
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glass formation in the borosilicate system with the addition of model radioactive waste 
using sol-gel technology. 
 
II. EXPERIMENTAL 
 
 The chemical compositions of the obtained phosphate glasses containing radioactive 
wastes are given in Table 1 (P-1, P-2). The batches for glass melting were prepared by 
mixing Pb2O3, BaO, Fe2O3, P2O5, and the oxides of simulated radioactive wastes in an 
amount of 20 wt%. The glasses were melted in corundum crucibles at 800-950oC, the 
temperature being kept constant for 100 min. homogenized melt was cast into graphite 
forms pre-heated up to 500oC. The glasses obtained were kept at 500oC for 200 min and 
allowed to cool to room temperature. 
 

 
Table 1 Chemical composition (in wt%) of samples 

 
Component  P-1 P-2 B2 Z1 P 

Pb0 18.34 18.34 -  - - 
Ba0 6.37 4.00 1.00 7.77 0.55 
P2O5 50.52 52.00 0.25 - 0.30 
Fe2O3 10.78 7.29 7.10 1.34 8.33 
La2O3 - 2.57 - - - 
MnO2 3.19 - 1.55 - 0.95 
MoO3 0.67 2.51 1.00 - 2.00 
Na2O 3.19 - 2.28 8.77 13.42 
NiO 1.51 - - - - 
SiO2 0.29 0.53 39.70 47.76 41.00 
ZrO2 - 3.07 - - - 
SrO 0.38 0.70 1.75 - 0.35 
Al2O3 2.06 3.90 16.05 8.28 9.35 
CaO 2.56 1.20 14.25 2.82 4.50 
CeO2 - 1.44 - - - 
Cr2O3 0.14 1.70 - - - 
Cs2O - 0.75 1.75 - 1.00 
TiO2 - - 1.45 - - 
MgO - - 7.60 0.34 - 
Nd2O3 - - 2.50 - 4.00 
K2O - - 1.83 - - 
S03 - - - 0.83 - 
B2O3 - - - 11.26 12.25 
Li2O - - - - 2.00 

 
 Glasses based on basalt (Table 1-B2) are prepared by melting 50:50 (wt%) mixtures of 
basalt and simulated nuclear waste. The zeolite has in advance absorbed 0.1 mg/eqv Cs 
(Table 1-Z1). The glasses were melted in corundum crucibles at 1350oC for 100 min. The 



 3

homogenized melt was poured into graphite forms pre-heated up to 500oC. The glasses 
obtained were treated at 500oC for 200 min and allowed to cool to room temperature. The 
composition of the borosilicate glass constituted 20% of the simulated wastes (Table 1-
T). All glass components and radioactive oxides were included as soluble nitrates and 
silica hydrosol. The solution obtained was homogenized for 30 h and gelled at room 
temperature after 24h. The gel was dried at 60-100oC for 48h and melted at 1050oC. lt 
was found that by using this technology the inclusion of the waste in the structure of glass 
could be achieved during the process of synthesized the gel [11]. 
 The structure of the glasses synthesized was investigated by infrared spectroscopie, 
and X-ray diffraction (XRD). 
 The nuclear waste glasses were leached under the ISO (International Organization for 
Standardization) type test condition [12], according to which the leachant was 
periodically renewed. Experiments were conducted at 90+1oC for 1,3,7,14 and 28 days. 
Solution analyses were carried out for the leachates of waste glasses using the Inductively 
Coupled Plasma Spectroscopy (ICP). 
 
III. RESULTS AND DISCUSSION 
 
 It is established that the phosphate glasses are characterized by higher value of the 
density (3.44 - 3.51 g/cm3). The relatively high percentage of radioactive wastes in 
glasses (20 mac.%) and the density cited above determines also the higher bulk 
concentration of the waste in them.The value of bulk concentration was in the 0.68-0.78 
g/cm3 range. Therefore, it could be suggested that barium-lead phosphate glasses are near 
to lead-phosphate glasses show better parameters to the borosilicate and basalt glasses. 
The relatively higher temperature of softening (Ts) of glasses (480-666oC) makes them 
suitable for immobilization of holh active wastes separated in the process of the storage 
of large amounts of heat. It has been established that the thermal expansion coefficient of 
glasses (90 - 92.107 deg-1) is near to the coefficient of some iron and steel materials used 
for containers. The basalt based glasses show a lower coefficient of linear thermal 
expansion (75.10-7deg-1) and higher Ts values in comparison to those based on zeolites 
(550 -666oC). The last one contain a larger quantity SiO2 and smaller Al2O3, CaO and 
MgO amounts which affect the values of the coefficients of linear thermal expansion and 
Ts. All glasses synthesized are distinguished by high acidic and alkaline durability in 98-
99% range. 
 Fig.1 shows the IR- spectra of the phosphate glasses investigated. Absorption bands at 
1260,1150,1090, 940 -920, 740 - 720 and 520 cm-1 are observed. 
 The high-frequency bands at 1260, 1150 and 1090 cm-1 may be associated with 
antisymmetric and symmetric vibrations of the PO2 groups in the PO4 polyhedra forming 
the polyphosphate chain. The bands at 940 - 920 cm-1 and 740-720 cm-1 can be attributed 
to antisymmetric and symmetric stretching modes of the P-O-P bonds in the chains. The 
low-frequency band at 520 cm-1 can be assigned to bending modes of the PO4 groups 
(Fig.1 a). 
 In the spectrum of the P-1 composition there are two bands in the high-frequency 
region at 1150 and 1080 cm-1. It should be pointed out that in the spectra of compositions 
P-2 (Fig.1 b) the number of the high-frequency bands increases. Since high frequency 
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vibration in the spectra is a treehold degenerated, the larger number of bands in the 
spectra of compositions P-2 can be regarded as a result of the decreasing symmetry of 
PO4 groups. This means that the degree of deformation of the PO4 tetrahedra is more 
pronounced than is the case of composition P-1. 

 
 Fig.1 The IR spectra of phosphate waste glass : 

(a) - sample P-1, (b) - sample P-2 
 
 The decreasing symmetry of the PO4  tetrahedra is probably due to the presence of 
various polyvalent cations participating in the composition of the oxides in the 
radioactive wastes. With compositions P-2 the wastes contain some oxides such as La2O3, 
ZrO2, CeO2 and Cs2O which are absent from composition P-1. The cations in these 
oxides have large electric charges and exercise a polarizing effect on the neighboring 
ions. When incorporated in the glassy network they cause, perhaps, a more pronounced 
distortion of the PO4 polyhedra.  
 In order to follow the processes of gel and glass formation of the samples obtained by 
the sol-gel and conventional technologies the samples are thermally treated in 300-
1000oC range. The IR spectra presented in Fig.1. The main absorption bands recorded 
could be assigned to the following chemical bonds: bands at 1080 cm-1 and 820 cm-1 - to 
antisymmetric and symmetric stretching vibrations of the Si-O bonds. In the 550-450 cm-1 
range were observed bending vibrations of B-O and Si-O bonds. 
 The band at 960-940 cm-1 is due to the stretching vibrations of the Si-OH bonds. A 
band at 1200 cm-1 is attributed to the vibrations of the B-O bond in the clusters with a 
triple-coordinated boron. The presence of BO4 was not verified, but nevertheless it could 
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be expected the a combined presence of these polyhedra. At 750 cm-1 were observed 
vibrations of the B-O-Si bridge. 
 The bands at 1400, 820 and 640 cm-1 are explained by the vibrations of nitro groups 
incorporated in the gel structure through the corresponding nitrates. The bands at 3500 
cm-1 and 1640 cm-1 were observed which are assigned to the stretching and bending 
vibrations of the constitution and water. These bands decrease its intensity with 
increasing the temperature of gel heat treatment. 
 Fig.2 shows that more significant changes were observed in the IR spectra of the 
samples thermally treated in the 500-600oC temperature range. The bands at 1200 cm-1 
and 640 cm-1 disappear and those at 900 cm-1 and 800 cm-1 pass into shoulder. In general, 
it could be suggested that at this temperature begins the process of networking of the gel 
structure. 

  
  Fig.2  The IR of borosilicate waste glass obtained using sol-gel technology. 
        (a) 1000,(b) 900, (c) 800, (d) 700, 
         (e) 600, (f) 500,(g) 300, (h) 25oC 
 
 At 700oC the band at 960-940 cm-1 has already disappeared. Its disappearance in the 
process of thermal treatment of the gel is explained by the fact that the gel has converted 
into gel-glass [13]. But, at this temperature the nitro groups not separated entirely, which 
suggests that some of nitrates are not completely decomposed. At 800oC these groups 
have disappeared and we could examine the waste gel glass. The IR spectra at 900 and 
1000oC are identical to those at 800oC. 
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 The IR spectra of the gel and gel products observed are confirmed from the X-ray 
investigations. 
 Furthermore, by comparison of the IR spectra of the samples examined and the data 
from the X-ray diffraction analysis, it was established that the processes of glass 
formation take place more intensively with the samples synthesized by the sol-gel 
technology where the networking of the structure begins at 600oC with a shift of the main 
absorption maximum at 1080 cm-1 in direction to the lower frequencies. At 700-800oC 
the gel has completely converted into gel glass. 
 Finally, the process of glass formation of samples obtained by the conventional 
technology ends just when the temperature of 1000oC has been achieved. 
 The chemical durability (resistance to leaching) of glass samples was measured by the 
normalized leach rate NLRi expressed in g/m2d, and the normalized elemental mass loss 
NLi in deionized water for each element according to the next formula: 
 
 NLRý = CiV/SAXit                      (1) 
 
where Ci is the analytically determined concentration of the element "i" in solution (g/ml), 
V is the volume of solution (ml), Xi is the mass fraction of element "i" of the glass 
specimen, SA is the surface area of the specimen (m2) and t is the leaching time (days). 
 The date in Figs. 3 and 4 are plotted as normalized elemental mass loss (gm-2) and are 
calculated by dividing the solution concentrations by the geometric surface area of the 
unleached specimen and the mass fraction of the particular element contained in the glass. 
It can be seen, that from the components of the phosphate glass matrix. 
 Of the matrix components, the lowest leach rates are exhibited by Pb and Fe followed 
by AI and Mo (from the nuclear waste). The leach rates of P and Sr from a P-1 specimen 
on the 28th day are (in gm-2 d-1): NLRP = 1.2.10-1 and NLRSr = 1.1.10-1. 
 

 
Fig.3 Relationship between normalized    Fig.4 Relationship between normalized 
mass losses of different elements from    mass losses of different elements from 
specimen P-1 and leaching time in days   specimen B-2 and leaching time in days 
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 Under the same conditions the leach rates of Pb, Al and Fe are (in gm-2 d-1): 1,5.10-3 
for Pb, 2,81.10-3 for Al and 1,8.10-3 for Fe (Fig. 3). 
 The basalt glasses are characterized by a high of the order of 2.10-2 gm-2 d-1 on the 28th 
day, leach rate of the alkaline element (Na and K). The lowest leach rate of the order of 
2.10-5 gm-2 d-1 on the 28th day, is shown by Fe and Mg, which proves that they are more 
strongly connected in the glass structure network (Fig.4). 
 As a result of the investigations, carried out and elsewhere is assumed the following 
mechanism of solubility of the nuclear waste glasses exposed to water: 
 The first stage includes the process of hydrolysis of the glass exposed to water, as a 
result of which in the reactionary zone the diffusion of H+ from the water and the alkaline 
metals-ions from the glass (Na+, K+, Cs+) takes part. As a result of this process on the 
glass surface is formed a hydrated silica-rich gel-layer, which is a silicic acid 
(H4SiO4).The process of hydrolysis is carried out in an alkali environment and the pH of 
the solution increases with increasing the solubility from 7.14 to 8.04. The obtained 
silicic acid is barrier for the solubility of silica network, but it is also unstable in an alkali 
environment. Some of the wastes components Fe,Sr,Zr,Al,Ca,Cd form hydroxides, 
hydrosilicates and hydrated oxides which are insoluble in alkali environment. These 
elements are not included in the solution, but are incorporated in the surface gel-layer and 
its stability increases considerably. The formation of this gel-layer influences on the 
dissolve kinetics of the glasses in two aspects: The first one consists in the diffusion 
barrier, which suppresses the formation of silicic acid on the glass surface. The second 
one consists in that the multicomponent layer restrains part of the hydrated Si. As a result 
of the investigations the primary rate of drawing out is higher but during, the time it 
decreases and it remaines approximately constant and the structure of the glass becomes 
more stable [14]. 
 
IV.CONCLUSIONS 
 
 A new family of barium-lead phosphate glasses for immobilization of radioactive 
wastes have been synthesized. The glasses allow the inclusion of radioactive wastes with 
different chemical composition. The existence of Ba and Pb in these glasses favors the 
absorption and scanning radiation of radionuclei and this way decreases the possibility of 
their penetration into the environment. The glasses providing economical effectiveness, 
good physicochemical properties are synthesized on the basis of basalt and zeolite. They 
show some advantages which include a much higher water resistance compared to that of 
borosilicate glasses. 
 By the sol - gel method has been preparated glass with very good homogeneity in 
which the wastes are strongly fixed. It was found that by using this technology the 
inclusion of the waste in the structure of glass could be achieved during the process of 
synthesized the gel. 
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Abstract 
 

 While searching for new composition glasses, the random 
combinations of the components are hardly effective. This problem 
advisably should be solved by the way of systematic investigation of the 
influence of different properties of oxides while using different bases. The 
system of K2O-SrO-SiO2 is selected because glasses with small 
thermooptical constants might be expected. As a result, the glasses with 
small thermooptical constants are obtained. These glasses may be used in 
the different laser systems with a minimum of optical distortion. 

 
 
1. INTRODUCTION 
 
 The details of optical systems (the lenses, portholes, active elements of the laser, 
etc.) and the temperature gradients lead to the distortion of wave front of light beam 
and results in a change of optical detail, and the index of refraction changes with 
exploitation of temperature and with stress. These distortions considerably aggravate 
the characteristics of optical systems and the quality of lasers radiation. 
 The development of a quick technique demands the creation of optical and laser 
systems that do not lose tone in variable temperature conditions. The successful 
solution of this problem is impeded by the lack of sufficiently large set of glasses with 
small thermooptical constants of so named athermal glasses. 
 
2. EXPERIMENTAL DESIGN 
 
 The optical distortions, arising in the bar at pumping of the active element of the 
laser, are described with help of three thermooptical constants W, P and Q: 
  

                       (1) 
             

 
                      (2) 
 
 
 

 
 
                  (3) 
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where Wλ,t the constant characterizing the distortion of wave front as a result of 
temperature change of the index of refraction and geometrical sizes of the glasses; Pλ,t 
the constant characterizing the distortion of the wave front of the light, average for 
two orthogonal polarization planes; Qλ,t the constant characterizing the dual 
refraction; βλ,t =dn/dt - the temperature coefficient of absolute index of refraction 
nλ;αt - the coefficient of thermal expansion; µ the coefficient of Poisson; E Young's 
module; C1 and C2 - the photo elastic constants. 
 The measurements of α and β were carried out by heating of the samples from 
room temperature to 220oC on the visual Interferometer IZK-13 [1]. On the base of 
the results of measurements, the values of the α and W glasses at 70oC and 170oC 
temperatures are defined, and also the temperature coefficients of the expansion 
ϕ=∆α/∆t and thermooptical constant Θ =∆W/∆t are defined. 
 The distortions in flat bar are defined by the values of sums of the P + Q  for 
polarization plane in the direction of x axis and by the difference of P - Q - for the 
polarization plane in the direction of y  axis. For round bars the distortion is defined 
correspondingly by the sums of P + Q/2 and by the difference of P-Q/2. 
Thermooptical constants W, P and Q or P±Q and P ± Q/2 of the glasses used as active 
elements of the laser should be close to the zero. Since the thermooptical constants of 
the glasses depend on temperature and length of the wave, it is necessary that the 
condition of athermality should be executed at the working temperatures of the active 
element and at the length of wave generation. For the different kind of bars and for the 
different polarization, the glasses may be athermal simultaneously at different 
temperatures. It is necessary to take into account the choice of the athermal glass for 
specific laser. 
 
3. RESULTS AND DISCUSSION 
 
 For the creation of the completely undistorted systems, it is necessary to have 
sufficiently large set of glasses with small thermooptical and different optical 
constants which respond to different areas of Abbe's diagram and also have the glasses 
for laser with decreased thermooptical constant. So, the systematic qualitative 
research of optical, thermal and thermooptical properties of strontium containing 
silicate and phosphate glasses was undertaken by us. 
 For obtaining glasses with a small value of P, in first approximation may be 
obtained glasses with small value of W, because the W is the relative simple measured 
parameter and correlates with thermooptical constants of the P and Q [2]. It allowed 
us to carry out the widescale investigation of the thermooptical constant's W which 
depended on the glasses composition, the laboratory investigation of simple three-
component system, and the complicated silicate and phosphate systems. The glasses 
with small value of the W were selected as the base for the development of the 
industrial glasses. 
 The coefficient off the thermal expansion and the temperature coefficients of the 
index of refraction ß are defined for the glasses of the K2O-SrO-SiO2 system. The 
range and common tendencies of the change of the studied parameters of the glasses 
are visually seen on the triangle of the compositions, the part of which in rectangular 
coordinates is shown in Fig.1. 
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 The coefficient of expansion of glasses range from 63.10-7 to 142.10-7 degree-1 
(Fig.2), and the thermooptical constant from 15.10-7 to 68.10-7 degree-1 at 70oC 
(Fig.3). 
 In general, it is known that the values of the α have the tendency to decrease and 
the values the W - to increase when the silica concentration is increased and when the 
K2O content is decreased. The temperature coefficients of the expansion and the 
thermooptical constant also appreciably depend on the composition. The common 
tendency of their change with the glasses' composition are the same as for the values 
of the α and W. 
 In the studied system, the glasses of IV-th section containing (mol.%): 24-26 K2O, 
8-17 SrO and 59-65 SiO2 possess the least value of W. At 70oC, and at a wave length 
of 480 nm the least value of the W glasses are equal to (15-21) 10-7 degree -1. At room 
temperature, in the red part of the spectrum, the values of the Θ were shown, and the 
dispersions of the thermooptical constant of the W glasses were approximately 10. 10-

7 degree -1. 
 For obtaining more common data, the investigation of the properties of SrO in the 
glasses was carried out by using the identical methods of the treatment of 
experimental data. The optical and thermooptical constants, the density and the 
coefficient of the thermal expansion of the strontium containing silicate and phosphate 
glasses (obtained by method of pseudobinary systems where the SrO was  introduced 
into initial glasses in constantly increasing quality) were investigated. Using these 
methods, the 7 silicate and 6 phosphate pseudobinary systems, the glasses were 
synthesized. 
 By the help "adherence - property" diagram, the average adherence properties of 
the glasses can be calculated when we introduce 1% SrO, and we may judge the 
partial values of the SrO properties in the glass. It was found that for silicate glasses 
the partial value of the αSrO close to 120-10-7 degree -1 and in the phosphate close to 
140-10-7 degree -1. The thermooptical constants for the initial phosphate glasses is 
greater than 5.10-7 degree -1 and for the initial silicate glasses more  than 50.10-7 
degree -1. Thus, the introducing of the SrO decreases the thermooptical constant W.   
 Values, less than these of the SrO proves to increase the W. It follows that the 
partial value of the thermooptical constant of the SrO in the phosphate glasses are 
smaller than in the silicate ones. So, the athermal glasses with SrO are easier to obtain 
on the phosphate base than on the silicate one.  
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   Fig.1: Position of the glasses of the K2O-SrO-SiO2 system on the right   
   angled triangle of the compositions. 
 
Near the points the values of the coefficients of the thermal expansion α and its 
temperature coefficientϕ, thermooptical constant W and its temperature coefficient 
Θ.(t=70oC, λ=480 nm) are indicated. 
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Fig.2: The dependence of the coefficient of expansion of the glasses of K2O-SrO-SiO2 
system from the concentration of the introduced oxides (t=70oC, λ= 480 nm) 
 

 
 
Fig.3: The dependence of the thermooptical constant of the glasses of K2O-SrO-
SiO2 system from the concentration of the introduced oxides (t = 70oC, λ= 480 nm) 
 
 
 Thus, the experimental material allowed us to estimate the partial values of the 
coefficient of the thermal expansion and of the thermooptical characteristics of the 
SrO and provided a well founded answer to the question of what composition to use 
for the industrial silicate and phosphate glasses. 
 As noted, for the creation of the optical systems with small thermowave 
aberrations, and for the removal of the resonator's distortions of the laser, it is 
necessary to use glasses of the active elements with small thermooptical constants. For 
obtaining laser glasses in the laboratory conditions, the whole series of the 
experimental strontium containing glasses is synthesized, the compositions of which 
were selected by calculation of additive formulas, so that the absolute value of W 
should be minimal. As a result, the glasses with values W of which ranged from (-6 to 
+23).10-7 degree -1 at 30oC and λ= 644 nm were obtained. In industrial situations, the 
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vessel capacity goes up to 300 liters where the best samples of 4 silicate and of 3 
phosphate glasses were found. From all the glasses, the active elements by size is 
φ10x130 mm and 8x20x105 mm and corresponds to the requirement of laser glasses 
by inactive absorption and homogeneity. 
 The values of the P ± Q and P ± Q/2 at 30oC experimental and industrial laser 
glasses developed by us are compared. The glasses KGSS 6T and KGSS 8T with the 
thermooptical characteristics sufficiently surpassed existing athermal silicate 
industrial glasses and can be recommended for industrial use. 
 The advantage of the developed glasses is that the optimal temperatures of the 
active elements is close to room temperature; that's why special heating of active 
elements is not needed in the construction of the laser devices. 
 The generating properties of the developed glasses are not suitable for industrial 
uses; they have a large photochemical stability, and the luminescence duration and the 
spectrum of absorption and luminescence don't differ from those for industrial silicate 
and phosphate laser glasses. 
 
4. CONCLUSION 
 
 The glasses may be used in the different laser systems for obtaining brightness of 
radiation because they provide a minimum of optical distortions in the active 
elements, provide an available temperatures gradient, and give the diminished angular 
difference, i.e. the abnormally high energy density on the target. 
 Thus, the developed glasses possess a profitable combination of the thermooptical, 
generating, photochemical and technological properties, and provide a series of 
advantages over well-known laser glasses and will allow a series of important 
problems in the field of laser technology to be solved. 
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Abstract 
 

 Glassy coverings for cement, fusible at low temperature, have been  
synthesized in the system RO2 (SiO2, TiO2) - R2O3 (B2O3, Al2O3) - RO(PbO) 
- R2O (Na2O, K2O, Li2O). The planned frit properties are consistent with the 
cement pad features: the linear-expansion coefficient (10-12).10-6.K-1, a heat 
treatment response, and a requirement for nondurable heating at the lowest 
possible temperature. 
 The coverings are compounded of 10 % mill agent of kaolin and 90% frit, 
melted at 900-1000 oC. The molecular composition of frits is SiO2 0.73-1.26; 
TiO2 0-0.37; B2O3 0-0.33; Al2O3 0-0.14; PbO 0.26-0.58; Na2O 0.28 - 0.74; 
K2O 0-0.27; Li2O 0-0.12. The frits are from III to V hydrolytic class and have 
linear-expansion coefficient from 20 to 350 oC (10-14).10-6 K-'. The phase 
composition, defined by an optical microscopy and X-ray phase analysis, 
shows over 90 % glassy isotropic mass. In them Si2O, B2O3 and PbO have a 
glass formation role, and TiO2 - a crystal formation role. At a temperature of 
550 oC the melting frits form an area of under 5 mol percentage Al2O3 and 
SiO2/(R2O+RO) under 1.1 mol parts. The coverings are laid on the cement 
pad by a pulverization of water slickers. The firing has been carried out in a 
specially designed shield furnace. 
        As a result of the researches there has been defined an area of melted at 
550oC and well bound to the cement pad glassy coverings: Al2O3 from 3 to 7 
mol percentage and SiO2/(R2O+RO) 0.8-1.2 mol parts. 

 
 
I. INTRODUCTION 
 
 The laying of glassy coverings on cement stone or concrete modifies their properties. 
The micro-porous permeability is greatly diminished, the corrosion resistance is 
increased, the building design is improved. 
 The glassy coverings for cement defer from those for ceramics and metal because of 
the necessity for correlation with the pad, which has the following characteristics: 
- a large thermal-expansion coefficient α = (10 -12).10-6 K-1 
- temperature sensitivity because of dehydration processes, which change the phase 
composition and structure of the cement stone and decrease the strength. 
 The main requirement to the coverings is the lowest possible firing temperature for the 
shortest possible period of time. 
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 Compounds with a firing temperature below 900oC [1] and about 800oC [2] have been 
advanced in the specialised literature. It has been claimed that the strength and stability of 
concrete works do not change in the process. Our previous experiments, carried out in 
even short-time thermal influences of 10-20 min in temperatures of 600-800oC, showed a 
considerable diminishing of strength characteristics. 
 The aim of this investigation is to synthesize coverings for concrete with a firing 
temperature below 600oC and high α. These conditions are satisfied by some enamels for 
steel [3-5] and by the greatest part of enamels for aluminium [6-10]. 
 
II. EXPERIMENTAL 
 
     On the basis of literature compounds of enamels for aluminium [6-11], some 
theoretical considerations, and our previous experiments there have been synthesized 
low-temperature glassy frits in the system RO2 (SiO2,TiO2)- R2O3 (Al2O3,B2O3)-
RO(PbO)-R2O(Na2O, K2O, Li2O). 
     In the first 5 compounds Al2O3 and PbO systematically change, the rest are similar to 
known compounds for steel and aluminium with a firing temperature of 500-530oC. In a 
part of the compounds TiO2 has been put (table l). The frits are melted at a temperature of 
900-1000oC. 
 

Table 1. Chemical composition of the frits, mol % 
N K2O Na2O Li2O PbO B2O3 Al2O3 SiO2 TiO2 
1 - 28.0 - 10.0 10.0 2.0 40.0 10.0 
2 - 28.0 - 10.0 12.0 4.0 40.0 6.0 
3 - 24.0 - 20.0 12.0 4.0 40.0 - 
4 - 22.0 - 20.0 12.0 6.0 40.0 - 
5 - 26.0 - 10.0 12.0 6.0 40.0 6.0 
6 11.8 12.3 - 19.7 - - 41.4 14.0 
7 7.7 21.5 6.0 14.2 14.6 - 36.0 - 
8 - 17.6 - 29.7 - - 52.7 - 
9  16.0 - 22.0 - - 48.0 14.0 
10 5.1 16.2 - 22.2 14.1 - 42.4 - 

 
 
 The phase composition of frits is defined by an optical microscopy in passing light and 
in immersion and by an X-ray analysis. The thermal-expansion coefficient is defined by 
quartz dilatometre. The defining has been done up to 350oC, since the transformation 
temperature of investigated frits is about 350-400oC. The melting qualities of frits are 
defined visually after a 20-minute treatment in different temperatures. The water 
resistance is defined according to Griss method [12]. 
    For obtaining of coverings there have been compounded finely ground water 
suspensions of 90% frit and 10% mill supplement-washed kaolin, which brings 3,3 mass 
% Al2O3 and 5,4 mass % SiO2. The slickers have been laid by pulverization on cement 
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samples. The firing has been carried out in a specially designed electric shield furnace, in 
which after a certain temperature is reached the samples are brough in. 
   The phase composition of baked coverings is defined by an optical microscopy and X-
ray surface investigations. The influence of the covering on strength characteristics of 
concrete is defined by comparison of compressive strength of samples without a covering 
and thermal treatment to the strength of glazed and baked samples. 
 
III. RESULTS AND DISCUSSIONS 
 
 The definition of phase composition of frits shows that compounds 7,8 and 10 are fully 
isotropic. Compound 6 with a high content of TiO2 has glassy-crystal structure. A 
distinguishing feature of systems TiO2-SiO2 and Na2O-TiO2-SiO2 is the simultaneous 
course of crystallization and liquation of drops, which cause their fine-grained structure. 
The initial crystal phase is metastable titanate [13]. Capability for crystallization does not 
always happen and depends on the composition and stability of titanium complexes in a 
glassy and crystal condition. The presence of K2O and PbO, increasing the number of 
components did not impede the crystallization of compounds 6 and 9, which contain over 
0,3 mole parts TiO2 in their molecular formula (table 2). In compounds 1, 2 and 5, where 
TiO2 participates with 0,26 mole parts and less, and B2O3 is present, the crystallization of 
titanium compounds is not shown. By radiography Na2TiSiO5 and Na2TiO3 have been 
found in compound 6 (fig.1). The remaining compounds are mainly isotropic, glassy - 
with composition of glassy phase over 95%. In compound 9 there also is some quantity of 
crystal phase of Na -Ti - Si compositions. 
 

Table 2. Seger formulas of the frits 
    Frit    
mol 

1 2 3 4 5 6 7 8 9 10 

SiO2 1.05 1.05 0.91 0.95 1.11 0.94 0.73 1.11 1.26 0. 98 
Al2O3 0.05 0.11 _0.09 0.14 0.12 - - - - - 
TiO2 0.26 0.16 - - 0.17 0.34 - - 0.37 - 
           

linear thermal expansion  coefficient  [ 10-6, K-1 20-350 oC ] 
           
 13.2 12.1 13.3 12.2 10.0 14.3 11.8 14.0 11.7 10.6 
 
     In all investigated frits SiO2, PbO and B2O3 have a glass formation role. The crystal 
formation role of TiO2 is emphasized. From all the compounds, which are well-melted 
and do not contain Al2O3, 7, 8 and 10 are fully glassy, 6 and 9 have crystal phase. With 
the increasing of Al2O3 some raising of the melting temperature shows itself and in SiO2 
/(RO+R2O) > 1 and Al2O3 > 4 the compounds can not be melted at a temperature of 
550oC. 
     The area of frits with good melting properties at 550 and 500oC has been defined. 
They form a differentiated area according to the relation mol % Al2O3 and SiO2/ 
(RO+R2O) (fig.2). The coordinates of the graphic satisfy the classical Seger molecular 
formula of glazes. 
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    The frits are III to V hydrolytic class and have linear-expansion coefficient (10-14).10-6 
K-1. 

 
Fig.1. XRD patterns of frit 6 and coverings 6 and 9; ·Na2TiSiO5;∆ Na2TiO3 

 
    During the firing of the coverings on concrete at 500oC processes of the main glassy 
phase, from which the frits are composed, take place. The kaolin supplement dehydrates. 
Since the thermal treatment is of short duration - 5-10 min, after a quick cooling of 
cement samples it is evident that the coverings are just slightly melted and do not have 
strong cohesion with the pad. As with clear frits, the particles are almost fully glassy, 
amorphous with the participation of crystal phases up to 5%. They also contain 
amorphous, uniformly distributed metakaolinite. Optically and by radiography there has 
been established that the compounds with TiO2 are fine-crystal, and the crystal phases are 
difficult to be defined. Most probably in the compounds with less TiO2, it’s the phase 
NaTiSi2O6. In compounds 6 and 9 the main mass is optically isotropic, amorphous with 
microlitic crystallization, probably from Na2TiSiO5 and one more unidentified phase 
(Na2TiO3 ?). 
     In compound 8, in which the frit is fully glassy, in a thermal treatment a new crystal 
phase (most probably α III form of Na2Si2O8) is formed. At 550oC for 5 and 10 min the 
melting of glassy covering on cement stone is considerably fuller. The area of well-
melted compounds is presented in fig.3. When compared to the melting of clear frits, it is 
evident that with the increasing of Al2O3 the area of good coverings is diminished. The 
best coverings are 1, 2, 3 and 10. The crystal phase in them is considerably under 5% and, 
consequently, is under the sensitivity of the X-ray-phase analysis. Compound 6 has 
micro-crystal structure with the participation of Ti-containing phases. Diphractogram of 
the glaze surface (fig.1) show, that crystal phases are same as with frits - most probably 
Na2TiSiO5 and Na2TiO3. Some maximums are missing, probably because of structuring.. 
Compounds 7, 8 and 10 are almost fully isotropic, they consist of glass-phase and gas 
bubbles. 
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IV. CONCLUSIONS 
 
 As a result of the investigation there have been obtained glassy coverings for concrete, 
which conform well with the pad on thermal expansion and which are melted at 550oC. 
 The coverings form a differentiated area which for the firing temperature of 550oC is 
SiO2/(RO+R2O) from 0,8 to 1,2 and Al2O3 from 3 to 7 mol %. The thermal treatment of 
10 min. at 550oC decreases the strength of glazed cement samples with 15-25%. 
 In order to obtain practically applicable compounds it is also necessary to lover the 
firing temperature for coverings and to carry on with the investigation of synthesizing 
new coverings. 
 
 

 
   Fig.2. Low temperature frits     Fig.3. Low temperature glassy coverings 
    l - melting by 500oC,10 min , /// - the area of melting by 550oC,10 min 
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Abstract 
 

 A new polishing method which pertorms surface removal within the minimum 
amount of the polishing margin was devised and led to the development of a new 
equipment, to which an uniform pressure application  mechanism with a water-back 
system and another mechanism to provide uniform relative speed have been 
introduced. On this equipment a newly designed polisher made of high rigid, non-
forming synthetic resin with a continuous groove was mounted. Basic processing 
characteristics have been grasped by using this new equipment with a sample 
prepared by  depositing a high grade glass flm of 8000Χ on a Si wafer having 6000Χ 
micro-irregularities. Subsequently, substantially better improvement was  obtained 
yielding 150~250Χ planarity and uniformity. 

 
 
1. Introduction 
 
 With the multi-media age just ahead of us, high pitched development of components aiming 
toward the advanced electronic and optical fiber communications has been rapidly progressing. Si 
wafers and new glasses which are applied to the manufacturing process or the components as 
above, are typical examples and indispensable in today's industrial sector as an advanced material. 
For instance, Si wafer surface during the fabrication of LSI device is deposited with a high-grade 
glass film as an IDL, which, as the fabrication process advances, comes to exhibit micro-
irregularitias over the surtace. In order to realize highly developed LSI devices, these 
irregularities have to be planed in a certain stage of the fabrication process. Ultra-precision 
polishing is thereby applied to such planarization process. This technique is called as "Planar 
Polishing/CMP” (Chemical & Mechanical Polishing) and has been drawing a good deal of 
attention as a key technology to develop highly integrated LSI.  
 However, since irregularities of over 0.5µm should be removed wherein the processing margin 
is limited only to 1 µm, and the entire wafer surface should be made uniformly planar, it is 
obvious that the achievement of the above goal is extremely diffcult if processed with the 
conventional polishing methods and conditions.   
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    In this research, taking as an example the wafers in the device fabrication process for 
realization of next generation LSI, a study of ultra precision polishing technique has been 
undertaken, which is applied to the processing of CVD glass film to be used as an IDL. In order 
to establish polishing technique for the global planar polishing of micro-amount, proposing a 
kinetic mechanism of a new processing equipment with a polisher designed to remove a constant 
amount uniformly off the wafer surface. An investigation has been also carried out and reported 
here-under on the characteristics of planar processing using the model wafer, on which a glass 
film had been deposited. 
 
2. A proposal of a new polishing equipment and experimental conditions 
 
2.1 Basic concept of ultra-precision polishing 
    Polishing machine : In general, stock of removal(V) in polishing is expressed using the 
Preston's Law, 
 
  V=k·p·v·t 
 
(k: constant, p: processing pressure, v: relative speed, t: processing time) 
 
which leads us to think that uniform polishing of device wafers can be obtained through the 
accurate control of processing pressure (p) and relative speed (v) within the wafer.      As regard 
the evenness of processing pressure (p) within the wafer, variation of thickness and warp of the 
base (Si wafers), which are inherent in the wafers in device fabrication process, should be first 
taken into account. Even distribution of pressure is to be secured by forcing device wafer from its 
reverse side against the polisher by the Water/Air back system (see Fig.1) introduced based on the 
Pascal's Law, which at the same time straightens warp of the wafer.  
 Meanwhile, kinetic mechanism of the polishing plate is found more advantageous, as 
compared with the conventional method of simple rotation of the plate, which obtains uniform 
relative speed of one's choice through exercising same small locus circular motions at any point 
and place of the wafer. From the viewpoint of slurry, it is also advantageous, because slurry can 
be supplied and distributed uniformly onto the entire surface of the wafer. However, it is 
desirable to give a slight rotation to the wafer sample or polishing plate in order to promote 
recycle use of slurry and to avoid uneven wear of the polisher. 
 Figure 1 shows a diagram of the even distribution of uniform pressure and kinetic mechanism 
of small circular motions. 
 Polisher: Notwithstanding the pattern size or density, it is required, in the planar polishing of 
device wafers, to remove projecting features preferentially in order, without the polisher coming 
to contact the recessed region of the pattern. More importantly, if the end of process is intended to 
be controlled by the processing time, the polisher should be designed in such a way that it enables 
to obtain a constant processing rate without being influenced by the processing time. 
 In the following, designing conditions of polisher are sorted out for the global planar polishing 
: (a) surface of the polisher to have suitable rigidity, (b) recessed area to be created on the surface 
of the polisher allowing slurry supplied onto the entire surface of wafer (sample surface), (c) 
recessed area to be provided on the surface of the polisher to facilitate easy discharge of 
processing chips. Items (b) and (c) among above are to secure reproducible relative speed, and 
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very important to prevent loading from occurring. In order for the polisher to possess these two 
functions, forming a continuous groove on the surface of the polisher has been considered as one 
of the most effective measures. Meanwhile, those pocket-shape fine pores existing in the surface 
of the conventional polisher are thought to exert rather adverse effect due to its easy generation of 
loading. Consequently, non-forming bulk materials (item (a) mentioned above) having suitable 
rigidity are suggested when selecting materials. 
 
2.2 Experimental equipment, samples and conditions 
 Experimental equipment: A processing machine (prototype) was designed and experimentally 
manufactured incorporating the kinetic mechanism and polisher devised as described in the 
preceding paragraph, the exterior view of which is shown in Fig. 2. This processing machine can 
process simultaneously 4 evenly placed samples of φ 4~6” wafer. The polishing plate was made 
such that it performs eccentric small circular motions (max. dia. 60mm, max. revolution 100rpm : 
relative speed in this case = 18m/min), and a slight revolution is given to the guide rings which 
are holding wafers. An even distribution unit of the uniformly applied pressure was designed 
incorporating the water back system which presses the device wafer from its reverse side with a 
thin elastic bag (silicon rubber of 0.1~0.3mm) filled with water. For the polisher, a "continuously 
grooved, high rigid, non-forming synthetic resinr" was used (continuous groove: "v" shape spiral 
groove of 0.5mm depth, 0.5mm width and 2mm pitch). 
    Samples used for the experiment : Certain patterns (0.6µm depth), composed of irregular 
dimension and density were formed on 4” Si wafers, which were then deposited (CVD) 
functional glass flm of 8000Χ ( model wafer).  
    The patterns formed on the sample are shown in Fig. 3. The objective of the polishing is to 
obtain a complete planarity across the entire surtace before the Si surface comes out, by 
preferentially removing only the projecting features from the top surface of the glass flm. 
 
3. Experimental results and discussions 
 
3.1 Basic characteristics of the experimental equipment 
     In the prototype machine, the reference plane corresponds theoretically to the polishing surface 
due to the pressure applied by the water-back system from the reverse side of the wafer. In order 
to check the processing accuracy of the experimental equipment, the characteristics of a thick Si 
sample (φ3" x 5tmm) without using pressure application jig by the water-back was first examined, 
and a surface planarity of ± 0.5µm over φ3" was obtained, which has proved the effectiveness and 
accuracy of the kinetic mechanism of the experimental equipment. On the other side, the 
effectiveness of the newly developed water-back processing method has been also confirmed 
through the experiment where a model wafer (φ 4" x 0.55tmm warp ±50µm, TTV 6µm) with a 
6000Χ glass film formed over the entire wafer surface was subjected to the polishing, using the 
water-back processing system, the glass film of which has been found uniformly removed. In the 
next, the characteristics of the ultra-precision planar polishing using the model wafer have been 
investigated. 
 
3.2 Processing characteristics with the model wafer and its evaluation 
 Figure 4 shows an example of the processing done on the glass film removing approx. 0.5µm 
by using the new "continuously grooved, high rigid, non-forming synthetic resin polisher". For 
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comparison purpose, the processing results with the conventional polisher are also given. It 
reveals that the devised polisher left remaining gaps below 100Χ despite uneven dimension and 
density of its pattern (step height: 0.5µm, width: 300, 200 and 150µm, length: 1 mm). In other 
words, not to mention local planarity, global planarity over a chip size has been accomplished. In 
the case of the conventional polisher, the recessed area of the pattern was also processed, which, 
however, still leaves irregularities of ±0.3µm. From this comparison, it is obvious that the newly 
developed polisher has a great advantage over the conventional ones. 
 Moreover, when polished with the new polisher, the variation of step heights fell within 150Χ 
(Fig.5), which led us to confirm successful realization of the global planar processing for wafers 
to an almost complete level. 
 Linearity of the processing rate relevant to the ultra-precision planer polishing technique 
herein proposed was investigated. Figure 6 indicates relationship between polishing time and 
stock of removal of the glass film, using slurry, composed of cerium oxide whose processing rate 
against glass film is high. As seen from this figure, the processing characteristics of the model 
wafer display three phases against processing time. That is, in the first phase when projecting 
features of the glass film are removed, processing rate becomes relatively high. In the 2nd phase 
when only already planed glass film is removed, it becomes about half due to the decreased 
processing pressure per area as the processing area increased over that of the 2nd phase. In the 
third phase when the glass film in the bottom (recessed area) and silicon of the exposed base 
wafer are simultaneously removed, the processing rate increases slightly over the 2nd phase 
because of alkaline slurry of pH10, which works on silicon surface at higher rate than on the glass 
film. All phases present good linearity characteristics. In general, when planarization 
polishing/CMP is performed over device wafers, removal should be completed by the 2nd phase. 
 With reference to the processing advantage of the "continuously grooved, high rigid, non-
forming synthetic resin polisher", discussion was held from the angle of the global uniformity 
observed on the processed surface of the glass film. Figure 7 shows dependency of the number of 
wafers processed by the devised polisher (A) and the conventional polisher (B) upon the 
uniformity of each processed surface. Polisher (A) has no loading thanks to the material of bag-
shape pore-free, non-forming synthetic resin, because of which, uniformity degradation was not 
observed although processed continuously. Instead, the uniformity improved. On the other hand, 
in the case of polisher (B), the uniformity worsened as the number of processed wafers increased. 
This implies that the fine pores of the surface get clogged with processing chips (loading). 
Therefore, if the conventional polisher is used, dressing should be pertormed in order to secure 
processing reliability so that the processing chips are removed during the polishing process. Such 
intricacy coupled with the problem of reproducibility has been overcome thanks to the 
development of the polisher (A). 
 In consequence, it has been confirmed that with almost no dressing, excellent processing 
characteristics with good reproducibility can be obtained through the use of the polisher (A). In 
other words, the end-point detection of processing becomes possible by controlling the time. 
 
4. Conclusion 
 
 For interlevel dielectric layers/glass films of VLSI device wafers with micro- irregularities, 
planarization polishing methods have been investigated, performing micro-removal within an 
extremely limited margin through the ultra-precision polishing technique. In order to develop 
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processing machine incorporating kinetic mechanism for ultra-precision planar polishing and to 
realize more reliable global planarity, a new polisher made of continuously grooved, high rigid, 
non-forming synthetic resin (high rigid plastic polisher with groove) was developed as herein 
proposed. This prototype machine with a new polisher was employed for the investigation to 
better understand processing characteristics of the model wafer prepared forming thin glass film 
with micro-irregularities over a Si wafer. The investigation has revealed excellent characteristics 
such as planarity and uniformity of less than 150Χ with good reproducibility, while the global 
planar processing is diffcult when using the conventional polishing machine and conditions. In 
addition to the device wafers in LSI process, the present research has a great deal of prospects to 
be applied also to the ultra-precision planarization polishing of SOI substrates and color filters for 
LCD. 
 
 

 
 
Fig. 1 Diagram of the even-distribution of uniform pressure and kinetic mechanism of small 
circular motions. 

 
 
    Fig. 2 Photograph of a processing machine (prototype) and a newly developed  polisher 
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Fig. 3 Patterns on a sample wafer 
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Fig. 4 Surfaces of chips before and after polishing with a new polisher and conventional  
one 
 
 
 
 
 

 
 
 Fig. 5  An example of uniform global planarity using a newly developed polisher 
     (distribution of the step heights within a wafer) 
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 Fig. 6  Relation between processing time and stock of removal of a model wafer 
     (using Ce02 slurry <980nm CeO2, pH10> and a newly developed polisher) 
 
 

 
 
 
 
 

 
 
Fig. 7  Dependency of number of wafers processed by a newly developed polisher (A) and a 
conventional polisher (B) upon the uniformity of each processed surface 
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 Abstract 
 

 An efficiency of X-ray to visible light conversion is studied as a function of alkali 
oxide concentration in model silicate, germanate and phosphate   glasses, activated by 
Tb3+, Mn2+ and Cu+ ions. Conversion efficiency is shown to be high in those glasses 
where alkali content is low. Obtained results are discussed from the viewpoint of the 
influence of non-bridging oxygen atoms on X-ray to light conversion process. 

 
 
1. INTRODUCTION 
 
 Scintillating glasses are widely used as detectors of different kinds of ionizing radiation (X-
rays, synchrotron radiation, neutrons, etc.) [1,2]. The operation of this glasses is based on 
conversion of ionizing radiation energy absorbed in glass matrix into the luminescence light. The 
feasibility of scintillating glasses primarily depends on conversion efficiency Tc defined as 
relation of generated scintillating light energy to absorbed radiation energy [1]. The conversion 
mechanism in glasses is not yet clear enough to elaborate efficient glass scintillator basing on 
scientific method of attack. 
 Present work is aimed to study the influence of glass composition on X-ray to light conversion 
efficiency in phosphate, germanate and silicate glasses activated by Tb3+, Mn2+ and Cu+. 
 As it was shown in our previous work [3] and in ref. [2] X-ray excited luminescence of 
activated glasses is characterized by the emission spectra of activator centers and to a variable 
extent corresponds to the photoluminescent properties of these centers. In general the elementary 
scheme of X-ray to light conversion in solids is following [4]. The ionizing radiation absorbed in 
medium give rise to cascade ionization process as a result of which a low energy free electrons, 
holes and excitons are generated. As is considered in ref. [4] the main contribution to the total 
luminescence yield give electrons which after the generation stage migrate over the lattice being 
captured by different kinds of traps. In particular the thermolized electrons are captured by 
ionized activator ions. The following after this recombination is accompanied by activator 
emission. 
 Glasses being a disordered systems are characterized by a small compared to crystals free 
length of thermolized electrons. So the way of electron migration is not long and the last low 
energy free electrons in the cascade ionization process of electron multiplication do not migrate 
far away from the place of its origin being trapped. This fact is proved by the linear dependence 
of the luminescence intensity on X-ray exposure dose rate which we demonstrated earlier [3] for 
Tb3+ activated phosphate glasses. The analogous linear dose rate dependence was found also for 
germanate and silicate glasses activated by Mn2+, Cu+ and Ce3+ and seems to be the common 
property of glasses. 



 This linear law can be explained only from the view point of monomolecular recombination 
scheme according to which low energy knock-on electron, being not far from activator center 
which gave him birth through ionization, returns back and recombinates with this ionized center. 
In another case of migration scheme free electrons and holes get mixed up through migration. As 
the result the recombination process in this case should be characterized by bimolecular scheme 
described by quadratic dependence of luminescence intensity as a function of X-ray dose rate. 
 
2. EXPERIMENTAL 
 
     The following model glass systems were studied: Na2O-SiO2 -Tb2O3; Na2O-P2O5-La2O3-
Tb2O3; ZnO-P2O5-MnO; R2O-GeO2-MnO; R2O-SiO2-CuO; CaO-P2O5- CuO; (R=Na,K). The 
concentration of such activators as Tb2O3 and MnO was varied in wide range from 0.1 mol% 6 to 
25 mol %Tb2O3 and 50 mol% MnO. Concentration of CuO did not exceed 2 wt % because of 
difficulties to keep copper ions in one valence state Cu+. 
     Glasses were melted from industrial raw materials in laboratory Globar-heated furnace at 
temperature range from 1100 to 1450o C. We used fused silica and alumina crucibles of 100 g 
capacity. The melt was poured onto a steel plate and then the glasses were annealed during one 
hour. Polished samples of 4 mm thickness were irradiated by X-ray beam at accelerating voltages 
40-50 keV. X-ray excited luminescence was detected at room temperature by photo multiplier at 
different wavelengths selected by light filters and grate monochromator. 
 
3. RESULTS AND DISCUSSION 
 
 As it was noted in introduction the luminescent properties of activated glasses under X-ray 
irradiation as a first approximation correspond to luminescent properties of activator centers 
under photo excitation. 
 The luminescence spectrum of terbium activated glasses is a composition of narrow 
inhomogeneously broadened bands corresponding to intra configurational f-f electronic 
transitions. Approximately 70 % of emitted energy is concentrated inside the band 550 nm 
(transition 5D4  7F5).We investigated phosphate, germanate and silicate glasses doped by Tb3+ The 
Tb3+ luminescent parameters are moderately dependent on glass matrix because of deep lying 4f 
shell shielded by the outer shell electrons. 
 As for the X-ray excited emission spectrum of Cu+ studied in this work it depends on host 
matrix and consists of a broad vibronic band with a peak at 450 nm in phosphate glasses and 510 
nm in silicate glasses. The spectral half width is 110 and 125 nm correspondingly for phosphate 
and silicate glasses. 
 Luminescent properties of Mn2+ under X-ray excitation were studied in phosphate and 
germanate matrices. The spectroscopy of Mn2+ is more complicated than the properties exhibited 
by previous ions. The spectral position of Mn2+ broad luminescence band depends not only on 
host matrix but also on Mn2+ concentration and varies for example in phosphate glasses from 600 
to 730 nm as MnO concentration grows from 1 to 50 mol %. 
  The X-ray to visible light conversion efficiency Tc was studied as a function of glass 
composition from the point of view of the influence of alkali oxide concentration on the 
conversion process. These results obtained for silicate, phosphate and germanate glasses are 



illustrated in Fig.1. As is seen the increase of alkali content leads to the decrease of conversion 
efficiency Tc in all studied glasses. For terbium silicate glasses this effect is most conspicuous. 
 We also studied the influence of activator concentration on conversion efficiency. All 
concentration dependences were nonlinear in character. Though in this case the initial stages of 
all curves were close to linear law reflecting the increase of conversion efficiency with the growth 
of activator concentration. 
 Terbium glasses had the saturation of the rising curve beginning approximately from 10 wt % 
Tb2O3 in silicate glasses and from 35 wt % Tb203 in Phosphate glasses. As for the X-ray to light 
conversion efficiency of Cu+ doped silicate glasses measured as a function of CuO concentration 
varying from 0.1 to 2 wt % it had a peak at 0.5 wt % CuO. The MnO concentration dependence of 
Mn2+doped phosphate glass conversion efficiency had a maximum at 14 wt % MnO. 
 The low value of CuO concentration corresponding to the maximum conversion efficiency in 
silicate glasses is caused from our point of view by the presence of copper in a higher valence 
form Cu2+. Beginning from 0.5 wt % CuO it was difficult to keep copper ions in one valence 
form Cu+ in silicate glasses. The same reason, namely the impurity of Mn3+, caused the decrease 
of conversion efficiency in Mn2+ doped phosphate glasses beginning from 14 wt % MnO. 
     As for Tb3+ doped phosphate glasses we did not observe the concentrational quenching up to 
the limit value of 46 wt % Tb2O3. This is because the terbium phosphate glasses can be simply 
prepared without noticeable Tb4+ impurity even at very high Tb2O3 concentration. 
  So an admixture of activators in the higher valence states presents an obstacle on the way of 
enhancement the conversion efficiency in glasses. Most likely it is caused by efficient trapping of 
electrons by these ions during an electron generation stage of X-ray to light conversion process. 
 As for the results illustrated in Fig.1 from our standpoint the decrease of conversion efficiency 
at high alkali content is caused also by the competitive electron-hole trapping process. 
 The introduction of alkali ions in silicate and germanate glasses leads to the formation of non-
bridging oxygen atoms. In ref. [5] it was shown that non-bridging oxygen atoms are required for 
the hole trapping that in its turn is important for the glass photosensitivity. Vice versa, the 
elimination of non-bridging oxygen atoms supresses the photosensitivity. In general the glasses 
with low content of all kinds of impurities and defects show high radiation resistance. In 
particular, the vitreous silica with the network containing non-bridging oxygen atoms at the 
minima in comparison with silicate glass provide a good example of the glass with high radiation 
resistance [6]. 
 That means that holes and electrons generated in silica glass by ionizing radiation recombinate 
to one another not being trapped by defects and impurities. As it was noted in introduction, an 
activator ionized through the cascade ionization process takes on the properties of the hole and 
recombinates with its own electron which migrates not far from ionized center. 
 
 



 

 

 
Fig.1.  X-ray to visible light conversion efficiency as a function of alkali oxide concentration. 
Glass systems: 
      1. Na2O - SiO2 - Tb2O3; b mol %Tb2O3 
      2. Na2O - P2O5 - La2O3 -Tb2O3; 2 mol %Tb2O3 
      3. a) Na2O- GeO2 - MnO; 1 mol % MnO 
          b) K2O -GeO2- MnO; 1 mol % MnO 
If the glass matrix contains hole traps such as non-bridging oxygen atoms then the radiation 
induced holes in the form of  ionized luminescent centers may be trapped at 2p-orbital of non-
bridging oxygens and electron-hole recombination accompanied by activator luminescence will 
not take place at this center. 



 So the increase of X-ray to light conversion efficiency with the reduction of alkali content in 
the glass we explain by elimination of hole traps in the form of non-bridging oxygen atoms. This 
effect is more pronounced in silicate and germanate glasses where the quantity of non-bridging 
oxygens depends on the content of alkali ions. As for the phosphate glasses and, in particular, for 
metaphosphate glasses studied in this work the network mainly consists of chains of phosphorus- 
oxygen tetrahedra and includes the non-bridging oxygen atoms as an integral part of network 
structure. The quantity of non-bridging oxygens does not depend on alkali content when rare-
earth metaphosphates are replaced on alkali metaphosphates. This is illustrated in Fig.1(2) as a 
gentle slope of the curve in comparison with alkali concentration dependence for silicate and 
germanate glasses. 
 
4. CONCLUSION 
 
     The X-ray to visible light conversion efficiency was found to be high in those model silicate, 
germanate and phosphate activated glasses where content of alkali oxide was low. Obtained 
results are discussed from the point of view of non-bridging oxygen atoms suppressing the X-ray 
to light conversion. 
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Abstract 
 

 The mechanical properties of metallic glasses are greatly influenced by the 
thermal treatment of its melt before rapid quenching. The strength and the  
fracture toughness of some metallic glasses obtained after the melt heating above 
the melt critical temperature Tc are essentially higher than those obtained from the  
melts that were not heated above Tc. Such difference is considered as caused by  
changing of the melt atomic structure under heating above Tc 

 
 
1. INTRODUCTION. 
 
    Mechanical properties of metallic glasses (MG) prepared by rapid quenching of the melt is 
greatly dependent on their atomic structure to a considerable extent inherited from the melt 
that they are obtained from. It is known [ 1 ] that under a solidification of a liquid there are 
two processes of the competitive formation of non-crystalline nuclei (clusters) and crystalline 
nuclei. Many investigators found experimental indications on a high density of non-crystalline 
clusters in glass forming metallic melts [2-6] that results in polyclusterous structure of 
metallic glasses [7]. 
  Such a structure is formed by chaotic packing of ordered polyatomic clusters and embedded 
in them crystalline nuclei. Boundaries between clusters form a system of internal boundaries 
in metallic glasses. According to [7] the specific disorder at intercluster boundaries 
predetermines spreading of a plastic shear along these boundaries and afterwards spreading of 
the ductile shear failure. Crystalline nuclei in their turn are the sources of the brittle failure of 
the material.  
  Therefore the state of intercluster boundaries in MG (similarly to a state of grain boundaries 
in polycrystalline materials ) controls proceeding of the plastic deformation and the mode of 
the failure of metallic glasses. The same role belongs also to a quantity and dimensions of 
crystalline nuclei. The structure of clusters, the state of intercluster boundaries, a quantity and 
dimensions of crystalline nuclei can be varied by the different thermal treatments of the melt 
before its rapid quenching. The main in these thermal treatment is their relation to the critical 
temperature Tc of the melt. The transition through this critical temperature under heating of 
the melt varies its physical properties [8-11] that is supposed to be caused by destroying of 
noncrystalline clusters [6,7] and of crystalline nuclei [12]. . 
 
 
 
2. MATERIALS AND METHODS. 
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     Experiments were performed on metallic glasses ribbons Fe73.5Nb3Cu1Sil3.5B9 (1), 
Fe7lCrl0Si7Bl2 (2), Fe8lBl3Si4C2 (3), and Co60Fe5Nil0Si10Bl5 (4) chemical compositions. They 
were produced by planar flow casting method in air and were 25-30 µn thick and 10 mm wide 
(for alloys 1 and 2 ) and 50 mm wide (for alloys 3 and 4). The amorphous state of the ribbons 
was checked by an X-ray diffraction technique. Measurements of the strength σf were carried 
out at 300 and 77 K with the extension rate 1.5 x10-4 s-1 using deformation machine with the 
stiffness of 25 kN/mm. Each experimental point of the strength was obtained by averaging the 
results of measurements on five samples. Spread in values of σf  was 3-5 %. Samples for 
measurements of the anisotropy of σf  were cut out from a " wide" ribbon at an angles Θ of 0o, 
22.5 o, 45 o, 67.5 o  and 90 o to the ribbons length axis. Their width and gauge length were 5-6 
mm and 15-20 mm respectively. Fracture toughness KlC was measured under uniaxial tension 
of samples with a transversal crack made beforehand on the axis of the sample. The surfaces 
of the failure of the samples were studied by means of a JSM-T20 scanning electron 
microscope, surfaces of the samples were studied using an optical microscope. The kinematic 
viscosity of melts was measured by the method of damping of torsional vibrations of the 
crucible with the melt suspended on elastic fibre [ 13]. 
 
3. EXPERIMENTAL RESULTS 
 
3.1. Determining of the critical temperature Tc of the  Fe73,5Nb3Cu1Si13B9 ("Finemet" 
type) from the temperature dependence of the kinematic viscosity. 
 The temperature dependence of the kinematic viscosity v of the Fe73,5Nb3Cu1Si13.5B9   melt 
under heating and cooling is shown in Fig.l. It is seen that the lower curve 1 obtained under 
heating of the melt coincides with the upper curve 2 obtained under cooling only down to 
1490o C. Below this temperature the hysteresis of ν is observed i.e. curves 1 and 2 do not 
coincide. The temperature of branching is approximately 1490 o C and it is considered as Tc 
for the melt of the given composition. 
 
3.2.. Dependence of the strength σf, the mode of the failure and the surface relief of  
metallic glasses ribbons on the thermal treatments of the melt before quenching. 
 
3.2.1. The Fe73,5Nb3Cu1Si13.5B9 ("Finemet") metallic glasses. 
Two different regimes of the thermal treatment of the melt before quenching were used: 
Regime 1:a) heating of the melt up to 15OOo C ( higher than Tc and keeping at this     
  temperature during 15 min.; 
                b) cooling to 1400o C and keeping at this temperature during 5 min before       
  quenching. 
Regime 2 : heating to 1400oC (lower than Tc ) and keeping this temperature during 5     
  min before quenching. 
Both these regimes were realized in an induction furnace. Values of the strength σf of the 
Fe73,5Nb3Cu1Si13.5B9  metallic glasses ribbons at 300 and 77 K are indicated in the Table 1 for 
these two regimes of the melt thermal treatment before quenching. 
It is seen from the table 1 that heating of the melt above Tc gives higher magnitudes of the 
strength of ribbons both at 300 and 77 K. Lower values of the strength at 77 K than at 300 K 
for both regimes is caused by the quasi-brittleness of this metallic glass under cooling down to 
77 K. 
 

Table 1. 
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Dependence of the strength of the Fe73,5Nb3Cu1Si13.5B9  ribbons on the thermal treatments of 
the melt before quenching 

 
Thermal 

Treatment 
Strength, σf , GPa 
 

 300 K 77 K 
Regime 1 1,43 1,13 
Regime 2 1,10 0.97 

 

 
Fig.1 Temperature dependences of the Fe73,5Nb3Cu1Si13.5B9  melt kinematic viscosity under   
heating (l) and cooling (¡). 
 
3.2.2. The Fe71Cr10Si7B12, Fe81Bl3Si4C2 and Co60Fe5Ni10Si10Bl5 metallic glasses. 
The regimes of the thermal treatments of the melts for these alloys were : 
Regime 1:   a) heating to 1560 oC (above Tc ), keeping during 15 min at this       
   temperature; 
     b) cooling down to 1480oC and keeping at this temperature during 5     
   min before  quenching. 
Regime 2:      heating to 14800 C (below Tc ), keeping 5 min at this temperature before 
                 quenching. 
Values of the strength σf for these alloys at 3000 K are indicated in the Table 2 for both 
regimes of the melt thermal treatment before quenching. It is seen that the same regularity is 
observed as it was in the Table 1: heating of the melt above Tc before quenching increases the 
strength of metallic glasses ribbons and makes them ductile. Fractography  of the failure 
surfaces of the ribbons shows that in MG obtained after the melt heating above Tc the ductile 
shear failure is realized with the "vein' pattern formation [14]. The mixed quasi-brittle failure 
is observed in MG obtained from the melts which were not heated above Tc ( see last column 
of the Table 2) with the "chevron " pattern formation. 
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3.3. Surface relief of metallic glasses ribbons prepared after different thermal 
treatments of  the melt. 
  Characteristic relief typical of the "contact" surface of MG ribbons obtained by the planar 
flow casting usually contains "caverns" elongated along the ribbons length. Qualitative and 
quantitative characteristics of these "caverns" are different for the ribbons obtained after the 
melt different thermal treatments. In the case of the regime 1 "caverns" are more elongated 
and anisotropic than in the case of the regime 2. For example Fig.2 shows the statistical 
distribution density of the depth h of the "caverns" for both regimes. 

 
 

Fig.2. The statistical distribution density of the depth h for both regimes 
 
3.4.Dependence of the anisotropy of the strength  σf and fracture toughness KIC on the  
melt thermal treatments. 
An anisotropy in the ribbons plane of the strength as and of the fracture toughness KIC of 
metallic glasses ribbons is dependent on the melt thermal treatment [15]. Polar diagrams 
 
 
 
 

Table 2. - 
Dependence of the strength of metallic glasses on the thermal treatments of the melts before 

quenching 
Thermal Strength , σf , GPa Mode of 
treatment Fe81Si4Bl3C2 Fe71Cr10Si7B12 Co60Fe5Ni10Si10B15 Failure 
Regime 1 2,420 2,80 2,40 Ductiles shear failure 

“vein pattern” 
Regime 2 1,115 1,70 1,80 Quasi-brittle failure, 

“chevron” pattern” 
 
σf (θ) for the Fe81Si4Bl3C2 and Co60Fe5Ni10Si10B15 metallic glasses ribbons for regimes 1 and 
2 of the melts treatment show that smaller σf values are observed for each direction in the 
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ribbons plane for ribbons obtained from melts non-heated above Tc. A degree of the 
anisotropy is also different for MG ribbons obtained after different thermal treatments of the 
melts. 
  The fracture toughness K1C of the Fe81Si4Bl3C2 MG obtained after the melt treatment in the 
regime 1 is 69.3 MPa √m. After the regime 2 the K1C is 22.2 MPa  √m  i.e. almost three times 
lower. The statistically significant anisotropy is observed also for the fracture toughness K1C 
of the Fe81Si4Bl3C2  MG after the melt heating above Tc (Fig.3). 
 

 
Fig.3. K1C (θ) for the Fe81Si4Bl3C2 after the melt heating above Tc. 

 
 At the same time KIC is isotropic for this glass obtained without the melt heating above Tc, 
 
4. DISCUSSION OF RESULTS 
 
  The hereabove reported dependence of MG mechanical properties on the thermal treatment 
of the melt as an indirect evidence of the correlation between a microscopically heterogeneous 
atomic structure of the glass-forming melt and mechanical properties of the metall glass 
obtained from this melt. Heating of the melt above Tc before quenching have already long ago 
been used in technology of preparing of MG for obtaining the perfect amorphization [8]. It is 
supposed [10,12] that under such thermal treatment of the melt crystalline clusters existing in 
the melt are destroyed that promotes the perfect amorphization. The 15 min time necessary for 
the microhomogenisation above Tc had been found empirically. 
 An essential peculiarity of our experiments was that for the both regimes of the melt 
thermal treatments we have the same conditions of the rapid quenching (quenching 
temperature, cooling rate etc).Therefore it was possible to relate observed differences in the 
mechanical properties of MG (obtained after the different regimes of the melt treatment ) 
strictly to different atomic clusterous structures inherited from the melt. Existence of non-
crystalline clusters and their aggregates in liquids is now well known both from experiments 
and from molecular-dynamics simulations [11,15-17]. 
 The basis of our study was the notion on destroying of the ordered aggregates in melts by 
additional heating of the melt exceeding the binding energy of these aggregates. Metallic 
glasses after thermal heating above Tc (regime 1 ) have the high strength and fracture 
toughness because of their good ductility and cohesion along intercluster boundaries. Glasses 
obtained without heating of the melt above Tc contained miccrocrystalline inclusions 
(observed by electron microscopy) and had bad cohesion along intercluster boundaries. This is 
considered as a reason of their low strength and fracture toughness. 
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5. CONCLUSIONS 
 
1. Mechanical properties of the Fe73,5Nb3Cu1Si13.5B9 , Fe81Si4 Bl3C2 , Fe71Cr10Si7B12Co60 and 
Fe5Ni10Si10Bl5  metallic glasses ribbons obtained by the planar flow casting  (from the melts 
subjected to the different thermal treatments relative to the critical  temperature Tc of the melt 
before quenching) were measured experimentally. 
2. The melt critical temperature Tc was determined experimentally for each alloy as the  
temperature of branching of the melt viscosity temperature dependences under heating  and 
cooling of the melt. 
3. The strength and the fracture toughness of metallic glasses, obtained from   the melts heated 
above Tc are essentially higher than for the same glasses obtained   from melts which were not 
heated above Tc. Such difference is explained by different   clusterous structures inherited 
from the melts and by the different state of intercluster   boundaries. 
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Abstract 
 
 In this work, using the method of quantitative electron microscopy, studies have 
been made of growth and dissolution kinetic of a polydispersed system of spherical 
particles appearing in the process isothermal phase separation in the glass. The 3.1 
Na2O, 25 B2O3, 70 Si02.1.2 CaO (mol %) glass was studied at temperatures of 7000C 
and 8000C within the time interval of 1 to 70 hrs. 
 ... 
 An incresse of heat treatment from 7000C to 8000C causes three-fold incresse of 
the average radius of particles which influences the magnitude of the preexponential 
multiplier A, the valus of index & remanies unchanged. 
Using the available valuse of distribution functions, the growth and dissolution rates 
of particles belonging to the definite size fractions have been calculated. It has been 
establiehed that at T=7000C and 8000C rate of the change par diales size is a non-
monotonic (usdnilation) with time. 
 At 8000C three-fold increase of dissolution rate of small particles is observed, the 
growth rate of large particles be ing practically unchanged. 
 The results obtained show that there is the correlation between the dissolution rate 
of particles and the magnitude of the average radius of the particle assembly. 
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 Abstract 
 

  New low- melting glassy coatings with original decorative effects are synthesized 
for application in the ceramic tiles productions. The multicomponent non-traditional 
compositions with participation of Bi2O3, PbO, and TeO2 are studied. The influence 
of the ratio between PbO and Bi2O3 on the characteristics of the glassy coatings is 
investigated. A correlation is found between the decorative effects obtained and the 
microstructure and phases presented in the coatings. 

 
 
I. INTRODUCTION 
 
    The synthesizing of new multicomponent compositions for special glassy materials and their 
application as new glazes is work line of research-workers in this moment in many countries. The 
reason is that the widespread use of glazed ceramic tiles requires to find new frits and glazes with 
more attractive decorative effects and good mechanical properties. Over last years is imposed the 
tendency for development of dry glaze application in form of powder, crushed frits or granules. 
[1-3]. This work is continuation of our previous investigations in which we were obtained new 
original compositions of low melting frits with nontraditional attractive decorative effects, 
containing Te, Mo, W, Bi2O3, PbO, B2O3, feldshpat, BaO, ZnO. In previous investigations our 
attention was directed mainly on influence of metals such as Te, Mo and W on the development 
of nontraditional special decorative effects. [4-6] The aim of this work is investigation of the 
influence of the ratio between PbO and Bi2O3 on the decorative properties of multicomponent 
glassy coatings. 
 
II. EXPERIMENTAL PROCEDURE 
 
    The selection of the components was made according to published data for special 
compositions of frits and glazes. [7, 8] B2O3 and PbO participates in every composition as 
traditional fluxs. As a nontraditional component was introduced Bi2O3 which effect as a good 
flux, enlarges melting interval and may be use as a base of many low-melting glass. For frits and 
coatings this component is used very rarely. The main reason for the TeO2 choice as a component 
is that the tellurium dioxide is low melting compound also and otherwise it is a glass former. The 
presence of Te in heavy metal oxides in the batches leads to the obtaining of tellurite phase after 
thermal treatment. [6] This enables additional opportunity for controlling oxidation-reduction 
processes during the thermal treatment of the frits and obtaining of different metastable phases. 
The studied compositions are shown in Table 1. 
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 Table 1. Frit compositions [mol %] 
Components Frit 1 Frit 2 Frit 3 Frit 4 Frit 5 
TeO2 20 20 20 20 20 
B2O3 20 20 20 20 20 
Bi2O3 35 30 20 10 5 
PbO 5 10 20 30 35 
feldspat 10 10 10 10 10 
BaO 5 5 5 5 5 
ZnO 5 5 5 5 5 
 
  The content of PbO and Bi2O3 varied at permanent participation of the other components. The 
batches are prepared by mixing of elemental Te, H3B03, Bi2O3, Pb3O4, feldspat, BaCO3 and Zn0 
in appropriate amount. The batches in quantity of 100 g were homogenized in a hating mill and 
melted in laboratory electric furnace in alumina crucibles at temperature 1000-1200 °C depending 
of the composition. The obtained glass like melts were cooled in water for obtaining of frits. 
After that frits are crushed to grains with size 1-1,5 mm and are applicated on white zirconium 
glazed tiles. The additional thermal treatment was performed in temperature range 500-700 °C. 
 The phase formation, processes of crystallization and microstructure of synthesized glassy 
coatings was studied with X-ray diffraction (aparat DRON-UN, Cu Ku, radiation), Infrared 
spectra (spectrophotometer "SPECORD"), DTA (aparat "Hench"), and TEM (electron 
microscope "Philips"). Vickers hardness of the glassy coatings are determinated with device for 
hardness toward microscope "Nu" (Carl Zeiss-lena), loadind 30 g, duration - 30 sec. 
 
III. RESULTS AND DISCUSSION 
 
    All compositions after melting are amorphous. The colour of frits are changes depending of 
composition from yellowbrown to blackbrown. The frits are subject to thermal treatment at 550-
600 °C in duration of 5 h for development of appropriate crystallization. X-ray diffraction data of 
frits (fig.1 ) shows that in considerable degree they remain the amorphous, especially 
compositions 4 and 5. In compositions 1, 2 and 3 is established fine crystallization of phase with 
orthorombic fluorits structure corresponding to solid solution Bi1-xTexO3+x/2 (0,33 ≤ x ≤ 0,50) 
which diffraction data are taken from [9]. As confirmation of the X - ray analysis are presented 
infrared spectra of the samples (fig. 2). The bands may be ascend to the characteristic frequencies 
of the building units of the compound Bi2TeO5: 425, 465, 540, 570, 610 cm-1 corresponding to 
the vibrations of Bi - 0 poliedra and 670 and 705 cm-1 and 380 cm-1 corresponding to Te - 0 
poliedra. [10]. The band around 1020 -1040 cm-1 may be interpreted with formation of 
polimerizated SiO2 tetraedra in the lattice. 
    Glassy coatings after thermal treatment in temperature range 500 - 700 °C give interesting 
decorative effects. In compositions 1 and 2 at 500 - 550 °C is observed phase separation of two 
phases - the one with metalsgrey colour and the other with darkbrown colour. At this temperature 
crushed frits are soft and forms glass - like granules. The same composition at high temperature 
600 - 700 °C shows other decorative effects. The two phases change their colour and a transition 
observed into interconnected darkgreen and yellow - whitephases in the coating over the ceramic 
body. Composition 3 at 700 °C is transform in to milkwhite blue glassy coating. It is seen at the 
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cross section of the coatings the formation of two layers. The upper one is with high brilliance 
and big lustre and the other one which is in contact with the ceramic body is mainly crystallized. 
For composition 4 at 700 °C it is tipicle the formation of nontransparent coating with small 
transparent darkblue microformations. The composition 5 forms glass-like coating with liquid 
phase separation. The observations shown that the most of the interesting decorative effects are 
obtained in the composition in which PbO and Bi2O3 participate in equivalent content. 

                  
   Fig.1. X - ray diffraction of the frits    Fig. 2. Infra-red spectrum of the   
 frits after thermal treatment at 600°C, 5h  after thermal treatment at 600°C,      
              5h     
 On the bases of the discussed visual observations of the samples after their thermal treatment 
and also taking in to account the DTA analyses it is possible to make a conclusion about 
crystallization and melting behaviour of the compositions. The coatings have glass transition 
temperature between 400 - 450 °C. The crystallization of the bismuth - tellurite phase developed 
above 500 °C. The crystalline tellurite phase is possible to be separate only in compositions 
containing low amount of lead oxide (compositions 1, 2 and 3). One typical crystalline structure 
of the coating is shown in fig. 3. The crystal sizes are between 5 - 10 µm. The melting 
temperature of the crystallized samples is about 620 - 650 °C depending of the composition. 
Above 700°C are developed mainly liquid phase separation processes in the amorphous matrix. 
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    All coatings are characterize with very good adhesion to the ceramic body. The glassy coatings 
posses good Vickers hardness between 4,9 - 5,6 GPa (tabl. 2) and Moch hardness 5, which are 
similar to the results published for other glazes with lead content. [11 ] 
 

 
Fig. 3. TEM micrograph of frit 3 after thermal treatment at 600 °C , 5 h. 

 
 

Table 2.Vickers hardness of the glassy coatings 
Glassy Coatings Vickers Hardness, GPa 
1 5,1 
2 5,2 
3 5,6 
4 5,0 
5 4,9 

 
 
 
 
 
IV. CONCLUSION 
 
 It is establish that multicomponent compositions containing together TeO2, B2O3, Bi2O3, PbO, 
feldspat, BaO, ZnO may be vitrified in the temperature range 1000-1200 °C. They are appropriate 
for dry application as coating over ceramic body. Different decorative effects are obtained 
depending of the thermal treatment regime between 500 - 700 °C. They are connected with the 
crystallization of the Bi1-xTexO3+x/2 phase and liquid phase separation of two interconnected 
glasslike phases. The equivalent content of Bi2O3 and PbO are appropriate for creation of the 
original decorative effects. 
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Abstract 
 
 The mixtures of  cobalt and copper are widely utilized as a doping component 
during production of glass optical filters. Due to polyvalency of these elements and 
the weak screening of their optical electrons, the spectroscopic characteristics of 
obtained filters are, to a considerable extent, stipulated by the composition and 
technological conditions of synthesis. We have shown that in the air-vitrified Co-
containing glasses the activator exists in triply and doubly charged states. Moreover, 
in the latter case its coordination is mainly tetrahedral. Thermal treatment of these 
glasses in hydrogen permits to achieve the full transition of triply charged cobalt to 
doubly charged one and is accompanied by changes of its distortion degree. 
Especially, the changing of such parameter takes place for glasses obtained from 
xerogels, additionally  impregnated with ortophosphorus acid. In air-vitrified Cu-
containing silica gel-glasses the activator exists mainly the singly charged state. 
However, its spectroscopic behavior essentially dependents on the chemical 
composition and concentration of doping mixtures. Thermal treatment of these glasses 
in hydrogen is accompanied by appearance of intensive red color connected to the 
formation of colloids atomic copper. We would like to note the high stability cobalt 
and copper silica gel-glasses singly-doped to liquidification at the annealing in 
hydrogen and the high thermostability of reduced form of activators. 
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Abstract 
 
 The question on the basicity values of oxide systems in the quantity presentation is 
one of the most important problems in the chemistry of oxide melts. The problem of 
determination of "the measure basicity of melt" in numeral presentation has arisen 
time and again. Also the question was raised to what component of melt we should 
attribute to the parameters interpreted as the basicity. Two main ways were 
determined. 
 The first one accepts the activity of alkali component of oxide melts as the measure 
of basicity. The main advantage is thermodynamic definition of parameters obtained 
from experiment. However it is very difficult to compare basicities of dissimilar 
systems, such as Na2O-SiO2 and K2O-B2O3 or to interpret the acid-base 
characteristics of systems containing several alkali oxides or not containing them 
 In the second case the ion O2- is considered to be the carrier of basic properties in 
oxide melts and its activity or the value pO=-lgao

2- is supposed to be the measure of 
basicity . According to the unique procedure based on the EMF-method two 
compositions of the systems Li2O-K2O-SiO2(xLi2O=0.6 and 0.66) were studied at the 
range from 1173 to 1273  0 C. The dependencies gotten can be explain on the basis of 
the concept of the chemical constitution of melts. The model describing basicity 
changes of three-component melt was made. This model is based on the information 
about concentration dependencies of pO for the systems K2O-SiO2 and Li2O-SiO2. 
 
 
 
-------------------------------------------------------------------------------------------------------- 
∗ Full manuscript not available at the time of printing 



INVESTIGATION OF SODA GLASSES THAT ARE EXPOSED Co-60 
 

 Nilgün DOGAN and A. Beril TUGRUL 
 Istanbul Technical University, Turkey 

 
 

 Abstract 
 

 Energetic gamma rays can be effected on glass and caused the colors of it 
in this study, Co-60 radioisotope have been used for experiments as a 
exposing source. After the exposure, the color of glasses turn to brown 
according to doses. For 10 mm glass thickness, transmission and reflection 
rates for visual and solar lights have been measured by using 
spectrophotometer. Some different measurements have been also done to 
determination of transmission for ultraviolet rays, X-rays and gamma rays. 
Results are evaluated according to each other and unexposed glasses 
comparatively. 

 
 
I. INTRODUCTION 
 
   Today, there are different types of glasses about of them approximately 700 
commercial use. But they can classified in five main groups; soda glasses, borosilicate 
glasses, lead glasses, wire glasses and special glasses. Most wide versatile glass is soda 
glasses that are used in different areas widespread. Sodium carbonate or soda ash, 
decomposes to sodium oxide as the batch of raw material melts. 
  In this study, investigation have been done on a common type soda glasses that consist 
of SiO2, Al2O3, Fe2O3, TiO2, CaO, MgO, Na2O, K2O and SO3. Colorless glasses have 
been supplied by ÞÝÞECAM Research Center in 10 mm thickness, but in the same 
chemical compound and they are cutting as square shape in 5 x 5 cm2 dimensions [1,2 ]. 
 In the other hand, gamma rays are the same physical nature as visible light, radio 
waves, etc., but which have a wavelength which allows them to penetrate all materials 
with partial absorption during transmission. They travel in straight lines outwards from a 
source according to the "inverse square law" [3].  
 
2. GLASS BEHAVIOUR 
 
   Investigations of glasses in the different ways, it is related to their physical properties. 
Therefore, physical properties and material interactions are important on their behaviour. 
In here, viscosity, thermal properties, density and homogeneity are effected on 
transmission, reflection, absorption of electromagnetic radiation in the glass [4]. 
 Correlation between the reflection (R), absorption (τ) and transmission (I) can be given 
as [5,6] : 
 

                     (1) 
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For the reflection; 
 

              (2) 
 
can be determined. In here, η represents refractive index. For a typical transparent glass, 
η >> τ and then; 
 

                 (3) 
 
can be written. 
 Light transmission of the glass (Tv) according to CEN (1992): 
 

             (4) 
 
In here: 
 
Dλ,      : Spectral dispersion according to lighting of D65 
D65  : Standard lighting according to CEN definition 
T(λ)    : Spectral transmission of glass 
V(λ)    : Efficiency of spectral luminescence for the photopeak in the photometry 
∆ λ      : Wavelength interval 
 
 For the light reflection of the glass (Rv): 

             (5) 
 
can be written. R(λ) denotes spectral reflection of the glass. 
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3. EXPERIMENTAL STUDIES 
 
 Energetic gamma rays can be effected on glass and caused changing the colors of it. In 
this study, Co-60 radioisotope which has 1.17 MeV and 1.33 MeV gamma energy peaks, 
have been used for experiments as a exposing source that had 14,8 Ci activity level. A 
soda glass has been placed against the source, and exposed at the different dose levels. 
 After the exposure, the color of the glasses turn to brown according to the dose levels. 
Their color information can be seen in the color map (Fig.1). For all the glasses, 
transmission and reflection rates for visual and solar light have been measured by using 
spectrophotometer between 185 nm-2500 nm. Fig. 2 and Fig.3 shows transmission and 
reflection rates for 4.568 KGray dose level exposed glass. 
 Some different measurements have been also done related to determination of 
transmission for ultraviolet rays, X-rays and gamma rays. In here, black light and sun 
lamp are used as two different ultraviolet sources in the experiments. For the ultraviolet 
measurements, a special device and sensors that have sensitive for the different ultraviolet 
wavelength ranges. Fig. 4 shows the results of Ultraviolet experiments. An X-ray tube is 
used as a source, and transmission is measured for 30 KeV energy range and then, 
absorption ratio is calculated for soda glasses. Results can be seen in Fig. 5. 
 Seven different gamma radioisotopes that are Co-57, Co-60, Cs-137, Ba-133, Na-22, 
Cd-109 and Mn-54 are used as a source, and experiments of transmission measurements 
have been done separately for each radioisotope. A scintillation detector with 
multichannel analyzer counting system is used for the measurements. Comparative graphs 
can be seen in Fig.6. 
 
4. RESULTS 
 
 After high level gamma ray exposing which caused the change in the color of the 
glasses, are observed in the point of view of interaction with electromagnetic radiation. 
Differences according to each other are determined by measurements of transmission rate 
of electromagnetic radiation. When the dose level increase then the coloring rates goes 
up. This results determined and showed on color map. 
 Exposed glasses are more absorbent for the solar light comparatively unexposed 
glasses. Inversely, reflection rate and transmission rate of the exposed glasses are low 
then the colorless glasses for solar and ultraviolet lights. X-ray absorption rates for 
exposed glasses are high according to unexposed glasses, but no important differences 
between glasses that are exposed over 10 K gray (1000 KRad) dose levels. 
 
 

ACKNOWLEDGMENT 
 

 We are grateful to research personnel of Research Center of ÞÝÞECAM, 
especially to Mrs. Gülçin ALBAYRAK, Health Physics Laboratory of 
Çekmece Nuclear Research and Training Center and research assistants of 
Nuclear Application Division of ITU Institute for Nuclear Energy. 

 



 4

REFERENCES 
 
1. Doðan, N., (1996), "Behaviour of Soda Glasses Against The Electromagnetic 
Radiation", M.Sc. Thesis, Istanbul Technical University Institute For Nuclear Energy, 
Istanbul, (in Turkish). 
2. Doðan, N., Tuðrul, A.B., (1995), "Investigation of Effectiveness of Energetic 
Electromagnetic Radiation on Soda Glasses”, 15th National Physics Congress, Kaþ-
Antalya (in Turkish). 
3. Bilge, A.N., Tuðrul, B., (1990), "Principles of Industrial Radiography", Istanbul 
Technical University - Institute For Nuclear Energy, Publ. No: 20, Istanbul. (in Turkish). 
4. Þiþecam (1992), "Temel Cam Bilimi", Istanbul (in Turkish). 
5. CEN (1992), "Glass in Building Determination of Light Transmittance Solar Direct 
Transmittance and Ultraviolet Transmittance and Related Glazing Characteristics", 
CEN/TC 129/W69/N.4E Rew.7. 
6. TSE (1993), "Glass in Building Determination of Light Transmittance, Solar Direct 
Transmittance and Ultraviolet Transmittance and Related Glazing Characteristics", UDK 
628.925.021: 698.3 (in Turkish). 
 
 



 5

 
 Fig:1. Places of Exposed Glasses in The Color Map 

 

 
Fig. 2. Transmission Rate For 4.568 KGray Dose Level Exposed Glass 
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Fig.3 Reflection Rate For 4.568 KGray Dose Level Exposed Glass 

 

 
 

    Fig.4  Transmission Rate For UV of Exposed Glasses 
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 Fig.5 X-Ray Absorption Rate For Exposed Glasses 
 

 
Fig.6 Gamma Ray Transmission For 4.558 KGray Dose Level Exposed Glass 
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Abstract 
 

 Borate phase separation has been occurred during thermal treatment of the 
glasses, belong to Na2O-B2O3-SiO2 system. The glass has become opaque, 
due to the opalescence of borates separated. The borates are in the form of 
small drops, joined to each other. The influence of the temperature and time 
on the phenomenon of phase separation in these glasses has been defined. 

 
 
I. INTRODUCTION 
 
 The phenomenon of phase separation is a process of disintegration of a 
multicomponent, initially homogenous, melt into two or more immiscible phases.  
 The educing new phase (or phases) may occur in the form of isolated globules or 
continuous, immiscible, mutually penetrating layers. Depending on the volume of the 
educing new phase there occurs the phenomenon of macro- or microliquation.  
 Phase separation of a system into two other systems, differing in their chemical 
compositions and properties may take place only then when for random, physicochemical 
reasons the coming close together and the following increase in the concentration of its 
structural elements is energetically more advantageous than their separation. 
    From the thermodynamics point of view the spontaneous phase separation may occur 
when this process leads to the reduction of the thermodynamic potential of the system: 
∆Gm = ∆Hm - T∆Sm. With increasing temperature the importance of the entropy member 
increases while the deflection on the curve becomes reduced. At a certain temperature, 
known as the critical temperature of the immiscibility Tc it disappears completely. Above 
this temperature the phase separation will not take place (Fig.1 ). 
    The system which the composition is found inside the spinodal curve (spinode) will 
decompose, if the mobility of the ions is sufficiently great. The formation of a new phase 
proceeds without nucleation. On the other hand, when the composition is found outside 
the spinode, in the binodal region, then phase separation does not take place 
spontaneously and requires the formation of nuclei. 
In the process of phase separation three stages: nucleation, the decomposition stage in 
which the compositions of the newly forming phases approach the equilibrium 
compositions, and the last stage which resembles the process of evaporation and 
condensation are occurred. At this stage the thermodynamic potential of the system 
becomes reduced through the reduction of the surface area of phase separation. This 
process proceeds by way of diffusion from the regions of higher concentration of the 
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dispersed phase into regions of smaller drops reduce their dimensions and disappear 
while the big ones are growing. The final result is the stratification of the liquid. 

 
Fig.1 

 
    The nature of glass is that of an over-cooled liquid frozen without crystallization. Phase 
separation is a very frequent phenomenon in silicate melts. The best known phase 
separation systems are borosilicate and phosphate-silicate glasses. 
 The phenomenon of phase separation in glasses has its own special character. On 
account of great viscosity (small diffusion) the last stage of process is inhibited earlier. 
Thanks to it the glasses do not stratificate, but have a drop-like or sponge like nature. The 
macroscopic effect of this phenomenon is the opalescence or opacity. The phenomenon of 
phase separation undoubtedly affects several consisting of a matrix and a dispersed phase. 
The properties of decomposited glasses depend mainly on the chemical composition, their 
structure, mutual position and character of phases forming as a result of decomposition. 
 Most of the properties depend chiefly on this phase which forms the permanent 
skeleton and they change only slightly depending on the contents of the particular phases. 
 It is generally believed that phase decomposition is disadvantageous, however in 
certain cases it is a positive phenomenon. It could be is utilized in the production 
processes of silica glass, porous glass and glass-crystalline materials. 
 
II. EXPERIMENTAL 
 
 Investigations of the phenomenon of phase separation in glasses were conducted using 
the basic system Na2O-B2O3-SiO2 and its modifications which consisted in the 
introduction of small amounts of aluminium, titanium and zirconium oxides. 
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T a b l e 1         
Glass No SiO2 B2O3 Na2O Al2O3 TiO2 ZrO2 

P1 70.0 23.0 7.0 - - - 
P2 70.0 25.0 5.0 - - - 
A1 58.0 31.7 10.0 0.3 - - 
A2 57.0 32.5 10.0 0.5 - - 
T1 57.0 32.5 10.0 - 0.5 - 
T2 61.5 28.0 8.0 - 2.5 - 
Z1 57.0 32.5 10.0 - - 0.5 
Z2 61.5 28.0 8.0 - - 2.5 

 
The chemical compositions of the examined glasses (in mole %) are given in Table 1. 
 The glasses were melted by the standard method at the temperature about 1400oC and 
annealed at the temperature 520oC. The glasses were undergoing thermal treatment at the 
temperature:575oC, 625oC and 700oC for 4, 8 and 24 hours in order to induce the 
phenomenon of phase liquation and to examine the dependence of the advancement of the 
process on temperature and duration of treatment. After thermal treatment all glasses 
showed opalescence. Depending on the temperature and duration of treatment the 
opalescence varied from being visible with naked eye to so intense that the glasses 
became opaque assuming the colour of milk glass. 
 
X-RAY DIFFRACTION 
 
 The occurrence of crystalline phases has not been observed in any of the examined 
glasses. Figure 2 shows illustrative diffractograms. There can be observed only two 
diffused bands in the angular range 2θ =15-35o (with maximum at 20o) and 2θ = 40-50o 
(with maximum at 45o). They are characteristic for the amorphous substances such as, in 
this case, the silica phase and borate phase. 

 
Fig.2. Diffractograms of selected glasses. 

 
THERMAL DIFFERENTIAL ANALYSIS 
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 DTA investigations have revealed the inability of the examined glasses to crystallize. 
Fig.3 shows, by way of example, DTA curves for glass A2 before and after thermal 
treatment. There appear on them two distinct endothermic effects connected with the 
transformation process: for borate phase at the temperature of about 445oC and for silica 
phase at about 730oC. Any greater differences between the curves for glasses subjected to 
various temperatures of treatment were not observed. 

 
Fig.3. DTA curves for glass A2 before and after  thermal treatment. 

 
 
TRANSMITTANCE OF VISIBLE LIGHT 
 
 It has been found that with increasing temperature of thermal treatment of light 
transmittance diminishes until it vanishes completely. The absorption thresholds are also 
shifted towards longer waves. This is an indication of an advanced degree of liquation in 
this glasses with respect to the number and the size of the areas of heterogeneity. The 
obtained curves are consistent with the macroscopic observations of the glasses. 
 
ELECTRON TRANSMISSION MICROSCOPY 
 
 The aim of investigations with the use of the electron microscope was the analysis of 
the relief of mapped surface by means of carbon replica. The character, shape, size and 
mutual position of the some heterogeneities in glass were the subject of analyzing. 
   Both types of disintegration, i.e. spinodal and binodal, have been observed in the 
examined glasses. 
   In Photo 1 there occur isolated, spherical particles of the dispersed phase. They reveal 
the tendency for a disordered state with respect to dimensions and positions in the matrix 
which is well visible. This glass shows the tendency for binodal phase decomposition. 
Non-spherical particles of the dispersed phase, with a high degree of interrelation and 
regular distribution what regards the size have been showed in the Photo 2. The boundary 
between the matrix and the regions of inhomogeneities is broadened and indistincted. 
This glass shows the tendency for spinodal phase decomposition. 
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Photo.1. Glass T1/700/24, magn.1000x.     Photo. 2. Glass Z1/700/24, magn.1000x. 
 
 
   In glass A1/700/24 one can observe both types of decomposition (Photos 3 and 4). The 
spherical particles of the dispersed phase are clearly visible against the background of 
considerably matter, non-spherical regions of heterogeneities, connected with each other. 
In this glass the matrix is invisible. 
   In general, the heterogeneities occurring in the investigated glasses have a drop-like 
character. In some cases they show the tendency for coalescence (Photos 5, 6). The 
phenomenon of coalescence occurs in the cases of binodal and spinodal phase 
decomposition. 
 The extend of inhomogeneities varies from about 0,1 µm to 5 µm. Certain 
agglomerations, however, from areas of the order of 10 µm, and even larger, creating 
continuous chains (Photos 7, 8, 9). 
    The effect of temperature on the size of the regions of heterogeneity is visible in each 
of the examined glasses. It is shown by way of example on glass A1 (Photos10-16). 
 

             
 
Photo. 3. Glass A1/700/24, magn.1000x.   Photo. 4. Glass A1/700/24, magn. 30000x. 
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Photo. 5. Glass P1/700/24, magn.1000x.   Photo. 6. Glass A1/700/24, magn.1000x. 
 

           
  
Photo. 7. Glass Z1, magn. 5000x.    Photo. 8. Glass P1/700/24, magn. 9000x. 
 

           
 
Photo. 9. Glass T1, magn. 9000x.    Photo.10. Glass A1/575/4, magn. 3000x. 
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Photo.11. Glass A1/575/8, magn.1000x.    Photo.12. Glass A1/575/24, magn.12000x. 
 

           
 
Photo.13. Glass A1/625/8, magn.16000x.   Photo.14. Glass A1/625/24, magn. 9000x. 
 

           
 
Photo.15. Glass A1 /700/8, magn.1000x.    Photo.16. Glass A1/700/24, magn.12000x. 
 
 
III. SUMMARIZING REMARKS 
 
 The process of phase decomposition in the examined glasses increases with the 
temperature and the duration of thermal treatment. It causes changes in the appearance of 
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glasses: from opalescence to complete opaqueness. This   has been confirmed in the 
investigations of visible light transmittance (reduction of light transmittance till complete 
drop). 
 The glasses did not reveal the presence of crystalline phases (XRD and DTA 
investigations - Figs 2,3- and TEM investigations). Basing on investigations using the 
TEM method the occurrence of two types of phase decomposition: binodal (Photo 1) and 
spinodal (Photo 2) has been established, as well as a simultaneous occurrence of both 
types (Photos: 3 and 4). 
 Liquation inhomogeneities have a drop-like character, with greater density they show 
the tendency for coalescence. Their size depends on the chemical composition of the base 
glass and on the temperature of thermal treatment. 
 A smaller resistance of the silica phase to the action of hydrofluoric acid is observed. 
Particles of the borate phase show a positive relief. 
 Increased temperature of thermal treatment causes an increase of the phenomenon of 
phase decomposition and the increase of the possibility of simultaneous occurrence of 
both types of decomposition. 
 On the basis of the conducted investigations it can be said that temperature is the main 
factor affecting the phenomenon of phase decomposition in glasses, while the duration 
time of thermal treatment allows to observe the particular stages in the progress of this 
process. 
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Abstract 
 
 It was found that the crystalline phases of (Zn, Mg) spinel and quartz solid solution 
could be selectively grown in glasses of the MgO-ZnO-Al2O3-SiO2-TiO2 system. This 
can be arranged by controlling the first stage of heat treatment, in which the liquid 
phase separation and the nucleation occur in glasses. 
 In order to understand the phenomenon, the processes of the liquid phase 
separation and the nucleation were studied by Raman spectroscopy and X-ray 
scattering at small angles (SAXS) methods. The glasses contained titania, zirconia and 
fluorine as nucleation agents and were heat treated in the temperature range from 680 
to 800  C for 2-24 h. The regularities of phase separation and transformations in the 
phase separated regions were studied. On the basis of results of the study, the 
conclusion was drawn regarding the structural peculiarities and chemical 
compositions of those amorphous phases.  
 It was found that variation in heat treatment schedule bringing about the 
composition change of the phase separated regions led to variations in the character, 
the sizes and the amounts of the initial phases precipitated. 
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 Abstract 
 

 Electron Spin Echo Envelope Modulation (ESEEM) spectroscopy has been 
applied for the first time to Cu2+ - doped fluoride and oxide glasses. Valuable 
information could be obtained about the spin dynamics and on the nature of 
the surrounding nuclei of Cu2+ ions using the findings of cw- and pulse EPR. 
The analysis of the ESEEM spectra of copper doped ZBLAN glasses yields 
for the neighbours of Cu2+ the nuclear transition frequencies of 19F, 27Al, 23Na 
and 139La. The low temperature spin dynamics is discussed in terms of 
contributions of local motions of structural subunits as well as spin-spin 
interactions of the paramagnetic species. 

  
 
I. INTRODUCTION 
 
   In view of the outstanding optical and macroscopic properties on the one hand and the 
specific dynamics on the other hand, fluorozirconate glasses like ZBLAN (53% ZrF4, 20% 
BaF2, 4%LaF3, 3% AlF3, 20% NaF [mol%]) belong to the intensively investigated 
materials in industry and science. However, at present time no microscopic theory exists 
to describe the dynamic and static behaviour of these systems. 
   One way to get insight into the properties of glassy matrices is the investigation of the 
local structure of incorporated transition ions, e.g. Cu2+ ions, and their interactions with 
surrounding nuclei by cw-EPR spectroscopy [1]. As a rule, cw-EPR lines of disordered 
systems containing transition metal ions are usually inhomogeneously broadened. As a 
consequence, only a partial resolution of hyperfine and superhyperfine structures results. 
Methods to improve the spectral resolution of EPR spectroscopy are time-swept and 
field-swept electron spin-echo (ESE) experiments [2], e.g. electron spin echo envelope 
modulation (ESEEM), and electron nuclear double resonance (ENDOR) spectroscopy [3]. 
Especially ESEEM spectroscopy has become a promising method to identify the nuclei 
coupled to transition metal ions incorporated into phosphate [4], oxide [5] and borate [6] 
glasses. A further advantage of these methods comes from the fact, that they deal 
explicitely with the spin dynamics of the paramagnetic subsystems. 
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    It is the intention of this contribution to figure out some characteristic differences in the 
glassy state between doped fluoride and oxide glasses using cw- and pulsed EPR 
methods. Typical low-temperature properties of glasses should be examined by time 
domain EPR measurements. 
    For the first time we could identify the neighbours of Cu2+ ions in fluoride glasses at 
different spatial areas in the neighbourhood of the paramagnetic species by the ESEEM 
spectroscopy in combination with field-swept ESE spectra at low temperature. 
Additionally, to estimate the contribution of nuclei to the spin-spin relaxation pathway, 
the phase memory time TM has been determined as a function of copper concentrations. 
   The spin-spin relaxation time is known to be a sensitive parameter to detect slow 
motions in molecular systems. While the orientation dependence of the spin- spin 
relaxation has been determined in frozen solutions [7], there is no such report available 
concerning glassy states of inorganic materials. Therefore, this paper deals also with the 
investigation of the phase memory time TM of Cu2+ ions in fluoride and oxide glasses 
measured at different magnetic field positions in the EPR spectrum. 
 
II. EXPERIMENTAL 
 
   Materials - From a series of copper doped glasses two examples of fluoride (0.58mol% 
Cu2+, 0.06mol% Cu2+) and of oxide glasses (0.66mol% Cu2+, 0.006mol% Cu2+) have 
been investigated. The preparation of the fluorozirconate glasses ZBLAN (53ZrF4, 
20BaF2, 4LaF3, 3AlF3, 20NaF [mol%]) and of oxide glasses (14.2K20, 33.3CaO, 2.8 
Al2O3, 49.7 Si02 (mol%)) has been described in [1] and [8].     
 cw-EPR spectroscopy - The equipment to measure cw-EPR spectra at low temperature 
T=4.2K and the procedure for complete simulations of the spectra of disordered systems 
has been described in [9]. 
   Electron spin echo measurements - ESEEM and field-swept ESE measurements have 
been performed at temperatures between 3.5 and 30K using a home-built pulsed EPR 
spectrometer operating at ν~9.2 GHz [10). In the two-pulse sequence π/2-τ-π-τ echo, 
applied for both ESEEM and field-swept ESE, the pulse lengths have been optimized to 
reach maximum echo intensity. The time τ has been changed in increments of ∆τ=10-
40ns. Instantaneous diffusion was excluded as a source of relaxation by varying the pulse 
lengths until the phase memory time TM reached a constant value within an error of less 
than 10%. In order to get information regarding the orientation dependence of the signals 
ESEEM experiments were carried out at different external magnetic field positions of the 
echo-detected EPR powder pattern. Values of TM were obtained by nonlinear least-
squares fits of the decay data to the function y=A·exp[-(τ/TM)n] with n=1. Since ZBLAN 
glasses show strong echo envelope modulation the fit includes only the maxima of the 
modulation. To get the FT-ESEEM spectra, the Fourier transformation of the measured 
two-pulse ESEEM was performed after subtraction of the background relaxation decay 
from the experimental data. The theoretical basis for the interpretation of the echo 
modulations in glassy materials was developed by Mims et al [11]. 
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III. RESULTS AND DISCUSSION 
 
    Fig.1 shows typical X-band cw-EPR and field-swept ESE spectra (ν≈9.1 GHz) for all 
glasses investigated. The g-values given in [9;14] correspond to axially elongated 
coordination polyhedra of the Cu2+ ions in both fluoride and oxide glasses (g⊥<g)· 
    The spectra are characterized by remarkable differences in i) their overall shapes, and 
ii) their distribution of the static spin-hamiltonian parameters as determined by simulation 
[9;13;14]. Cw-EPR measurements on Cu2+ - doped fluoride and oxide glasses have 
shown that the tendency of Cu2+ ions to form aggregates depends on both the copper 
concentration and the properties of the glassy host material [9;14]. 
    For all copper concentrations investigated at low temperature (T=4.2K) the intensity in 
the high-field region (g⊥) of the field-swept ESE spectra is less than in the g// region 
(Fig.1b,e). This situation would be reversed by more effective relaxation at temperatures 
>10K (Fig.1 c,f). There is no increase in spectral resolution for Cu2+- doped fluoride 
glasses as compared to the cw-EPR spectra. 

 
 
     Fig.1  Comparison of experimental cw-EPR X-band spectra  
       (I) and field-swept ESE spectra (II, obtained by numerical     
       differentiation) at ν~9.2GHz of Cu2+ - doped fluoride (a-c- 
       0.06mol%, d-f -0.58mol%) and oxide glasses (g,h - 0.006 mol%, 
       i,j - 0.66mol%). The arrows in the spectra indicate the  
       field position of the g-values g and g⊥ obtained by  
       simulation in [9] and [14]. 
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Also in oxide glasses, it can be stated that in view of the observed small modulation 
effects, the field-swept ESE spectra for the oxide glasses are very similar to the X-band 
cw-EPR spectra with one exception: There is a better spectral resolution of the hyperfine 
components in the g⊥ region (Fig.1 g-j). 
 

 
Fig.2 Experimental two-pulse ESEEM patterns of 
Cu2+ - doped fluoride (a,c - 0.06 mol%, b,d - 0.58 
mol%) and of oxide glasses (e, g - 0.006mol%, f,h 
- 0.66mol%) at T=4K. The g-values (g⊥, g)  
correspond to the observer position used in the 
ESEEM experiments. 

 
 
    Fig. 2 represents the two-pulse ESEEM patterns of Cu2+-doped fluoride (a,c - 0.06 
mol%, b,d - 0.58 mol%) and of oxide glasses/Cu2+ (e, g - 0.006mol%, f,h - 0.66mol%) 
taken at 4K. Since the whole echo decay can be fitted with one monoexponential 
function, the measured phase memory time TM can completely characterize the spin-spin 
relaxation. The echo modulation observed for fluoride glasses is mostly caused by the 
fluorine nuclei. The decrease of the modulation depth with copper concentration and the 
external magnetic field (going from g to g⊥) can be explained as an effect of faster decay 
(Fig.2a,b;c,d). The substantial nuclear modulation (Fig.2a,c) is one reason for the 
observed differences between cw-EPR and field-swept ESE powder patterns (Fig.1 a-f) of 
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Cu2+ - doped fluoride glasses (2]. Caused by the short phase memory time TM for the 
investigated Cu2+ - doped oxide glasses only a small (s.Fig.2e-h) modulation effect was 
detected for the low copper concentration (0.006 mol%). In order to interpret the response 
of the three-pulse ESEEM experiments (not shown here), the observable oscillations were 
entatively assigned to the nuclear precession frequency ωn of 27Al. 
 Inspecting the FT-ESEEM magnitude spectra of Cu2+- doped fluoride glasses, (Fig.3) 
the sum frequency (e) close to twice of the free Larmor frequency of fluorine are 
observed. This pattern is characteristic for disordered systems [15]. The free Larmor 
frequencies of 23Na and 27Al are hardly distinguishable (∆ω≈0.06 MHz at Bo=3350G) and 
appear as an envelope peak (b). Finally, the peak (a) can be assigned to the free Larmor 
frequency of 139La.  
    In principle, the strongly coupled fluorine nuclei detected with X-band cw-EPR [9] 
contribute to the ESEEM pattern. However, the large dipolar coupling between Cu2+ and 
19F in the first coordination 
sphere causes a broadening which can not be detected in the time domain due to the 
spectrometer dead time. Additionally, from the absence of a peak above the sum 
frequency (e) it can be inferred that the 19F nuclei detected by cw-EPR or field-swent ESE 
cover different spatial areas in the neighbourhood of the Cu2+ centres than the 19F nuclei 
observed with ESEEM. 
    For the glasses studied in this work the phase memory time TM shows a temperature 
dependence, which is caused by fluctuations in the matrix (s. Fig.4). For all Cu2+ - doped 
samples studied in this work we bound that the relaxation time of the oxide glasses is 
shorter than for the fluoride glasses. 
    The increase of the phase memory rate 1/TM with temperature and copper 
concentration (cf. Fig.4) indicates that spin-spin interactions are the dominating 
relaxation pathway. This can also be used to elucidate the observed decrease of the 
spectral resolution of the FT-ESEEM spectra (Fig.3) with increasing copper 
concentration. 
    The dependence of TM on the resonance field position Bo is given in Figs.5d,e and 
Figs.6d,e. One reason for the change of TM with the field position in the temperature 
region below T=18K originates from the anisotropy of the g tensors. 
 Using dBo/dθ as a measure of the orientation dependence of the hyperfine (hf) 
couplings Figs.5c;6c, it follows from Figs.5c;6c and Figs.5d,e;6d,e that the observed field 
dependence of TM corresponds to the orientation dependence of the hf couplings. 
Regions of smaller dBo/dθ (Fig. 5c; Fig.6c) belong to the longer relaxation times TM, and 
vice versa. The anisotropy and distribution of the hyperfine couplings of all glassy 
materials studied cause an effective overlap of the individual transitions of the Cu nuclei. 
Therefore, the orientation dependence of TM is indicated only in part for the m, = -3/2 and 
m, = 3/2 transitions. At higher copper concentrations the orientation dependence of TM is 
obscured by more effective spin-spin interactions (Fig.6). 
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IV. CONCLUSIONS 
 
    FT-ESEEM magnitude spectra measured for the first time on fluoride glasses allowed 
the assignment of the transition frequencies of 19F, 23Na, 27AI, 139La. They are located in 
the neighbourhood but outside the first coordination sphere of the Cu2+ ions. The 
detection of the couplings with the fluorines in the first coordination sphere of Cu2+ was 
not possible by this non-stationary method because of the large dipolar couplings. 
Indication for the Cu-F interaction inside the coordination polyhedra was obtained by 
simulation of the cw-EPR spectra. 
    The phase memory relaxation times TM showed a pronounced temperature (T<35K) 
and orientation dependence for both Cu2+ doped fluoride and oxide glasses. In both cases 
the observed field dependencies of TM are in correspondence with the orientation 
dependencies of the hyperfine interactions. 
    As expected, the phase memory relaxation times are diminished with increasing copper 
concentration. Actually, they are lower for Cu2+ - doped oxide than for fluoride glasses 
even at very low Cu2+ concentrations (0.006 mol%). This is a dynamic expression of the 
macroscopically known differences of the two types of glasses. 
 

 
 

Fig.3  FT-ESEEM magnitude spectra of Cu2+ doped 
fluoride glasses with copper concentration of (I) 0.06 
mol% at g =2.5, (II) 0.06 mol% at g⊥ =2.07, (III) 0.58 
mol% at g =2.5 and (IV) 0.58 mol% at g⊥ =2.07. Peaks of 
nuclear frequencies are labelled by a : νLa, b : νNa/Al, C 
: 2νNa/Al, d : νF and e : 2νF. 
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Fig.4 Temperature dependence of the 
phase-memory time TM of Cu2+ - ions in 
(a) fluoride glasses (0.06 mol%), (b) 
fluoride glasses (0.58 mol%), (c) oxide 
glass (0.006 mol%) and (d) oxide glass 
(0.66mol%) at different field positions 
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Fig.5 (a) Experimental field-swept ESE           Fig.6 (a) Experimental field-swept 
absorption spectrum of fluoride glass/Cu2+      ESE absorption spectra of oxide 
(0.06 mol%) recorded at T=10.5K,(b)             glasses/Cu2+ (0.006 mol%) recorded 
numerically differentiated spectrum of (a),      at T=10.5K, (b) numerically 
(c) plots of dBo/dθ as a function of  Bo for      differentiated spectrum of (a),(c) 
each of the individual transitions m, of the      plots of dBo/dθ as a function of Bo 
Cu nucleus. For computation of the               for each of the individual transitions 
resonance field (Bo) as a function of the        m1, of the Cu nucleus. For 
angle (θ) between the molecular z axis and      computation of the resonance field 
the external magnetic field the simulation       (Bo) as a function of the angle (θ) 
parameters were taken from the literature       between the molecular z axis and the 
[9] (A=AF

+ACu
; A⊥=AF

⊥+ACu
⊥).      Field external magnetic field the  

(d) Field position dependence of TM of Cu2+   simulation parameters were taken  
 - ions (0.06 mol%,(e) - 0.58 mol%) in     from the literature [14]. 
fluoride glasses at T=10.5K (d) and     (d) Field position dependence of TM of 
T=12K (e), v=9.1 GHz.         Cu2+ - ions (0.006 mol% (e)- 0.66   
                 mol%) in oxide glass at T=21 K and  
                 v=9.1 GHz 
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Abstract 
 

 The new semiconducting non-crystalline solid “tellurite glasses” of the form 0.7 
TeO2 -(0.3-x) V2O5 - xCeO2 have been prepared in bulk form with different 
compositions. Longitudinal ultrasonic attenuation in these glasses has been measured 
at frequencies 2,4,6 and 8 MHz and in the temperature range 100-300° K. The results 
showed the presence of a very well defined peak which shifts to higher temperature 
with increasing frequency, suggesting a kind of relaxation process. The acoustic 
activation energy has been found to be strongly depend upon the value of the oxygen 
density in the glass. The ultrasonic loss is thought to arise from the thermally 
activated transitions of the bridging oxygen atoms from one minima in the two-well 
potentials. The number of cation-anion-cation units in unit volume has been 
calculated. So, the macroscopic activation energy could be correlated to the barrier 
height of the two-well potentials. 

 
 
1- Introduction: 
 
 Considerable international progress has been made during 1990’s both in the discovery of new 
tellurite glasses, and in knowledge of the optical & physical properties, structural & bonding 
nature of these glasses (1-25). The main justification for research in this field is the possibility of 
extending the infrared transparency domain towards long wavelengths and consequently 
achieving of mid IR ultratransparently. Tellurite glasses with high refractive indices are 
promising materials for photonic switches(4,5). TeO2 -V2O5 - M glasses have the property of 
switching phenomena (3) where M= CeO2, La2O3, Y2O3.  
 
2- Experimental Work: 
 
 Mixtures of reagent grade TeO2, V2O5, CeO2 were placed in an alumina crucible. The glass 
was prepared by putting the batch in an electric furnace at temperature in the range of 700-800°C. 
To improve homogeneity the high viscosity melt was stirred a few times. The melt was then cast 
into a heated steel mold followed by annealing at 250°C for 1 h. The ultrasonic attenuation of 
each sample was measured for the longitudinal waves at the frequencies 2,4,6 and 8 MHz in the 
temperature range 120-300 K. A cryostat arrangement with liquid air was used to cool the sample. 
The sample with the bonded transducer was mounted on a sample holder and placed inside a 
chamber. The temperature was checked by a thermocouple placed in direct contact with the 
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sample. The pulse echo technique was the method used for the measurements as descried 
before(22). 
 
 

 
 

 
 

Fig. 1 : Absorption Coefficient α for TeO2-V2O5-CeO2   
glasses in the temperature range 140 - 300 K. 
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         Fig. 2 : Variation of (1/Tp) against log f 
 
 
3- Results and Discussion: 
 
 The attenuation coefficient of each sample is given by: α=(20 log h1/h2)/2x, where x is the 
length of sample and h1, h2 are the heights of the first and second echoes respectively. The 
ultrasonic absorption α vs. temperature for all samples are shown in Fig. 1. The peak occurs at 
temperature ranging 180-238 K depending upon the sample composition and frequency. For each 
sample the attenuation, especially at the peak temperature, increases with the frequency. The peak 
temperature shifts to higher values for higher frequencies. Table 1 summarizes the values of the 
attenuation at the peak temperature  for all samples. Plots of log frequency (f) against inverse 
peak temperature (1/Tp) yield straight line as shown in Fig. 2. It is clear from fig. 2. that the 
present glass fit an equation of the form ωτ0 exp(E/kT)=1. From the slope and intersect of these 
lines the activation energy E and attempt frequency f0 have been calculated in Table 1. 
 The present analysis of ultrasonic attenuation at low temperatures of these glasses is based on 
the fact that in all noncrystalline solids  (Glass) there is a distribution of the thermally averaged 
cation-anion-cation spacings about the equilibrium values. It has been reported(26) that there 
would exist two-well systems with a distribution of  barrier heights (activation energies) for both 
longitudinal and transverse vibrations of the anions (oxygen in the present glass) as shown in Fig. 
3. 
 The relaxation process can be described to a particle moving in a double-well potential and the 
sound wave disturbs the equilibrium and produce a relative energy shift between the minimum if 
the two wells by an amount ∆E. According to the Debye relation (27,28), the absorption 
coefficient is given by 
 
  α = n A {ϖ2 τ(V) / (1 +  ϖ2τ2(V)}                (1) 
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Fig. 3 : Schematic two-dimensional representation of longitudinal  

and transverse vibrations of the amorphous solids. 
 
where n is the number of relaxing particles per unit volume which (calculated from the chemical 
formula for each glass) which increased from 6.21 to 6.41*1028 m3 for the change of CeO2  from 
0.03 to 0.10 mol %, A is the relaxation strength is given by:  
A = 2αmax V L /πf0, VL is the sound velocity (29). The relaxation strength has been increased 
due to increase in the frequency for each sample. While the attempt frequency has been decreased 
from 2.66 to 0.2 Sec.-1 for higher CeO2 in the glass. So, the higher number of vibrating anions is 
the present glass is responsible for the attenuation. The decrease in the experimental values of 
activation energies from 0.095 to 0.049 eV for higher CeO2 could be attributed to the decrease in 
the value of the average force constant in the glass due to the presence of CeO2 from 234 to 216 
N/m. 
 
4- Conclusions: 
 
 The maximum absorption of ultrasonic waves that propagated in a noncrystalline solid 
(tellurite glasses) at low temperatures has been analyzed quantitatively according to the increase 
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in the number of oxygens. The values of the acoustic  activation energy (activation energy of 
anion atoms in the two-well system) depends upon the value of the cation-anion force. 
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Abstract 
 
 The effects of Cr2O3 on the nucleation and crystallization of CaO-Al2O3-SiO2-R2O-
F system glasses have been investigated by means of ESR, STEM, EDAX, SADP, 
XRD, DTA and so on. The base glass composition was approximately 22.0 CaO, 7.0 
Al2O3, 59.0 SiO2, 6.0 R2O, 2.0 F2(wt.%). Cr2O3 has been incorporated in the glass 
with-in the range 0.5-2.5 wt.%. The experiments show that the parent glass containing 
more than 1.5 wt.% Cr2O3 can be nucleated internally and converted to spheroidal 
crystal glass materials. The spherulite diameter ranged from 2 to 4 mm, depending 
upon the heat treatment schedules. The spherulites were made up of fibrous 
wollastonite crystals radiating from a center. The residual glass phase filled in the 
interstices between the wollastonite fibres and between the spherulites. EDAX 
analysis proved that the centre composition was rich in Cr3+ and Ca +2. In the base 
glass melted under oxidizing conditions chromium can simultaneously exist in the 
form of Cr6+, Cr5+ and Cr3+, but Cr6+ ions were predominant. During heat treatment 
process, the valence states of chromium changed from Cr6+ to Cr3+, and the Cr-spinel 
solid solution [(Ca Ba Zn)Cr2O4] precipitated following this change. This result has 
been verified by ESR and EDAX spectra. AT the primary stage of crystallization, the 
Cr-spinel could act as a nucleating center on which the principle crystalline phase β-
CaSiO3 grew epitaxially. The close similarity of lattice parameters in some dimension 
of Cr-spinel and β-CaSiO3 made it possible to nucleate heterogeneously. The 
microstructure of spherulite depends on the glass composition and heat treatment 
schedule. The large spheroidal crystals inlaid the glass matrix and formed beautiful 
patterns after the sample surface had polished. Because of the polycrystalline structure 
of this materials, their mechanical strength is higher than that of glass. This new kind 
of material by the name of Macrocrystal Glass can be used as building materials in 
place of marbles or granites. 
 
 
-------------------------------------------------------------------------------------------------------- 
∗ Full manuscript not available at the time of printing 



MICRO-DEFECTS ON GLASS SURFACE TO BE DETECTED BY THE POLISHING 
 

Toshio Kasai, Kenichiro Horio, Tsugio Yamazaki and Toshiro K.Doy 1) 
 

Faculty of Engineering, Saitama University, Japan 
1)Faculty of Education, Saitama University, Japan 

 
 

Abstract 
 

 Since there are a great number of imperfections such as inherent defects and 
heterogeneity on a multi-component optical glass that has a desired refractive index, it 
has been often found difficult to produce a flat planar surtace even under the mirror-
finish processing conditions.  
 In this report the differences of machined qualities resulted from  applying various 
polishing conditions have been compared and discussed. Using an oil-type polishing 
slurry of low removal efficiency, defect or heterogeneity on th e glass surfaces were 
clearly detected whereas these defects have become less defined when water-type 
slurry was used. There was, however, found to be a powerful water-type slurry to 
reveal the defect in a lot of slurrys. 

 
 
1. INTRODUCTION 
 
  When a heterogeneous material is polished, the amount of material removed at weak point is 
larger than that around it and digs or pits may be left on the polished workpiece. For example, the 
surtace roughness of polished zirconia ceramic with a chromium oxide powder slurry and an 
acetate fiber polisher was found to become 0.2 ,u m Ry, having many digs or pits formed with 
rounded edges and centered on pores in spite of glossy surface.  
  There may be also a great many defects on a polished glass surtace, ranging in size from atom 
order to millimeter order, i.e., defects inherent in the material, defects due to polishing and 
defects from previous working. It is never easy to discern defects inherent in the material from 
others, especially micro defects as revealed in mirror polishing. 
  In this report, a polishing method for revealing micro-defects on optical glass surface will be 
described, and the material removing mechanism in polishing will be discussed. 
 
2. EXPERIMENTAL PROCEDURE 
 
  Polishing conditions are shown in Table 1. Glass as work material was cut to six of 10 mm 
cubes which were waxed at regular intervals on the outside circumference of a flat stainless steel 
plate 60 mm diameter x 10 mm thick. 
  In order to obtain a mirrorlike or smooth surface on glass work, a conditioning ring type 
polishing machine, as shown in Figure 1, were used with a conventional cerium oxide slurry 
suspended in distilled water and pitch polisher. On the other hand, for revealing inherent defects 



or heterogeneity on work a newly proposed polishing slurry and polyurethane fiber polisher were 
adopted. Polishing slurry and polyurethane fiber polisher were adopted. 
  In the evaluation of polished surfaces, a stylus-type three-dimensional surface 
roughness measuring instrument (Kosaka Laboratory Ltd.) and an optical-type 
instrument (Zygo Ltd.) were used. 
 
3.RESULTS AND DISCUSSIONS 
 
3. 1 Influence of Dust and Polisher for Surface Quality 
 Examples of surface roughness profiles of polished glass is shown in Figure 2 (a), (b) and (c). 
First pitch-polished surface with cerium oxide slurry is of course smooth as shown in Figure 2 
(a). With such conventional optical glass polishing, a mirrorlike surface having a fairly high 
quality can be satisfactorily ensured. 
   In order to finish superior surface, every mechanical action including the useful material 
removing actions must be small. Figures 3 (a) and (b) show a basic model concerning mechanical 
actions. Presuming the existence of a remarkably large grain, as shown in Figure 3 (a), it will be 
forced into the work and polisher faces corresponding with the indentation hardness on each and 
will make rubbing tracks on the works. Surface roughness is formed by the crossing of such 
tracks and if will be in direct proportion to the grains diameter d, indentation hardness of the 
polisher material Hp and in inverse proportion to indentation hardness of the works Hw. This 
implies that a soft polisher will reduce the deterioration of surface smoothness, if an unfortunate 
large abrasive or dust particle is encountered. 
   On the other hand, considering the fine irregularity of a polisher surface and in spite of very 
fine abrasives, as shown in Figure 3(b), such irregularity of polisher surface will form surface 
roughness on the work. Small ups and downs on the polisher face will generate irregular 
polishing pressure ∆p, when close-contacting the work surface under a suitable weight loading 
W. Since material removal is in proportion to polishing speed v, pressure p and time t in normal 
polishing, surtace roughness is formed by the crossing of the paths of finely irregular pressure, 
and in direct proportion to the height of the irregularity hp and in inverse proportion to the 
polisher elastic deformation constant ξ. 
  It is not easy to get a satisfactorily smooth face polisher for high level polishing. However, a 
pliable material which shapes itself to correspond with a workpiece during working can be useful 
as a polisher. For instance, the approach using pitch polisher seems to be satisfactory in the final 
stage of polishing. 
 
3.2 New Polishing Condition to Detect Material Micro Heterogeneity 
  Although the optical glass as multi-component glass was heterogeneous materials, fairly smooth 
surface could be obtained by applying pitch polishing. Considering the mechanism of stock 
removal or formation of surface roughness in polishing, abrasive powders, solutions and polishers 
will be pointed out as important factors. 
  Figure 2 (b) and (c) show surface roughness profiles on polished glass with cerium oxide slurry 
suspended in silicone oil and polyurethane fiber polisher. With increasing polishing time, the 
smooth polished surface as shown in Figure 2(a) changed into the defective surtace. Digs or pits 
seem to grow with rounded edges around micro defects as polishing advances and to take on a 
new appearance. There are no scratches or indentations due to abrasives or dusts. 



  Cerium oxide powder slurry suspended in water has been superior ability to polish optical glass. 
Formation and removal of soft hydration film during polishing process seem to be carried on and 
to be profitable for ensuring smooth surface and large stock removal in such polishing condition. 
Although the use of fine abrasive powders and soft polishers has been effective for obtaining a 
high level mirrorlike surface, the influence of solution in slurry for surface quality cannot be 
ignored as shown in Figure 2 (a), (b)and (c). 
  This implied that the weak parts on a glass surfaces, namely micro defects, are attacked by the 
polishing slurry, and that similar results may be obtained by replacing a superior solution for 
material removal, namely water, by inferior silicone oil. 
  Figure 4 shows the result of surface roughness on polished BK7 glass under similar condition. 
Appearance of digs or pits was not remarkable though 4 hour elapsed for polishing. It seemed to 
be long and to be hard because silicone oil was used. For improvement of such polishing 
condition, water-type polishing slurrys was examined. 
  Since an effective slurry to reveal defects and heterogeneity on glass was inferior in material 
removal, 0.06µm γ-Al2O3 slurry suspended in pure water was adopted. Figure 5 and 6 show 
surface roughness on BK7 glass after only 5 minutes elapsed. New water-type slurry distinguishes 
oil-type slurry in the texture of polished surfaces. It seems to form hillocks or small projections at 
rather short time. There are different mechanisms in material removal between these polishing 
slurry conditions. 
 
4.CONCLUSION 
 
  In polishing optical glass, a conventional polishing with cerium oxide slurry and pitch-polisher 
was adopted and discussed to ensure high quality mirror surfaces. In order to reveal inherent 
defects or heterogeneity on the glass, it was important to adopt an abrasive powder or suspending 
solution with an inferior ability for material removal. Newly proposed polishing slurry using 
silicone oil could attack the weak part as digs or pits appeared. On the other hand, polishing 
slurry of 0.06 µm γ-Al2O3 powder and water-type solution could form hillocks or small 
projections at rather short time. There seem to be different mechanisms in material removal 
between both polishing slurry conditions. 
 
 
 
 
 
 
 
 
 
 
 

Table 1 Experimental conditions 
 
   Work           optical glass (CdFD3, BK7) 
   Abrasive powder       cerium oxide powder 



               0.06µc m γ-Al2O3 powder 
   Polishing solution          silicon oil (300 cSt,3*10-4 m2 /s) 
               pure water 
   Polisher          pitch polisher 
               polyurethane fiber polisher 
   Polishing machine       conditioning ring type polishing machine 
   Polishing speed        13-17 m/min 
   Polishing pressure       3-13 kPa 
   Surface roughness       stylus method (Kosaka) 
   measuring instrument      optical method (Zygo) 
 

 
 

           Figure 1 Conditioning ring type polishing machine 
 
 
 
 
 



 
(a)                                                                     (b) 
Figure 2 State of polished optical glass surface (CdFD3) under specific polishing condition for 
revealing micro-defect: (a) after smooth polishing; (b) 1 h elapsed in detec 
trevealing polishing; (c) 4 h elapsed. 
 

  
 a) After smooth pol i shing            (b) 1 hour elapsed 
                                      in defect revealing polishing 

    
   (e) 4 hours elapsed 
 
 Figure 3 Basic formation models of surface roughness: (a) relation between work, 
 polisher and abrasive or dust; (b) relation between surface texture of polisher and irr 
 egularity of polishing pressure. 



   
 
  Figure 4 Surface roughness of polished optical glass (BK7) with oil-type slurry. 
 

    
 
Figure 5 Surface roughness of polished optical glass (BK7) with water-type slurry. 
 
 

 
 

 Figure 6 Tree-dimensional surface roughness of optical glass (BK7) 
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Abstract 
 
 The density and refractive index of single and mixed alkali boratic glass systems have been 
measured and used to calculate the molar volume, molar refractivity and molar refraction of 
oxygen ion in order to investigate the configurational changes that might be induced in the glass 
structure, as the constituent alkali ion is gradually replaced by another, keeping the total alkali 
content constant. Three alkali borate glass systems [R(Na2O-Li2O)B2O3; R(K2O-Li2O) B2O3 and 
R(K2O-Na2O)B2O3 in addition to the simple binary lithium, sodium and potassium borate glasses 
have been measured over the range of O < R = 35 mol% alkali oxide. The properties of single 
alkali borate glasses exhibited systematic variations with the glass composition. The mixed alkali 
borate glasses containing up to 15 mol% total alkali oxide did not exhibit any deviation in their 
property-composition relations. A slight positive deviation from linearity in the plots of density 
against composition was observed for glasses containing 20 mol% (K2O-Na2O). The deviation 
increased with increased with increasing alkali content reached a maximum value in the case of 
glass containing 30 mol% (K2O-Na2O). The results did not reveal a configurational change in the 
glass structure. The results are consistent with a view of the structure in which a constant boron-
oxygen frame work is maintained independent of the alkali type. This view suggests that the 
observed deviation results from the intractions between dissimilar alkali ions rather than a 
structural rearrangement of the local glass network. 
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Abstract 
 
 This paper demonstrates unique opportunities of Vibronic Spectroscopy  in the 
study of complex glassy systems. There are reported  vibronic spectra of  Rare Earth 
ions (Eu3+) in oxide glasses based on mixed glassformers which were couples of both 
traditional glassforming oxides (B2O3, P2O5, SiO2, GeO2, TeO2) and conditional ones 
(Nb2, WO3,BiO3) mixed in different proportions. There were the following intriguing 
results: 
.  vibronic spectra of mixed glasses demonstrated multimode behaviour; for the first 
time vibronic sidebands of conditional glassformers (Nb2O5, WO3, Bi2O3 ) were 
registered 
.  causes of such a behaviour differed from  vibrational ones; this effect may be used 
for study of the Rare Earth's distribution all over matrices of complex glasses. 
.   for glassformers may be proposed some peculiar scale of capture ability realive to 
Rare Earths 
.   sometimes Rare Earth's distribution in such hosts differed from statistical  one, i.e. 
RE ions demonstrated a strong tendency to be accepted in a certain surrounding  
.  It was shown that data obtained from vibronic spectra of one glass may be used for 
some  predictions about the role of the studied component in other glasses; i.e. 
vibronic data possess a peculiar transferability 
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Abstract 
 
 Ion-exchange is common for fabrication of gradient-index rod lenses. But at 
present a new application of molar volume change in conjunction with laser radiation 
resulting in crystallization of exposed region and formation of spherically shaped 
protrusions and hollows on the surface has been developed. Thus mirolens arrays abd 
devices for optoelectronics are manufactured. 
 It should be emphasized that silver ion-exchange under low-temperature conditions 
in glass causes the development of photosensitive superficial layer. Elaborated 
thermal-temporal schedules result to creation of optical elements with given 
crystalline surface relief. Unexposed non-crystalline region of glass bulk can be used 
as a gradient-index medium. 
 Diffusion processes in activator-doped glasses open up a new filed of their 
application. The diffusion of copper in alkalisilicate glasses from a salt melt forms 
thin layer connected with Cu(2+) ions at the depth of 5 mm. The UV radiation is 
absorbed within superficial layer. The diffusion of Cu(+) ions leads to the appearance 
of luminescent layer at the depth of 100-180 mcm. This technique can be used for 
fabrication of luminescence screens with high spatial frequency. 
 Two-stage ion-exchange diffusion connected with penetration of Li (+) ions can be 
carried out in sodiumsilicate glasses. It yields microcracks on a glass surface and 
frosted glass. Glass sample is easily impregnated with d-elemens ions from a salt melt. 
As a result the surface of optical element obtains various colours. 
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Abstract 
 

 The present studies discuss the problem of synthesising the earthenware glaze 
containing minimum zircon frit at firing temperatures in the 960-1000oC range .The 
aim is to realise partial substitution of the frit by more reactive raw materials as tuff 
and halcedonite. The tuff contains high amounts of glassy phase .The halcedonite was 
used as a mineral with a high active SiO2 content .The investigations were performed 
on the basis of the designed experiment in a four component system : zircon frit -high 
marl clay (22.9 % CaO) - low marl clay (8.6 % CaO) - tuff : halcedonite = 1:1 ratio . 

 
 
1. INTRODUCTION 
 
 The pure raw materials, minerals and technical products are important conventionally used 
sources for the fabrication of fine ceramic glazes. Recently, the search of substituents, especially 
of feldspars with more cheaper and more available rock materials appears to be a general trend. 
The nepheline-syenite, perlite, granite, rhiolite, obsidian characterised with low content of 
colouring oxides. For ceramics with a coloured body are used glazes with the participation of 
perlite, diatomite, andesite, basalt, trahyte, zeolites, tuff, etc. [1-8]. 
 The participation of natural raw materials substituting the expensive technical products and 
especially frits is of interest mainly from of economic point of view. The use of some volcanic 
rocks as volcanic glass, pumice, zeolites allows to increase the efficiency by reducing the 
grinding time of glazes. The usage of ready glassy phase from volcanic glasses leads to 
diminishment of their reactivity and the melting temperature of the green glazes and frits. 
 
2. EXPERIMENTAL 
 
     The aim of the present study is to prepare low melting semi - fritted glazes for faience with 
firing temperature in the 960-1000oC with the participation of non-deficit natural raw materials 
and diminished content of the frit. The earlier studies for earthenware tiles performed in the 
Department of "Technology of the Silicates" at the University of Chemical Technology and 
Metallurgy-Sofia were used as a basis for the present work. The glazes contain 30 % clay with an 
increased CaO content and 70 % zirconium frit [9,10 ]. In order to diminish the zirconium frit 
content, part of it is replaced by a reactive natural raw materials - volcanic tuff and silicide.  
   The taffs are pyroclastic rocks formed from the accumulation of materials released from the 
volcanoes- ash, powder, sand particles and they are considered as an intermediate form between 
the volcanic and sedimentary rocks. They possess comparatively constant chemical content. The 
Bulgarian tuffs have softening temperature in the range from 1100- to 1130 o C.] the silicide is 
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typical chalcedonite and it is formed from many very fine crystalline particles. It is soft and 
possess very large specific surface which predetermines its high reactivity.[9 ,10]. 
 The chemical composition of all raw materials used is presented in Table 1. 
 

Table 1. 
Raws SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O 3H 
Low 54.4 15.2 6.2 8.6 2.0 0.7 1.9 10.9 
marl         
clay         
High 39.5 12.4 4.6 17.3 1.8 1.3 2.0 21.2 
marl         
clay         
Tuff 62.2 11.0 1.9 8.7 0.9 3.8 0.5 11.0 

Silicide 96.0 0.3 0.9 0.7 0.5 0.1 0.2 1.5 
Frit 60.5 5.3 0.1 3.3 0.5 6.8 1.0 - 

BaO=2.1, ZnO=11.1, ZrO2=8.8, B2O3 =11.8 
 
 The investigation has been performed by a designed experiment in a four component system, 
high marl clay-silicide and tuff (1:1 ratio) - zirconium frit. 
 The target   parameters  and their limits of   variation   were determined  in accordance with 
the exploration requirements of these products. 
 For earthenware tiles : 
 
     6< y1<7.5 
     120 < y2 < 200 
     1 < y3 < 6 
 
where:  y1, is the coefficient of thermal expansion ,10 6 o C-1 
     y2 is the coefficient of thermal stability, ºC 
     y3 is the external appearance of the glaze, established by the method of expert 
assessment. 
  The factors ( the time of variation ) correspond to the components of the mixture : 
          0.000 < x1 < 0.600 
          0.000 < x 2 < 0.600 
          0.000 < x3 <0.300 
          0.300 < x4, 0.700, where 
          x1 - low marl clay 
          x2 -high marl clay 
          x3- silicide and tuff in a 1:1 ratio 
          x4 - zirconium frit. 
 Since the system investigated is a multicomponent, multiphase, it is suggested that the 
processes taking place in it should be described by a more complicated composition :properties 
relationships. It is expected to observe a non-linear dependence. A model of a third uncompleted 
order is expected to be observed. 
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      Y = Σbi Xi +Σ bij Xi Xj +Σ bi j k Xi Xj Xk + b1,2,3,4 X 1 X2 X 3 X 4 
 
 

Table 2 
No                Experimental Design  Properties of the coatings 

 x1 x2 x3 x4 y1 y2 y3 
1 0, 000 0,600 0, 000 0,400 7,59 180 2 
2 0, 000 0, 000 0,300 0,700 8,85 110 5 
3 0,600 0, 000 0,100 0,300 8,43 190 2 
4 0, 000 0,600 0,100 0,300 7,40 190 2 
5 0,600 0,100 0, 000 0,300 7,82 180 1 
6 0, 000 0,300 0, 000 0,700 8,32 140 4 
7 0,100 0,600 0, 000 0,300 7,33 190 1 
8 0,300 0, 000 0, 000 0,700 7,35 190 1 
9 0, 000 0,380 0,140 0,480 7,66 190 1 
10 0,380 0, 000 0,140 0,480 8,28 140 4 
11 0,267 0,267 0, 000 0,466 7,32 190 2 
12 0,284 0,283 0,133 0,300 7,73 190 1 
13 0,133 0,133 0,300 0,433 5,00 170 3 
14 0,100 0,300 0,100 0,700 7,47 180 1 
15 0, 000 0,450 0, 000 0,550 7,52 140 2 
16 0, 000 0,500 0,200 0,300 7,60 140 6 
17 0, 000 0,200 0,300 0,500 8,56 180 1 
18 0,000 0,150 0,150 0,700 7,10 180 4 
19 0,450 0,000 0,000 0,550 7,13 190 1 
20 0,500 0,000 0,200 0,300 7,91 190 1 
21 0,200 0,000 0,300 0,500 8,69 180 1 
22 0,150 0.000 0,150 0,700 7.72 110 6 
23 0.350 0.350 0,000 0.300 8.23 180 1 
24 0.150 0.150 0.000 0.700 6,38 130 3 
25 0.050 0..600 0.000 0.350 7.60 180 2 
26 0.200 0.200 0.300 0.300 10.30 180 2 
27  0.236 0,236 0.100 0.428 7.41 180 2 
28 0,400 0,000 0,000 0.600 7,34 180 6 
29 0,500 0,000 0,000 0.500 7,71 180 6 
30 0,300 0,000 0,200 0,500 7,33 180 6 

 On the basis of the above mentioned equation with the help of a systematic program was 
possible to built up the optimal plan of the experiment, presented in Table 1. 
     The glazes are prepared by using the conventional technology for earthenware glazes by joint 
wet grinding. The firing is performed at maximum temperature of 980 oC under laboratory 
conditions. The main properties thermal stability and the coefficient of thermal expansion are 
defined in accordance with the existing methods [11]. The results of the investigations are 
presented in Table 2. 
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3. RESULTS AND DISCUSSION 
 
 From the results obtained is seen that it was possible to prepare qualitative coatings by partial 
substitution of the frit by tuff and silicide in a 1:1 ratio. The best results were observed when this 
substitution is carried out with a high marl clay at the highest clay content up to 50 %. Here the 
additionally included quantity of SiO2 compensates its lower content in the clay-composition - No 
16. At the glazes based on low marl clays the substitution of frit could be realised only with 
compositions in which the clay content is up to 30 %, composition N 30. Since the quantity of 
SiO2 in the low marl clays is high (about 60 % ) ,their participation is limited as a result of the 
enrichment of glaze with SiO2. In this case the partial replacing of the frit by tuff and silicide 
causes low quality of melting and the appearance of some hair cracking due to additional 
inclusion of large SiO2 amounts. 
 After the treatment of the experimental data by a regression analysis computer program, the 
coefficients of the given model have been evaluated. The coefficient of the multiple correlation 
for y1, y2 and y3 are as follows : y1 = 0.887, y 2 =0.821 and y3 =0.758. 
 The model could be determined as adequate since the coefficients for y1, and y2 are significant, 
i.e. above 0.800, Y3 has been calculated too, and its value was below 0.800 as a result of the 
influence of the individual factor during the assessment of the external appearance. 
 The optimal compromise composition-property hatched area on Fig. 1 which correspond to the 
requirements has been determined by the overlapping of the optimal areas of the three properties 
from the given diagrams. 
 Generally, it could be taken by an expert assessment of the external appearance. The glazes 
with expert assessment above 4.0 are dependent mainly on the chemical composition. The 
coatings with assessment below 4.0 contain a higher quantity of crystalline phase which varies 
with the various compositions. In areas near to z1 the crystalline phase is formed mainly from 
unmelted starting materials. The same behaviour was observed with the compositions containing 
extremely high CaO contents located in the vicinity of z2. It was observed a range of 
compositions with an expert assessment of about 4.0, the crystalline phase of which is assigned to 
the soaking of the glaze melt in the body and the high extent of the surface crystallization. 
 Thus, as a result of the existence of some phase transitions the above mentioned properties 
pass through extremum which hinders their univocal interpretation. In spite of that there exists a 
range of compositions corresponding to the requirements for the faience tiles. 
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   Figure 1. Optimal area of compositions-properties on the section x3 =0.200. 
       The ratios of the components of the compromise -optimal ranges are as follows 
                        x3 = 0.200 
                        x, = 0.100 - 0.350 
                        x2 = 0.000 - 0.160 
                        x4 = 0.450 - 0.700 
       The properties of the section in the limited area of compositions vary in the     
 following ranges : y1 = 6,6 - 7,4, y2 =130 -170, y3 = 4 - 5,7. 
 
 
4. CONCLUSIONS 
 
 As a result of the investigation were synthesised glassy coatings for earthenware glazes in 
which participate reactive materials -tuff and silicide. The new materials diminish the amount of 
frit. The use of a designed experiment permitted to determine the range of compositions with 
preset properties. The prediction accuracy could be raised by inclusion of new structure 
depending properties. 
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Abstract 
 

 The aim of this paper was the development of glass-ceramics for dental  
restorations. It was possible to develop glass-ceramics in two systems. Glass-ceramics 
of the new SiO2-Li2O-ZrO2-P2O5 system were heat pressed to produce dental 
restorations (temperature below 1200 oC and approx. 0.5-0.8 MPa). The glass-
ceramics demonstrated a high basic strength of approx. 280 MPa with a fracture 
toughness of 2.0 MPam0.5. The glass-ceramic was bonded to ZrO2-ceramic (TZP) 
through heat pressing. The similar thermal expansion coefficient of ZrO2-ceramic and 
the glass-ceramic made it possible to produce a composite having a strong interface.  
 In the SiO2-Al2O3-K2O system, the addition of small amounts of CaO, P2O5 and F 
permitted the formation of needle-like apatite in the glass-ceramic. The sintering of 
glass powder induced the precipitation of leucite crystals by surface crystallization 
and the precipitation of needle-like apatite by volume crystallization. The 
crystallization of needle-like apatite in glass-ceramics was new. 

 
 
1. INTRODUCTION 
 
 Restorative biomaterials for dental applications have to fulfill a wide range of requirements. 
They should possess a high degree of translucency, good chemical resistance, biocompatibility 
and good mechanical strength in order to meet the standards of appearance of natural teeth. The 
processing parameters for fabricating dental restorations with the biomaterial should not be 
complicated or time consuming. This paper will focus on two glass-ceramic systems that meet 
these requirements. 
 Moreover, a multiphase glass-ceramic in the SiO2-Li2O-ZrO2-P2O5 system was produced. It 
was possible to incorporate a remarkably high ZrO2-content of up to 3O wt% into the glass. In 
this system two glass-ceramics were developed having different properties. The first type of 
glass-ceramic, containing 20 wt% ZrO2, in this system showed good mechanical strength of 
approx. 28O MPa caused by the multiphase microstructure after heat pressing at 1000oC [1]. In 
addition, the material demonstrated excellent processing properties. The second type of glass-
ceramic, with 15 wt% ZrO2 and lower P2O5 content, showed a high degree of translucency. 
Furthermore, the linear thermal expansion coefficient of this glass-ceramic was compatible with 
the high strength ZrO2-ceramic (TZP). The glass-ceramic was bonded to a ZrO2-ceramic in a 
heat-pressing procedure to produce dental composites. These materials fulfilled the requirements 
for a high degree of biocompatibility and good optical properties (translucency). Thus they have 
been used to produce dental posts [2].  
 In the SiO2-AI2O3-K2O-CaO-P2O5-F system the crystallization behaviour of leucite 
(KAlSi2O6) and calcium phosphate phases, especially needle-like apatite or fluor apatite and the 
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resulting properties of the glass-ceramic are discussed [3]. The crystallization of needle-like 
apatite in glass-ceramics was new. It had previously been reported in apatite formation by 
hydrothermal synthesis [4, 5]. 
 
2. EXPERIMENTAL 
 
2.1 Sample preparation in the SiO2-Li2O-ZrO2-P2O5 system 
 
 In order to obtain a material with high mechanical strength and good fracture toughness, the 
glass formation and crystallization behaviour were investigated in this system. Up to 30 wt% of 
zirconia were incorporated in the glass. The zirconia was fully dissolved in the melt. Glass was 
successfully formed within the composition range (in wt%) 42-59 SiO2, 7-15 Li2O,15-28 ZrO2, 4-
14 P2O5. Additions of Me(I)2O, Me(II)O, Me(III)2O3, Me(IV)O2 and F- up to approximately 11 
wt% favourably influenced glass processing using a heat pressing procedure. 
 The glass-ceramic formation was done by powder processing, sintering and heat pressing. 
 

 
Fig.1 Glass-ceramic formation process 
  by powder processing, sintering 
   and heat pressing 

Fig. 2 Schematic diagram of an 
   IPS Empress EP500 
   press furnace 

 
 Heat pressing was conducted in the IPS Empress EP500 (IVOCLAR AG) press furnace (Fig. 
2). Since the material demonstrated viscous flow at 900oC-1000oC and 0.5 MPa pressure, it was 
possible to fabricate dental restorations with complex shapes as well as standardized test  
samples. The viscosity of a typical pressable glass-ceramic was in the range of 105-106 Pas. Test 
samples were pressed to investigate the microstructure, flexural strength, linear thermal 
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expansion and fracture toughness of the glass-ceramic. Microstructural analyses were conducted 
on fractured and etched (2.5% HF,10s) samples using SEM (Zeiss DSM 962). 
 The flexural strength was tested on samples measuring 20 x 4.7 x 1.5mm3 using the three point 
bending method. The fracture toughness was investigated using the Vickers indentation method 
[6] and the single edge notched beam method (SENB) [7]. 
 For the Vickers indentation method, the surfaces of the samples were polished with 1 µm 
diamond polishing medium. The samples used for conducting the flexural strength and SENB 
measurements were ground with SiC paper (1000 grit). The notches in the SENB samples 
measured 0.1 mm in width and 2.5mm in length. 
 
The fracture toughness Klc was calculated using the following equations: 
 
Vickers 
indentation      K1c= (0.035 H √a)/[Φ√(l/a)(H/(EΦ))0.4]       1) 
(Niihara [6]) 
 
where H is the Vickers hardness, a is half the diagonal length of the indentation, Φ is a constant 
of ≈3 and l is the crack length measured from the corner of the indentation to the crack tip 
 
SENB [7]       K1c = [(Fs)/(BW1.5)] f(a/W)           2) 
 
where f(a/W) is a geometrical factor, F is the load, s is the span of the test apparatus (here 15mm), 
B is the breadth of the sample, W is the width of the sample and a is the notch length 
 
The formula of Niihara was chosen because the measured samples showed crack behaviour 
described by Palmqvist (0.25≤l/a≤2.5). 
 
 
2.2 Sample processing in the SiO2-AI2O3-K2O-CaO-P2O5-F system 
 
 Special additives in the SiO2-AI2O3-K2O base glass system were investigated to control the 
microstructure and the resulting thermal and mechanical properties of the glass-ceramic. The 
addition of CaO, P2O5 and F made it possible to crystallize needle-like apatite in addition to 
leucite [8]. Leucite was precipitated by surface crystallization, while needle-like apatite was 
precipitated in the bulk of the glassy powder particles. The composition of this type of glass-
ceramic was in the range of (in wt%) 49-58 SiO2,11-19 Al2O3, 9-23 K2O, 2-12 CaO, O.5-6 P2O5, 
0.2-2.5 F with additives of up to 9wt% Me(I)20, Me(II)0, Me(III)203 and Me(IV)02. 
 The formation process of the glass-ceramic is described below. 
 
glass melt → frit → milling → tempering 950 oC-1100 oC/1 h → milling → 
sintering  a) on a metal substrate; e.g. 950 oC/1 min 
      b) to monolithic glass-ceramic ingots; e.g. 950 oC/30 min 
      ingots for heat pressing as illustrated in Fig. 2. 
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 The test samples used to conduct flexural strength and thermal expansion measurements were 
sintered or heat pressed. The heat pressing parameters were in the range of 1000 oC-1150 oC with 
0.5-0.8 MPa pressure. 
 
3. RESULTS AND DISCUSSION 
 
3.1 SiO2-Li2O-ZrO2-P2O5 glass-ceramic 
 
3.1.1 Microstructure 
 
 The glass-ceramic showing high strength consisted of 20wt% ZrO2. The microstructure of a 
sintered ingot (950oC) demonstrated liquid liquid phase separation and primary lithium phosphate 
phases (Fig. 3). At this stage, no zirconia crystals had been precipitated. After the heat-pressing 
procedure at 1000 oC the multiphase microstructure developed due to controlled crystallization. 
These phases were analyzed using X-ray diffraction. The glass-ceramic consisted of tetragonal 
ZrO2, monoclinic ZrO2 (baddeyelite), ZrSiO4, rod-shaped lithium phosphate of the Li3PO4-type 
and a glass matrix. In Figure 4, the ZrO2 and ZrSiO4-crystals appear as white objects as a result of 
the analytical method used (SEM-compo). The lithium phosphate crystals have been partially 
dissolved by HF etching. The remaining holes indicate the original locations of these crystals. 
 

             
Figure 3 Microstructure of sintered     Figure 4 Microstructure of sintered and 
   (950 oC) glass-ceramic          heat pressed (1000 oC) glass-    
 containing 20wt% ZrO2         ceramic containing 20wt% ZrO2  
   (SEM, 2.5%HF,10s)          (SEM-compo, 2.5%HF,10s) 
 
3.1.2 Mechanical Properties 
 
 For the glass-ceramic containing 20 wt% ZrO2, the three point bending strength of the heat 
pressed samples reached mean values of up to 280 MPa. The toughening mechanism closely 
depended on the complex microstructure of the glass-ceramic. The calculated results for fracture 
toughness are listed in Table 1. 
 
 
Method sintered ingot 950 oC  

K1c (MPa√m) 
heat pressed 1000 oC 
K1c (MPa√m) 
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S E N B 1.4±0.25 2.0±0.1 
Vickers indentation 1.3±0.2 1.9±0.1 
 
Table 1:Fracture toughness Klc of a sintered glass-ceramic and a sintered and subsequently heat 
pressed glass-ceramic containing 20wt% ZrO2 
 
 
The fracture toughness of a sintered and heat pressed sample was 40 to 50% higher than that of a 
sample that had only been sintered. The heat pressing procedure induced further crystallization of 
all the crystal phases, which resulted in a remarkable increase in fracture toughness. The same 
toughness values were measured with different methods. The SENB method was used to 
investigate a macroscopic area of the samples (crack length approx 2-3mm), while the indentation 
method was used to investigate a microscopic area of the samples (crack length approx. 0.1 mm). 
 
3.1.3 Thermal expansion coefficient 
 
 The glass-ceramic with 15wt% ZrO2 demonstrated very good translucency after heat pressing 
at 900 oC. This esthetic advantage made the glass-ceramic suitable for dental restorations, e.g. 
dental posts. The glass-ceramic was bonded to prefabricated densely sintered ZrO2 (TZP) pins in 
a heat pressing procedure. The linear thermal expansion coefficient (100oC-500oC) of the 
pressable glass-ceramic (9.5-10.0·10-6 K-1 m/m) was lower than that of the ZrO2-ceramic ( 
approx.11.0·10-6 K-1 m/m). The bonding of these two materials resulted in composites 
demonstrating low thermal residual stress. In addition, the glass-ceramic was reinforced by the 
ZrO2-pin. In Figures 5 and 6 the bonding areas are free of defects, such as debonding or porosity, 
caused by thermal residual stress. The shear strength is in the range of 30 MPa measured by push-
out tests. 
 
 
 
 
 

          
Figure 5                                                            Figure 6 
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Figure 5/6 Interface of ZrO2-ceramic and pressable glass-ceramic (SEM, surface polished       
1 µm) 
 
3.2 SiO2-AI2O3-K2O-CaO-P2O5-F glass-ceramic 
 
 In the base system SiO2-AI2O3-K2O, the mechanism of crystal development was the surface 
crystallization of leucite. This type of glass-ceramic has often been used in conventional dental 
materials. A new crystal phase was precipitated by adding CaO, P2O5 and F to the base system. At 
heat treatment in the range of 850 oC-1200 oC for 30 minutes to 4 hours, additional phosphate 
phases or preferred fluorine apatite was precipitated in the bulk of the glass grain. The habit of the 
apatite was found to be needle-like as shown in Figure 7. This modification of apatite in a glass-
ceramic was new and had previously been determined only in apatite crystals produced by 
hydrothermal synthesis [5]. 
 

           
 
Figure 7 Needle-like apatite precipitated      Figure 8 Surface crystallization of leucite 
   in the bulk of a glass grain at      and bulk crystallization of needle· 
   1050oC (SEM, 2.5% HF,10s)      like apatite in a sintered glass- 
                  ceramic (SEM, 2.5% HF,10s) 
 
 The controlled crystallization of leucite resulted in a homogenous distribution of small 
crystallites (<5µm) embedded in a glassy matrix (Fig. 8). The dispersion strengthening due to the 
thermal expansion mismatch of leucite and the glass matrix resulted in high flexural strengths of 
up to 190 MPa. The measurements were conducted on heat pressed samples (1000 oC-1200 oC). 
Flexural strengths of up to 300 MPa were achieved with self glazing, which was induced by 
additional heat treatments at 900oC -1000oC. The glass-ceramic containing leucite and apatite 
showed a high degree of translucency as a result of the small crystal size and the similar 
dispersion coefficient; of the crystals and the glass matrix. The degree of translucency was 
controlled by the crystallinity of the glass-ceramic. The linear thermal expansion coefficient was 
in the range of 12.0-19.0·10-6 K-1 m/m, depending on the amount of leucite crystals. Esthetic 
dental restorations were produced by sintering (850oC-950oC) the glass- ceramic powder on a 
metal substrate with a similar thermal expansion coefficient or by heat pressing (1000oC-1200oC). 
 
4. CONCLUSIONS 
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 In the SiO2-Li2O-ZrO2-P2O5 system, it was possible to develop two glass-ceramics having 
different properties after heat pressing. The microstructure of the heat pressed glass-ceramic was 
mainly influenced by the variation of the ZrO2 and P2O5 content and the resulting heat press 
parameters. It was possible to form individual dental restorations with complex shapes using a 
special heat-pressing technique in combination with viscous flow. 
 The first type of glass-ceramic containing 20 wt% ZrO2 showed viscous flow at 1000oC. The 
resulting glass-ceramic, exhibiting a multiphase microstructure, had a high flexural strength of 
approximately 280 MPa. The fracture toughness was 2.0 MPa√m. The second type of glass-
ceramic containing 15 wt% ZrO2 was pressable at 900oC. Due to the low content of crystalline 
phases, the heat pressed samples showed high translucency. The similar thermal expansion 
coefficients of the glass-ceramic and the ZrO2-ceramic (TZP) allowed these two materials to be 
bonded together in a heat-pressing procedure. The resulting composite showed biocompatibility, 
good shear strength and translucency. 
 In the SiO2-Al2O3-K2O-CaO-P2O5-F system, it was possible to precipitate leucite with surface 
crystallization and needle-like apatite with bulk crystallization. The resulting glass-ceramic 
demonstrated good biocompatibility and a high degree of translucency. The linear thermal 
expansion coefficient was in the range of 12.0 to 19.0·10-6 K-1 m/m Flexural strengths of up to 
190 MPa were measured. These properties made this glass ceramic suitable for producing 
functional and esthetic dental restorations. 
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Abstract 
 
 We offer to apply the GRIN element index distribution like parabolic one as an 
index scale for novel interference technique to measure glass index. In case GRIN 
element is of a traditional shape one can use this scale with great difficulties. 
However, it is possible to exhibit this scale if the elements are shaped into a cone, or a 
pyramid, or a wedge. Cone-, pyramid-and wedge-shaped GRIN elements may be used 
as index reference standard (RS) if the index distribution parameters are known 
exactly. Here we represent a brief description of the technique of glass index 
measurement using these RS.  
 The optical cell with immersion oil, experimental specimen and RS are placed into 
the measurement unit of an interferometer, the parameters are known exactly. Here we 
represent a brief description of the technique of glass index measurement using these 
RS. 
 The optical cell with immersion oil, experimental specimen and RS are placed into 
the measurement unit of an interferometer, the experimental specimen being shaped 
arbitrarily, Fringe-shift picture is observed by a microscope. The subject plane of the 
microscope is located into RS plane. Then oil is being heated until the specimen 
becomes invisible because the oil index becomes equal to the glass index. At this 
moment a fringe shift picture of RS should be analyzed. The fringe crossing a singular 
points of wave surface was called the characteristic fringe. 
 One can calculate oil index using positions of characteristic fringes due to the 
analytical expression of the wave surface which has been found by the authors. The 
derivation and analysis of the wave surface expression, the definition of singular wave 
surface points, the correlation between a characteristic fringe positions and oil (or 
specimen) index for each RS are discussed. 
 
 
 
--------------------------------------------------------------------------------------------------------  
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Abstract                                               
 

 Nonlinear response of phosphate glasses containing CdSe nanocrystals has 
been investigated by degenerate and nondegenerate four photon scattering. The 
resonent third order susceptibility due to CdSe crystallites has been measured in 
wide range of  jumping intensities for different frequency detunings.  A three level 
model is proposed to explain third order nonlinearity of the System The model 
takes into account trap states governing nonlinear response at low pumping power 
and for zero or small frequency detunings.  Some evidence for the states has been 
obtained from spectral dependence of the susceptibility and differential absorption 
measurements. 

 
 
1- INTRODUCTION 
   
 Starting from pioneer work [1] , glasses doped by crystallites of  II-VI group have been 
investigating intensively in connection with their large and ultrafast nonlinear response. 
Different linear and nonlinear optical methods were used to get information on electron-hole-
pair states and carrier dynamics in crystallites [2-7] . Values of the resonant third order 
susceptibility ranging from 10-7 to 10-9 esu were reported [8-11] . Even taking into account 
that the values were obtained with different samples and under different experimental 
conditions, it is difficult to agree the high efficiency of nonlinear wave mixing ultrafast carrier 
dynamics (free carrier time T1 ∼ 10-12 s and dephasing time T2  ∼ 10-14 s [12-15] ) in the 
framework of a two level model though such approach was used to explain third order 
nonlinearity of the system  [15]. More complex model was proposed in  [4]. The model takes 
into account both volume and surface electronic states. However, authors  [4] point out that 
one of two peaks observed in x

(3) spectra in the vicinity of the lowest quantum confined 
resonance can be attributed to surface state only tentatively. According to  [6], the structure of 
the resonance for CdSe crystallites (usually hidden in linear absorption spectra) is connected 
with transitions from different hole states 1S3/2 and 2S3/2. 
  In this paper we try to elucidate what mechanisms determine third order nonlinearity of 
CdSe doped glasses and consequently what states participate in nonlinear wave mixing 
process using nondegenerate and degenerate four photon scattering measurements in wide 
range of pumping intensities. Such investigation seems to be impossible with silicate glasses 
due to their photodarkening  [8]. However, our preliminary experiments showed that 
phosphate glasses did not demonstrate appreciable change of optical properties after powerful 
laser illumination. 
2.EXPERIMENTAL 
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 Glasses of basic composition 55P2O5-16BaO-17K2O-7Al2O3-CaO-3B2O3 (mol%) were 
used as a matrix for CdSe crystallites. Colorless samples were prepared by comelting this 
matrix  (T=1100-1200°C) with CdSe in excess (1-5 mol%) to compensate its volatilization 
during synthesis. Precipitation of the semiconductor phase was carried out by secondary heat 
treatment of the samples under isothermal conditions at different temperatures of 480-550°C 
range. Sizes of crystallites were determined by small angle X-ray scattering (SAXS) [16]. 
  To control formation of CdSe crystallites we measured absorption spectra with 
spectrophotometer “Perkin-Elmer” model 555. Spectral position of the lowest confined 
resonance was taken into account when we chose samples for nonlinear measurements. Third 
order nonlinearity was investigated in detail for one sample containing crystallites with an 
average radius about 2.5 nm. The sample turned out to be the most suitable for tuning range of  
our experimental setup. We investigated frequancy nondegenerate and degenerate four photon 
scattering (three wave mixing version). Two nanosecond dye lasers pumped by the second 
harmonic Nd:YAG laser were used. Three wave mixing signal was detected at frequency 
ν3=2ν1-ν2, where ν1 and ν2 are the output frequencies of the pumping lasers. Frequency ν1 
was centred on the maximum of the quantum-confined resonance. In experiments the power 
1(ν1) of the first pump beam was varied up to 10 MW/cm2, while that of the second one was 
kept at low level (0.02 MW/cm2). We used values of signal intensity 3(ν3) normalized to 
product of the incident intensities 1

2(ν1) 2(ν2) to determine absolute values of the resonant 
third order susceptibility. Information on experimental setup in more detail can be found in  
[17]. We also controlled photobleaching of the sample measuring transmission of a probe 
beam at frequency νp=ν1-νd, where vd is small detuning in order to exclude coherent 
contribution. 
 In addition, differential absorption measurements were performed with a standart pump-
and-probe setup consisting of two dye lasers: narrow-band powerful laser for selective 
pumping within the inhomogeneously broadened resonanse and weak broad-band one to probe 
photobleaching spectra  [5]. 
 
3.RESULTS 
 
 The data on radii of crystallites obtained by SAXS measurements for two phosphate 
glasses are given in Table 1. 
 

Table 1. Heat treatment regimes and radii of crystallites 
 Glass 
N1 

 Glass 
N1 

 Glass 
N2 

 Glass 
N2 

 

480 °C R,nm 550 °C R,nm 510 °C R,nm 550 °C R,nm 
t hours  t hours  t hours  t hours  
24 2.3±0.1 2 10 2  1.6 2  3.3 
43  2.7 4  12.3 8  1.6 24  4.1 
72  2.9 8 16 19  1.95 48  5.4 
  16 19 46  2.05   
  29 21 72  2.2   
  
 The observed difference in sizes between two glasses can be connected with different 
preparation procedure (temperature and time of melting) which determines amount of 
semiconductor components in matrix. Time dependence 
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R ~ t1/3 corresponding to the coalescence stage of the precipitation process [18] was found to 
hold only for glass N1 heat treated at 550ºC. This regime provides crstallites of large size 
only. As can be seen, crystallite radius changes weakly with increase of heat time for all other 
sets of samples. It means that that growth of small crystallites (1.5-3.0 nm)proceeds in early 
stages of the process where the narrowest size 
distribution functtion can be expected [19,20]. 
Fig. 1 shows adsorption spectra of 
representative series of samples (glass N2, 
T=510ºC). The samples contain crystallites 
with radii much less than exciton Bohr radius 
of CdSe (rb=5.6 nm). The situation 
corresponds to the strong confinement regime 
[21]. A distinct quantum confined feature 
superimposed higher energy adsorption bands 
of CdSe crystallites is observed for all the 
samples. The total adsorption of the samples 
increases strongly within time interval 2-19 
hours. It can be referred to an increase of the 
volume fraction of CdSe. This is an additional 
evidence allowing us to consider that the heat 
treatment regime provides an early stage of the 
precipitation process. The observed shift of the 
peak to higher higher energy with decrease of 
crystallite radius is due to quantum size effect [22]. As can be also seen, the shift is 
accompanied with a considerable broadening of the feature. There are no reasons to 
considerthat size dispersion increases strongly with the decrease of heat time and we believ 
that other mechanisms of broadening should be taken into account. 
 
 To get additional information along this direction we used nonlinear optical technique. 
Dispersion curve of the resonant third order susceptibility was measured in the frequency 
detuning range 15-1000 cm-1 to estimate the width of the homogeneous spectral component in 
absorption band. Theory of the method was developed in [23]. The estimation yields ∆E≈0.12 
eV. The value is in accordance with that obtained pump-and-probe method from differential 
absorption spectra (DAS) for CdSe crystallites grown in a silicate matrix [20]. Different 
absorption measurements of some of our sammples showed the following. A broad hole 
having the width more than 0.15 eV is observed for crystallites with average radious R<2.0 
nm. The spectral position of the hole is close to the maximum of the quantum confined peak 
and does not shift when we tune excitation energy along lower energy tail of the band. When 
excitation energy approaches the maximum, some structure can be resolved in DAS, namely, 
a weak pecularity arises at its higher energy side. The structure becomes more pronounced for 
crystallite of larger size (R>2.0 nm). Lorentzian fit of the DAS gives two bands, with lower 
energy one being broader and more intensive. The observed behaviour differes strongly on 
that for CdSe crystallites in silicate glasses where holes burnt follow the enrgy of the pumping 
laser [20]. 

 
Fig.1 Absorption spectra measured at 
300K. Heat time of the samples: 1 -2 h; 
2-8 h; 3-19 h; 4-72 h. 



 4

 
 To elucidate the matter whether we deal with 
optical transitions that determine third order 
nonlinearity or other mechanismd are 
important, we measured intensity dependencies 
of the resonant third order susceptibility for 
different frequency detunings. The data are 
presented in Fig.2a. Fig.2b shows data on 
photobleaching of the sample. As can be seen, 
values of x(3) differs strongly (10-103 times) 
for frequency degenerate and nondegenerate 
wave mixing. At the same time one can see that 
intensity dependence of the susceptibility 
correlates with that of optical density for large 
frequency detunings. On the contrary, 
frequency degenerate mixing (or the case of 
small detunings) demonstrates a strong 
saturation, while optical density of the sample 
is nearly constant. The results undoubtedly 
show that optical nonlinearity is due to several 
mechanisms. It should be noted here once again     
that   we   did   not   observe   any  
appreciable change of optical properties after 
powerful laser illumination of the sample (103 
shots, 10 MW/cm2). Therefore, we can 
exclude from consideration a process of 
carrier trapping into deep levels. Then we 
conclude that a “slow” mechanism determines 
nonlinear susceptibility of the system in the 
region of small frequency detunings and low 
pumping power, but other “fast” mechanism 
determines the susceptibility at higher 
pumping power and for large detunings. So, a 
three level model including shallow 
longliving traps can be used to describe third 
order nonlinearity of the system.  
An expression for the modulus of the resonant 
third order susceptibility was obtained in [24] in 
the framework of the model. The calculated 
dependencies of x(3) according to the 
expression are shown in Fig. 2 by solid lines. 
The best fit corresponds to the following values of the parameters: carrier trapping quantum 
yield γ = 3 10-3, free carrier lifetime T1 =10-12 s and absorption cross section σ = 3 1015 cm2. 
 We also measured spectral dependence of the susceptibility for the case of frequency 
degenerate mixing. The data are given in Fig.3. A distinct peak is observed at low pumping 
power close to the maximum of absorption band. It saturates with increase of pumping power 
and one can see that ratio |χ(3)|/α  increases monotonously to lower photon energies for l1=10 
MW/cm2 We could not measure in this spectral  range with our experimental setup and can 
only suppose that some peak, if any, exist there. 

 

Fig. 2 Dependencies of |χ(3)| (a) and 
optical density (b) on ýnput intensity, 
νd - frequency detuning. Solid squares-
experimental points.| 

 

Fig.3 Absorption spectrum and 
spectral dependencies of the ratio 
|χ(3)|.α  for two different pumping 
power 
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4. DISCUSSION 
 
 There is only space modulation of the population change in the case of degenerate wave 
mixing and a stationary grating is produced by interference of the intersected pumping beams. 
Capture of carriers to the longliving (in comparison with the pulse duration) traps provides the 
accumulation of the stationary grating during the nanosecond laser pulses that results in large 
value of susceptibility (|χ(3)|∼10-9 esu). The increase of pumping beam intensity causes a space 
uniform trap filling. It decreases the depth of the population grating and consequently the 
susceptibility which is due to this mechanism. The weak photobleaching observed shows that 
the trap concentration and/or quantum yield of carrier trapping are likely to be low. 
 The resonant nonlinear wave mixing is controlled by space-time modulation of the 
population change in nondegenerate case. The period of beating of the dynamic grating is 
(cνd) < 3*10-12 s at frequency detuning νd  > 10 cm-1. In this case, the susceptibility is 
practically constant at low pumping power and can be considered as a true cubic nonlinearity 
governed by “pure” two level mechanism. Taking  the obtained value of the free carrier life 
time T1=1 ps, we estimate the maximum value of the “fast” unsaturated susceptibility 
|χ(3)|=8.4*10-12 esu. This small value is due to fast radiationless decay of the excited state and 
small dephasing  time determining large value (δE> 0.1 eV) of the homegeneous width in 
nanocrystals.  
 Our estimations of the absorption cross section of nanocrystals from the unsaturated regime 
at large frequency detunings and also made by shaping experimental and theoretical 
dependencies of the susceptibility on pumping power give different values by a factor of 5. 
However, we believe that this discrepancy can be excluded if higher excited states of 
nanocrystals [6] are taken into account. Actually, an overlapp of subbands should result in 
decrease of the ratio |χ(3)|/α  as compared with the single band.  
 Considering the data of differential absorption measurements and spectral dependencies of 
the susceptibility, we can suppose that trap states lie close to electron-hole-pair states in the 
energy spectrum of nanocrystals. To our opinion, the resonance of states can be responsible 
for low efficiency of edge emission observed in our samples. Analogous situation was already 
discussed to interpret luminescent properties of CdSe quantum dots in [25]. 
 
5. CONCLUSION 
 
 We have demonstrated that third order nonlinearity of CdSe doped glasses can be better 
understood in the framework of a three level model, The model takes into account 
shallowtraps and describes well the contradictory behaviour of the resonant third order 
susceptibility for different frequency detunings. We have obtained some evidence for energy 
position of trap states, however, further investigation along this direction is required. 
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Abstract 
 

 The phase formation during the sol-gel synthesis of apatite-mulite glass-
ceramics has been investigated by means of X- ray diffraction analysis, IR- 
spectroscopy, TEM and TEMD. As precursors have been used SiO2-sol, 
TEOS, Al(NO3)3.9H2O, Ca(NO3)2.4H2O, (NH4)3PO4.3H2O and CaF2. The 
phase formation during the heat treatment of the gels from 950oC to 1250oC is 
quite different depending on the precursors type of SiO2 - sol or TEOS. It has 
been established the  apatite - mullite glass-ceramics can obtained when the 
gels, synthesized using SiO2 - sol as precursor, are treated at 1050 -1150oC 
independently of the addition way of CaF2 ( before or after gelling ) 

 
 
I. INTRODUCTION 
 
     The phase formation during sol-gel synthesis of glass-ceramics is of a considerable 
interest because this kind of materials have many advantages: high purity, high 
homogeneity, low melting temperature of the initial glasses and possibility of producing 
glass-ceramics of new compositions (1). Besides, the sol-gel glass-ceramics can be 
obtained at low temperature by direct crystallization of gel-glasses without melting 
process. 
     Mucherjee, Zarzycki and Traverse (2) have established that the rate of nucleation and 
crystallization of silicate glasses of different compositions made from gels are much 
higher than those made from mixture of oxides. 
     Uhlmann et al. (3) summarized the published results about crystallization of glasses 
prepared by sol-gel method and by melting. Many authors have investigated the 
preparation, phase formation and properties of sol-gel glass-ceramics of different 
chemical and phase compositions (4-10). 
     It is well known that the glass-ceramics for application in medicine and dentistry are 
very perspective biomateriais and they are connected with the names of Hench (11), 
Vogel and Holland (12-15), Kokubo (16-18) etc. 
     Bioglass-ceramics are successfully synthesized by sol-gel methods (19, 20,21). In the 
CaO - Al2O3 - P2O5 - ZnO the bioactive porous glass-ceramic materials have been 
obtained (22). 
     Hill and Wood on the basis of their investigations about ionomer glasses (23,24) have 
developed a new castable bioglass-ceramics with main crystalline phases-fluorapatite and 
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mullite (25, 26). M. Dimitrova - Lukacs has obtained apatite-mullite glass-ceramics based 
on hydroxyapatite and received high mechanical properties of these materials (27). 
 The main purpose of the present work is to investigate the processes of phase 
formation in the gels during the sol-gel synthesis of apatite-mullite glass-ceramics. 
 
II. EXPERIMENTAL 
 
 The gels of the composition 1,5SiO2.0,5P2O5.1Al2O3.1CaO.0,75CaF2 marked as glass 
B in (25), were synthesized using the following precursors in appropriate amounts: SiO2 - 
sol (laboratory obtained according [28]), TEOS, Al(NO3)3. 9H2O, Ca(NO3)2.4H2O, 
(NH4)3PO4.3H2O and CaF2. 
     The manner of the component mixing, gel formation and thermal treatment are shown 
at scheme 1. The samples studied are characterized as follows: 
     sample 1 - glass B, SiO2-sol, CaF2 before gelling; 
     sample 2 - glass B, SiO2-sol, CaF2 after gelling; 
     sample 3 - glass B, TEOS, CaF2 before gelling; 
     sample 4 - glass B, TEOS, CaF2 after gelling; 
     The phase formation after thermal treatment in the 950 -1250oC temperature range was 
followed by means of X - ray diffraction analysis (Diffractometer DRON-UM1, Cu  Kα 
radiation ), IR - spectroscopy (Spectrometer Specord M - 80), transmission electron 
microscopy (TEM) and transmission electron microdiffraction (TEMD) Electron 
Microscope EM - 400, Phillips). 
 
III. RESULTS AND DISCUSSION 
 
 The gels of the composition 1,5SiO2.0,5P2O5.1Al2O3.1CaO.0,75CaF2 were prepared 
and thermal treated according the scheme 1. The results of X - ray diffraction study on the 
phase formation in thermal treated gels (samples 1 and 2) are presented in figs. 1 and 3. It 
was established the crystallization begins at 950oC when SiO2 has been introduced as 
SiO2 and the main crystalline phases are apatite and mullite. The samples 1 and 2 present 
different behavior during the thermal treatment. For the sample 1, when the CaF2 was 
added before gelling, at 950oC its peaks are absent. For the sample 2, when the CaF2 was 
added after gelling, the peaks of CaF2 are presented at 950oC and 1050o. At higher 
temperatures the intensity of the mullite and fluorapatite diffraction peaks decreases, 
which is more clearly expressed in X-ray data of the sample 1, where some diffraction 
maxima of gehlenite appear. In special experiment it has been established that at 1350oC 
the sample is almost melted, the pores are absent and the specimens possesses good 
mechanical strength. The morphology of the samples was studied by TEM. 
     The phase formation is different when the SiO2 has been introduced by TEOS. 
Anorthite, fluorapatite and mullite crystallize at 950o C from the amorphous gels.The 
presence of free CaF2 is also found. 
     The assignment of the IR-spectra of the investigated specimens is made on the bases 
of the spectra of the main crystalline phases: fluorapatite and mullite (29,30). IR- 
spectrum of pure fluorapatite is characterized by a strong triplet band at 1100, 1050 and 
970 cm-1 and a well defined absorption doublet bands at 607 and 577 cm-1 (29). The 
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observed bands are assigned to the stretching and bending vibrations of the PO4 - 
tetrahedra in the fluorite structure. IR-spectrum of pure mullite is determined by a strong 
broad absorption maximum at 1060 cm-1 and two others at 790 cm-1 and 460 cm-1. 

 
Fig.1. X-ray diffraction pattern of sample 1. Fig.2. IR-spectrum of sample 1. 

 
These bands are assigned mainly to the stretching and bending vibrations of SiO4 - 
tetrahedra. The IR-spectra of the multicomponent samples (compositions 1 and 2 ) are 
shown in Figures 2 and 4. 
     A good agreement exists between the spectra of samples 1 and 2 and the spectrum of 
pure fluorapatite. Therefore fluorapatite and mullite are the main crystalline phases in 
these samples which is in an agreement with the X-ray diffraction data. 
     The IR-spectra of the samples 3 and 4 show a difference in respect to the spectra 
discussed above. There is a broadening of the main absorption band around 1040 cm-1 
and a new band of 940 cm-1 appears. This change could be related to the formation of the 
anorthite phase. The main absorption band is located at 940 cm-1. 
     According to the purpose of the observations the samples for the TEM investigations 
were prepared as follows : 1 ) powdered gels deposed on electron microscopic grids ; 2) 
replicas from fresh fractured surfaces of the bulk samples. 
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     In the frst case the initial stages of the formation of crystals were observed using bright 
and dark fýeld TEM mode in combination with TEMD. The replica technics was applied 
to study the morphology on the products obtained after heat treatment of the gels. 

 
 Fig.3. X-ray diffraction pattern of sample 2.           Fig.4. IR-spectroscopy of sample 2. 
 
From the electron micrographs of the samples and their corresponding electron diffraction 
patterns the formation of crystals which are dispersed in an amorphous matrix, starts at 
950oC. The sizes of the crystals vary from 0,05 µm to 1 µm. 
     The morphology of the heat treated at 1350oC sample 1 is found to be rather 
complicated (Fig.5). There exist different kinds of microstructure presented as: 1) 
crystallized gel grains (Fig. 5, a) ; 2) well - shaped crystals developed separately from the 
grains and probably they crystallize from the amorphous matrix (Fig. 5, b) ; 3) amorphous 
matrix connecting the crystals and grains (Fig. 5, c). 
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Fig.5. Morphology of sample 1 treated at 1350oC. 
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IV. CONCLUSIONS 
 
 The phase formation during the synthesis of apatite - mullite glass-ceramics is studied 
at thermal treatment of gels in the 950-1250oC temperature range, using X-ray diffraction 
analysis, IR - spectroscopy, TEM and TEMD. 
 It is established that the SiO2 precursors influences strongly the process of phase 
formation. The SiO2 - sol stimulates the fluorapatite and mullite formation and also the 
amorfisation of these materials at low temperatures, while the TEOS provokes the 
crystallization of fluorapatite, anorthite and mullite. 
 From the X-ray diffraction and IR - spectroscopy data in can conclude that the best 
way for synthesis of apatite - mullite glass-ceramics is by direct crystallization of the gels   
( 1150 -1250oC ) prepared by SiO2 - sol and the addition of CaF2 powder after the gelling 
processes. 
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Abstract 
 

 Thermally treated natural glasses such as perlite and pumice can be used in 
the building industry for lightweight concrete and excellent thermal insulating 
materials without any environmental problems.The quality of these products 
is determined by the physical and chemical properties of the raw and the 
modifed materials. Therefore, investigations have been made for better 
understanding of the physical-chemical properties as well as the 
microstructure of a new pumice variety from the Turkish region   Afyon.The 
elemental analysis was conducted by EDAX. The microstructure of the 
pumice specimens was observed using scanning electron micrographs (SEM). 
The bulk density of the pumice specimens was found to be about 1.15 
g/cm3.Thermal behaviour was studied by a simultaneous TGA/DTA 
apparatus. Crystalline phases in the materials were identified by powder XRD 
and glass phases were characterized by IR spectroscopy. Microstructural and 
mechanical properties are useful references and guidelines for industrial 
practice, especially for natural inexpensive brick-like products with good 
insulation characteristics as well as a support for metallic catalysts and 
biotechnological applications. 

 
 
I. INTRODUCTION 
 
   Volcanic glasses such as obsidians, perlites, pitchstones and pumices with chemical 
compositions mainly of rhyolites and dacites, i.e. SiO2 % ≥ 63 [1), represent a 
characteristic group of natural glasses. When the volcanic melt was quickly quenched it 
solidified to glass. On the other hand, slower cooling led to more or less complete 
devitrification with an assembly of crystalline inclusions (phenocrystals) such as soda-
sanidine, a mixture of soda-potash feldspars, plagioclase, quartz and less frequently 
biotite and limonite. These inclusions were probably formed due to the preservation of 
composition fluctuations during quick heating and cooling of the volcanic melt. 
   Obsidians are formed by rapid quenching from acidic volcanic melt flows with 70 to 
75% SiO2, i.e. rhyolites. The content of water usually does not exceed 1 wt.% but that of 
volcanic gases HCI, SO2, H2S or CO2 is rather high. Because of that, obsidians transform 
at about 1000oC to pumice-like products with a frothy texture. Pitchstones with a similar 



chemical composition like obsidians, are characterized, however, by much higher water 
concentrations from 5 to 9 wt.% but much lower contents of volcanic gases. The water is 
released at 200 to 300 oC. Pitchstones are probably formed by hydration of obsidians. 
    Perlites are metastable amorphous, i.e. glassy aluminum silicates formed from rhyolites 
similar to obsidians. A typical average chemical analysis would be: 71-75 wt.% 
SiO2,12,5-18 wt.% Al2O3, 4-5 wt.% K2O,1-4 wt.% sodium and calcium oxides, traces of 
other metal oxides and 2-5wt.% water[2]. Perlites can be formed by low-temperature 
postmagmatic hydration of obsidians with a characteristic concentric-spheric, mainly 
glassy, microstructure. The perlites are widely applied in the non-metallic industry due to 
their specific properties. Because of their low melting temperatures, perlites may be used 
as a raw material in the glass-making industry. When perlites are rapidly heated to a 
temperature in the range from 1000 to 1200oC, thereby driving off the water, these are 
expanded to very lightweight pumice-like products with extreme pouring densities of up 
to approx. 0.03 g/cm3. These products are used in the building industry especially for 
artificial lightweight aggregates with excellent heat insulating properties. There is 
considerable increase in the application of lightweight concretes using lightweight 
aggregates from volcanic glasses such as artificial expanded perlites [3]. The high acidic 
character of the perlites suggests, however, that pozzolanic reactions take place. The 
consequences for the properties of the concretes are not so clear. In some studies on the 
microstructure of such concretes it has been suggested that pozzolanic reaction between 
the aggregate and the paste matrix is a factor contributing to strength, whereas in others 
no such interactions were observed. 
    Pumices, froth-like volcanic rocks with a bulk density ranging from 300 to 1200 kg/m3, 
can be formed from volcanic glasses such as obsidians and perlites by heating to between 
1000 - 1200oC. By rapid decompressions and degassing of magmatic melts with high 
contents of volcanic gasses during the extrusion period, high porous frothy materials with 
elongated macropores were formed. A typical pumice consists of approx. 55 wt.% SiO2, 
22 wt.% Al2O3,11 wt.% alkaline oxides and traces of other metal oxides. Pumice pebbles 
with grain sizes of about 7 up to 40 mm are used in the production of lightweight 
concrete, the so called pumice concrete. Those varieties of pumice which are not too 
weak structurally and free from fine volcanic dust and materials, not of volcanic origin 
such as clay, produce a satisfactory lightweight concrete with a dry density of concrete of 
between 700 and 1450 kg/m3 and provides a better thermal insulation than other types of 
lightweight concrete do. Pumice is more widely employed than any of the other natural 
lightweight aggregates such as diatomite, scoria, volcanic cinders and tuff, except for 
diatomite, all of these also being of volcanic origin. Recently, pumice was used as a raw 
material for the production of mineral fibres which could be used in thermoinsulating 
material. Because of its frothy microstructure, pumice can be easily machined. Further 
using pumice are adsorbents such as that for phosphate removal from waste water [4] and 
as a support for catalysts [5]. 
    The aim of the present study is to investigate the mineralogical composition, the 
physical-chemical properties, and the microstructure of a new natural pumice rock from 
the Turkish region Afyon with regard to its prospective applications, especially in the 
building industry, for natural inexpensive brick-like products with good insulation 
characteristics as well as a support for metallic catalysts and adsorbents. 



II. EXPERIMENTAL 
 
    The microstructure of the pumice specimens was observed using scanning electron 
micrographs (SEM) obtained from a Philips XL 20. Energy dispersive X-ray analysis 
(EDAX) was carried out employing an EDAX MODELL XL 20 to determine the 
elemental contents of the different phases. The specimen surfaces were subjected to light 
microscopical examinations with an OLYMPUS BH 2 microscope using a cold light 
source KL 1500 electronic. Differential thermal analysis (DTA) and thermal gravimetric 
analysis (TGA) were carried out on a simultaneous thermal analyzer Netzsch STA 429. 
IR spectra was recorded by means of a Pye Unicam PU 9512 infrared spectrophotometer 
employing the KBr pellet technique.The crystalline phases were analyzed by X-ray 
analysis (XRD) with a .Philips diffractometer PW 17 (range of angles 2θ = 5 - 75o Cu Kα 
radiation ). The phases were identified from peak positions and intensity by computer 
analysis using reference data from the JCPD- Handbook.The bulk density of the pumice 
was determined for specimens of 4x4x16 cm by weighting after drying at 105oC. The 
BET measurements were pertormed by nitrogen adsorption at liquid nitrogen temperature 
with an ASAP 2000 Surface Area Analyzer (Micromeretics) to measure the specific 
surface area. 
 
III. RESULTS AND DISCUSSION 
 
    From the EDAX results, an average composition of the pumice matrix was found, as 
shown in Tab.1, which can be approximately represented by the formula: Na0,25 K0.35 
Mg0.15 Ca0.2Ti0.1 Fex Al0.9Si3O8.2+X (0.22-x) Fe2O3. This is similar to soda orthoclase 
NaxKyAlSi3O8, a mixed crystal of orthoclase K(AlSi3O8) and albite Na(AlSi3O8). 
 

Table 1. Average chemical composition of the pumice from the Afyon region 
Oxide Na2O K2O MgO CaO Fe2O3 TiO2 Al2O3 SiO2 
Weight% 2.6 5.0 2.1 3.8 11.05 2.45 14.95 58.05 
 
Typical EDAX spectra are shown in Fig.1. With a SiO2 content of 58 wt. %, the Afyon 
pumice was found to be arranged in the transformation region between dacites and acidic 
andesites [1], whilst the pumice of Lipari with 70 wt.% SiO2 is of rhyolitic origin.The 
Afyon pumice is especially characterized by its rather high iron content. Because of the 
promotional affects of iron related to some microorganisma, as well as those of the 
porous  texture of the pumice, it could be a very promising candidate for biotechnological 
applications.The oxide concentration of calcium is characteristic for pumices of the 
Turkish region Anatolia which was determined by Onar et al. [4] as between 1.8 and 7.6 
wt.% in contrast to that from the Marmara region, which was found to be extremely high, 
up to about 33 wt.%. Due to the low CaO content, it is expected that the Afyon pumice is 
not suitable as an adsorbent for phosphate removal from waste water [4]. Titanium is an 
inherent constituent of the volcanic glasses. 



 

 

 
Fig.1 EDAX spectra of the a) pumice matrix and the inclusions b) yellow-white c) green 

d) red e) transparent green f) golden glittering 
 
 
 



 

 
Fig. 2 IR spectra of the indusions 
a)yellow-white c)golden glittering 
d)transparent and e)pumice matrix 
b)albite 
 
Fig. 3 XRD pattems of the Afyon pumice 



 
 The comparison of the IR spectra of the pumice matrix and albite in Fig.2e and 2b also 
reveals that the matrix of the Afyon pumice consists mainly of silicate anions with a 
feldspar like three-dimensional structure of which a quarter of the silicon atoms are 
substituted by aluminum atoms. Compared to the spectrum of quartz in Fig.2d the Si-O 
valence frequency is therefore shifted to lower wavenumbers and the SiOSi(Al) bridge 
vibration is broadened because of the statistical distribution of the aluminum atoms in the 
monocline sanidine as a result of rapid quenching.  
   Rittmann [6] has suggested the following empirical parameters to distinguish between 
orogenic and cratogenic volcanites by a λ'/σ'-diagram  
σ = (Na2O+ K2O)2/ (SiO2- 43)      (1) 
λ = (Al2O3- Na2O) / TiO2           (2) 
σ' = σ/(10+ σ)                 (3) 
λ' = λ/(10+ λ)               (4) 
whereby the oxide concentrations are also given in weights%. With such calculated 
values of σ' =0.28 and λ' =0.34, the Afyon pumice is positioned in Rittmanns so called 
basalt field (B) which is characteristic for cratogenic volcanites. Indeed, there is a 
volcanic crater nearby the deposit of the Afyon pumice that gives evidence for the 
cratogenic origin of it. 
   The X-ray diffractogram in Fig. 3 indicated that the major crystalline phases in the 
pumice were hematite Fe2O3 and sanidine, the monocline high temperature(>900oC) 
modification of orthoclase or soda orthoclase, respectively. A biotite-like phase was also 
found.The feldspars and biotite were formed by partial devitrification of the glassy 
volcanic silicate melt which had a feldspar-like composition. Because of the rapid 
quenching of the melt, the instable mixed soda sanidine crystals were not transformed  to 
perthites  at lower temperatures.  During further cooling, the biotite was found to become 
unstable and partially decomposed with liberating iron oxide, which was oxidized by 
oxygen to hematite. 

    
Fig. 4 Optical micrographs of the sawed surfaces of the Afyon pumice with magnifying 

power a) 50    b) 25 
 
Different coloured crystalline inclusions, e.g. more opaque compact yellow-white and 
platelike golden glittering particles, as well as more transparent red or red-brown, green 



and colourless particles were observed in the optical micrographs as can be seen in Fig. 4 
a and b for yellow-white and green, respectively. The corresponding phases can be 
identified by the EDAX spectra in Fig.1 and the IR spectra in Fig. 2. The transparent 
colourless and sometimes blue-green glittering inclusions essentially consist of quartz. 
The inclusions with red or green colour are composed from soda sanidine NaxKyAlSi3O8 
with x=0.3 or 0.45, respectively. The yellow-white crystalline inclusions, mainly 
observable, can be described by the formula Na0.3K0.6Fe(3)(0.1)/3AlSi3O8, i.e. they have 
essentially the same composition as the green and red, but have additional traces of iron 
incorporated in them. These results were found to be in accordance with the structural 
criterias for the incorporation of cations in potash feldspar, whereby small cations such as 
Mg, Ca and Fe can not be, or only with very low contents, incorporated. The platelike 
golden glittering particles represent a biotite-like phase (magnesia mica) with the 
approximate formula K0,55(Mg0,7,Fe(2)0.75,Fe(3)0.15, Al(4/3)0.2+0.1) Ti0.2Al1-(4/3)0.2Si3O10. z 
H2O. This phase, so called cat gold, was apparently formed by the weathering of the 
biotite, whereby iron became oxidized by oxygen and together with potassium was 
partially leached [7], which may be described by the following schematic reaction: 
 
KMg3-xFe(2)xAlSi3O10(OH)2 + 3/4 O2 → K0.5Mg3-xFe(2)x-y-1.5 Fe(3)y AlSi3O10+0.5KOH  
              +1.5 FeOOH   
 
Based on that reaction, for the original biotite it can be suggested a chemical composition 
with a Fe/Mg ratio of about 3.2 being near that of the pumice matrix of about 2.7 from 
which the biotite was crystallized. Additionally, titanium was present which substitutes 
itself for aluminum or eventually magnesium and not silicon as suggested for Wodanite 
[8]. 

  
 



   
 

   
Fig. 5 Scanning micrographs of a) the pumice matrix and the inclusions b) golden 

glittering mica particles c) green d) red e) yellow-white f) blue-green 
 
     The morphology of the inclusions is illustrated in the SEM micro graphs in Fig. 5 b - f. 
Whilst the yellow-white inclusions exhibit more fused aggregates, the biotite-like phase 
as well as the quartz, the green and the red inclusions form large crystals. The optical 
micro graphs in Fig. 4a and b show the typical flow structure of the pumices, with near 
parallel elongated macropores, which are separated by walls forming an unordered 
deformed honeycomb-like texture. The walls are build up from assembles of glassy or 
crystalline particles, mainly 1-10 µm size, which are more or less fused, sintered or 
intergrown together with some of the pores between. This can be observed in the optical 
and SEM micro graphs shown in Fig. 4a and Fig. 5a, respectively. The characteristic flow 
texture of the pumice macropores is caused by the extreme behaviour of their volatile 
components, especially water as well as CO2, SO2, N2, HCl and Cl2, which were 
originally bounded or soluted in the melt. The following processes can be suggested: The 
forming of the bubbles starts during the rise in the chimney caused by decompression, 
whereby the bubbles were larger but then elongated by the influence of the shear forces. 
The high content of gas bubbles in the magmatic melt increased the viscosity of that 
mainly by surface tension and the decrease of temperature due to the adiabatic expansion 
of the gas. Due to this, the walls between the bubbles were reinforced and the bubbles 
conserved.  



    The bulk density of the pumice specimens was found to be about 1.15 g/cm3 and that 
of powdered pumice to be 2.45 g/cm3. The true porosity determined from this is about 55 
vol.%. The major part of this consists of macropores, the content of micropores, as 
evaluated from BET measurements, was very low. Because of the partial fusion and 
densification of its constituents, the pumice from Afyon is characterized by a very low 
specific surface area of about 1.3 m2 / g. Most of the other varieties of pumice have much 
higher surface areas between 5 m2/g for that of Lipari[9] and of about 24 m2/g for 
pumices from other Turkish regions [4].The apparent porosity calculated from the water 
absorption at atmospheric pressure was found to be about 22 vol.%. These results 
revealed that only approximately half of the pores volume can be penetrated by water. 
The remained pores volume consisted of closed pores. 
    In the DTA curve, two broad thermal effects was observed with Tmax at about 1135oC 
and 1180 oC, respectively, which correspond to the melting process of the pumice. The 
transformation temperature was determined from the point of inflection to about 1080oC 
and the softening intervall reaches from about 1000 oC to 1135oC. Potassium feldspar is 
incongruently melting at 1150oC and forming leucite and melt, whilst sodium feldspar 
melts at 1118oC [10]. The melting point of a sodium sanidine with about 40 wt.% albite, 
which corresponds to the composition of the pumice matrix, is to be expected at about 
1140oC near the Tend=1135oC of the DTA curve. During the melting the red colour of the 
pumice, mainly caused by the hematite, changes to dark green due to the incorporation of 
the iron in the formed glass. 
 
IV. CONCLUSIONS 
 
     Because of its properties which have been discussed above, we think that the pumice 
of Afyon promises to be most suitable for applications in the building industry for which 
are required natural inexpensive brick-like products with good insulating characteristics. 
It may also be useful in biotechnology due to its promotional affects related to 
microorganisma. 
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Abstract 
 
 The telluriumphosphate glasses are of interest to use as the basis of the new type 
glasses, which combine high refractive index with increased transmittance in 
ultraviolet region. Unlike the optical glasses with refractive index ne more than 1.8, 
for example lead silicate glasses having yellow coloration, what limits their 
application in optical system, the telluriumphosphate glasses are colorless. 
 Based on investigation of the previously studied system TeO2-P2O5 the relationship 
between physico-chemical properties and composition of systems TeO2-P2O5-BaO 
and TeO2-P2O5-PbO had been explored. The studies of optical and physico-chemical 
properties were conducted in the following way: as the concentration of one 
component changed, the ratio of two another was held constant. 
 Thus we have discovered that the optical constants fall in the following ranges: 
ne,1.91729-2.09417, nF,-nC,0.03613-0.05543,  νe 25.4-17.2. The transmittance of the 
glass (samples thickness 10  mm) for  λ=400 nm comes to 90-97%. For comparison 
we shall exemplify some data for mach used heavy flint glass HF10 with refraction 
index ne-1.8137: the transmittance of this glass (sample thickness  10 mm) for  λ=400 
comprises 61%. The glass crystallization had been studied by the polythermal method. 
The correlation between glass crystallization and the glass composition position in the 
equilibrium diagram was revealed. 
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Abstract 
 

 Manufacture of ceramic fibres has opened the way to designing and 
building of thermotechnically   performant  furnaces. 
 The increasing energy costs have also led to the solution of extensively  
applying ceramic fibres to designing, building and operation of furnaces in  
all hot industrial sectors that are big energy-consumers. 
 The paper describes the present manufacture stage of the Romanian 
ceramic fibre-made products, with special reference to their application in 
various furnaces. 

 
 
1. INTRODUCTION 
 
 During the last decade Romania has laid a great emphasis on improvement of 
industrial productivity and on reduction in energy consumption especially in energy-
consuming industries, such as: metallurgy, petrochemistry, ceramics and building 
materials. 
    The ceramic fibres are alumino - silicate fibres obtained by melting a mix of refractory 
oxides (AI2O3 ;SiO2  ) in an electric - arc furnace and by fibering the melt with centrifugal 
action disks. 
   The paper describes the present manufacture stage of the Romanian ceramic fibre - 
made products, with special reference to their application in various furnaces. 
    The fibres and ceramic fibre products have been locally produced as a result of 
research works carried out by the Laboratory of Ceramic Fibres wihin PROCEMA S.A., 
Bucharest. 
 
2. POSSIBLE MEASURES FOR ENERGY-SAVING 
 
 Replacing the heavy thermotechnical equipment of high heat losses with reduced 
overall size equipment that is more easily handled, operated and maintained has been 
based on appearance, within the range of light-weight insulation products, of ceramic 
fibre-made products: rigid boards, shaped elements, moulds, blocks, cardboard and paper, 
applicable within a temperature range of 1000-1450oC, in application. 
 The major characteristics and application fields of these products are given in tables 
1,2. 
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Table 1. Characteristics and practical applications of ceramic fibres,  
paper and cardboard 

Characteristics      BULK FIBRE PAPER/CARDBOARD Field of 

 1250oC 1350oC 1450oC 1250oC 1350oC 1450oC application 

 
1.Definition 

Silico-aluminious fibres 
with content of: 

Products based on silico-
alluminous fibre: 

* sealing joints       
* fillers  

 Al2O3 
45-
50% 
   

Al2O3 
45-50% 
Cr2O3 
3% 

Al2O3 
45% 
ZrO2 
12-
18% 

Al2O3 
45-
50% 

Al2O3 
45-
50% 
Cr2O3 
3% 

Al2O3 
45% 
ZrO2 
12-18% 

* roller axis hinges 
at ceramic furnaces 

2.Average 
diameter µm 

2.5-3 2-3.5 2.5-3 - - -  

3.Average 
length,mm 

80-150 80-150 80-150 - - - * metal pipe 
   insulation 

4.Apperant 
density, kg/m3 

100-
200  

180-
200 

220-
240 

250/32
0 

250/32
0 

250/32
0 

*insulating of  
shielding and     
thermal enclosures 

5.Coefficient 
of themal 
conductivity,
W/mK, at  
  600oC 
  800oC                
1000 oC 

 
   
   
 
0.095 
0.135 
0.185 
          

 
 
 
 
0.119 
0.160 
0.210 

 
 
 
 
0.125 
0.170 
0.220 
 

 
 
 
 
0.110 
0.200 
0.290 

 
 
 
 
0.08 
0.16 
0.25 

  
  
   
 
0.10 
0.19 
0.28 
  
   

* Belts and parts 
 cut up for sealing 
*materials for 
filtering plants 
*buner joints 
*insulating of 
 thermocouples 
 and electrical 
 devices 

6.Linear 
contraction 
after 24 hours 
at 1250oC 

- 
  

- - 2.3 2.0-2.6 2.0-2.5 
  
  
   

* asbestos 
   substitude 

7.Manner of 
presentation 

     
  bagged wool 

 Dimensions, mm:  

  length 
width 
thickn. 
 

1000±10 
  500±5 
2;3;4±3 
6;8;10±1    
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Table 2. Characteristics and practical applications of rigid boards and shaped elements 
Characteristics     RIGID BOARDS SHAPE

D 
ELEM
ENTS 

 Field of 
application 

 1250oC 1350oC 1450oC 1250oC 1350oC 1450oC  

1.Definition Rigid board based on silico- 
aluminous fibre with: 

Shaped elements made  of 
silico- aluminous fibre with: 

* as exterior coat 
of refractory 
linings 

 Al2O3 
45-50% 

Al2O3 
45-50% 
Cr2O3 
3% 

Al2O3 
45% 
ZrO2 12-
18% 

Al2O3 
45-50% 

Al2O3 
45-50% 
Cr2O3 
3% 

Al2O3 
45% 
ZrO2 
12-18% 

*in the form of  
thermal shields 
for electric gas-
fired furnaces 

2.Apparent 
density, kg/m3 

350 350 350 350 350 350 * suspedded 
vaults 

3.linear 
contraction 
after 24 hours 
at maximum 
application 
temperature% 

 
 
3 

 
 
3 

 
 
3 

 
 
3 

 
 
3 

 
 
3 

* thermal 
industrial and 
household 
aggreate doors 
* for replacing of 
asbestos boards 
* forced 
convection 
furnaces 

4.Average 
specific heat, 
KJ/kgK 

 
1.21 

 
0.75-
0.95 

 
0.85-
0.98 

 
0.77 

 
0.75-
0.91 

 * in metallurgy 
of aluminium 
*as exterior 
insulation of 
refractory  pots 
for melted steel 

5.Coefficient of 
thermal 
conductivity, 
W/mK, at: 
            600oC 
            800oC 
           1000oC 

 
 
 
 
0.097 
0.120 
0.180 

 
 
 
 
0.075 
0.090 
0.120 

 
 
 
 
0.075 
0.087 
0.110 

 
 
 
 
0.110 
0.200 
0.290 

 
 
 
 
0.120 
0.160 
0.250 

 
 
 
 
0.075 
0.090 
0.123 

*linins inside the 
thermotechnologi
cal aggregates of 
various sizes or 
interior lining of 
regenerating 
chambers 

6.Manner of 
presentation 

Dimensions, mm: 
-legth 1000±10 
-width 500±5 
-thickness 10,20,30±3 

Various vacuum-cast parts 
ranging from several mm to 
several cm 

* insulating of 
pipes; 
* casting gutters 
in non-ferrous  
metall. (Zr,Al ) 
* burners 
embrasures, 
supports, 
resistorrs 
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2.1. For energy-saving purpose the following current systems of furnace building 
can be distinguished: 
 - lining of close-grained refractory material provided that the refractory material meets 
the requirements for increased resistance to mechanical stresses and corrosion; 
 - "hot insulation", i.e. coating the interior furnace surfaces with lining of refractory 
materials that, in order to obtain long periods of service, should not be submitted to 
mechanical stresses or corrosion;  
   - easy building manner, almost exclusively of insulating lining materials. 
 
2.2. The advantages of the easy building system using ceramic fibres are evident: 
 - low weight: the linings made of ceramic fibres are lighter in weight by up to 75%  
than the linings of refractory bricks with conventional refractory close-grained   products 
or firebricks; 
 - lower accumulated heat: at the intermittent running furnaces losses due to  
accumulated heat can be reduced by up to 25 %; 
 - simpler and lighter metal structures; 
 - increased furnace capacity thanks to smaller thickness of walls; 
 - greater control capacity of furnace parameters; 
 - rapid heating. 
 

                      
 
Fig.1- Thermal conductivity of fibre 
products compared to that of 
conventional refractory bricks 
1- products of ceramic fibres 
2 - light - weight refractory firebricks 
(1g/cm3) 
3 - light - weight refractory firebricks  
(0.5 g/cm3) 
 
   
 

Fig.2 - Shrinking behaviour of ceramic 
fibre products 
1- mattress of ceramic fibres 1250oC, in 
application 
2 - mattress of ceramic fibres 1350oC, in 
application 
3 - block of ceramic fibres 1250oC, in 
application 
4 - block of ceramic fibres 1450oC, in 
application 
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3. CHARACTERISTIC PROPERTIES OF CERAMIC FIBRE PRODUCTS AND 
CRITICAL POINTS IN THEIR APPLICATION 
 
   The main characteristics of the ceramic fibre products, compared with other 
conventional refractory products, are given in Fig. 1 for conductivity and Fig. 2 for 
shrinkage. 
 
4. FURNACE BUILDINGS, THERMOTECHNICAL ADVANTAGES 
 
   The ceramic fibres and products of ceramic fibres have been used, depending on the 
application temperatures of the furnace where they are applied, for integral or partial 
burner linings combined with conventional refractories, for door insulation or repair 
works (replacing of demaged refractory masonry). 
   Table 3 shows the types of furnaces and application field of the Romanian ceramic 
fibre-made products. 
 

 Table 3. Fields of application for some types of furnaces where products of 
Serial 

No 
Field of Application Type of Equipment Products Used 

A. 
1. 

Glass industry 
Enterprise of flat glass 
“Gemamuri Mediaþ” 

* protection screens at glass 
flowing  
* burners 

* fibre, mattresses, 
shaped 
products:1250oC 

2. Enterprise of flat glass  
“Geamuri Buzàu” 

* protection screens 
 * burners 

* fibre, mattresses, 
shaped 
products:1250oC 

3. Container and tableware 
enterprize”STIROM 
Bucharest” 

 *glass tanks( vault 
shoulders, working basin, 
manholes) 

 fibre, boards, blocks 
cardboard paper: 
1250oC, 1350oC,  
1450oC 

4. Ceramics 
enterprice”CERO Cluj” 

* porcelain burning kiln         * completely lined 
with  ceramic                                      
fibre products 
1250oC, 1450oC 

B. 
 
1. 

Building material 
industry 
Ceramic material 
enterprise”Roman” 

*tunnel furnace cars               
   

* fibre :1250oC, 
1450oC 

2. Sanitary ware and 
ceramictile factory  
“CESAROM 
Bucharest” 

*tunnel furnace cars               * fibre :1250oC, 
1450oC 
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 Table 3. continued 

Serial 
No 

Field of Application Type of Equipment Products Used 

C. 
1. 

Chemical  industry 
Chemical combine 
Piatra Neamt 

 *cracking plant                  * completely lined 
with ceramic                                     
fibre products, 
1450oC 

2. Fertilizer combine 
Turnu -Màgurele” 

 * insulation of piping at the        
ammonia synthesis plant         

* fibre, mattresses, 
boards 1250oC 

D. 
1. 

Metal-working 
industry 
Metallurgical combine 
“Metalurgica Aiud” 

  * annealing and 
normalizing furnaces 

* boards, mattresses, 
fibres: 1350oC,  

2. Metallurgical combine 
“IAMCRS Galati” 

* steel furnaces                 * fibres, boards, 
shaped products ; 
1250oC 

E 
 
1. 
   
   

Machine-building 
industry 
 Enterprise of machine- 
building and rolling 
stock ”FAUR 
Bucharest”  

* batch pre-heating plant 
for      smelting arc furnace            
* heat-treatment and 
forging       furnaces          

* completely lined 
with ceramic 
  fibre products                                             
* boards, 
mattresses;1250oC, 
1350oC, 1450oC 

2. Furnace enterprise 
“Independenta Sibiu” 

* heat-treatment furnace  * fibre, mattresses, 
1250oC         
* boards 1450oC 

3. Car enterprise  
“ARO Càmpulung” 

* heat-treatment furnace * fibre, mattresses, 
boards 1450oC 

4. Hot sector enterprise 
“INTEC Bucharest” 

* heat-treatment furnace          
* regenerative type burning 
modulus 

 * mattresses, boards, 
shaped products 
:1250oC 

 
 
 By application of ceramic fibre products to lining of furnaces and other thermal outfits 
it is possible to obtain thermal energy savings of 25-50% by way of reductions in external 
heat losses and heating-cooling cycle duration as well as by improvement of product 
quality as a result of a better heat distribution. These advantages result from low thermal 
conductivity, reduced caloric capacity and good resistance to thermal shock. As regards 
the batch-type furnaces, when the application temperature is attained, the quantity of heat 
lost through the ceramic fibre lined wall is reduced by 27.5% compared to that lost by a 
furnace of conventional conception (Fig.3). 
 Besides, the quantity of heat stored by a furnace lined with ceramic fibre products is 
reduced by 21 o/a compared to a brick-made furnace.  
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 The quantity of heat usually lost through the furnace walls amounts to 50-60% of the 
total quantity, which allows for the total obtained savings ranging from 30 to 50% to be 
estimated (Tables 4 and 5). 

 
Fig.3 - Thermal profile of a wall with refractory brick lining as compared to the same 
wall showing an addition of ceramic fibre lining and a lining completely designed in 

ceramic fibres. 
 
 

 The ceramic fibre linings apllied over brick lining show additional advantages such as: 
  - reduction in heat transfer and brick temperature results in significantly 
reducedquantity  of heat absorbed by furnace substructure and hence in important fuel 
savings; 
  - reduced temperature results in the brick masonry getting protection against thermal 
shocks, in diminishing of its degradation and implicitly of its maintenance costs; 
   - reduction in sound level by 15% is also recorded. 
    Applying a thin layer of fibrous product over the existent masonry of a furnace or 
making the lining of a new furnace completely designed in fibre products is practiced to 
enhance the furnace qualities, the application depending on the existent masonry 
condition (a good masonry condition allows for lining with ceramic products). 

 
 



 8

Table 4. Assessment of fuel-savings in furnaces lined with ceramic fibres of 
1250oC and 1450oC 

Serial   
no 

Practical application                 Temperature 
oC 

  Fuel-saving           
% 

  Remarks 

 1.  Heat-treatmentfurnace 
(metallurgy) 

  1300           50             gas firing     

2. Forge-equipped 
furnace 

1350 20 application  furnace 
vault only 

3. Porcelain biscuit 
burning  furnace 

1050 30  

4. Enamelling furnace 1120 44 electric heating 

5.  Glazing furnace 1250 35 life time of ceramic 
fibre product is greater 
than brick 

  
 

   Table 5. Heat transfer into batch-type porcelain biscuit burning furnace walls; 
comparison between a ceramic fibre product lining and a light-weight refractory brick 

lining  * increase in temperature: 8 hours; waiting time:1 hour; cooling: 8 hours 
(fibres),11 hours (brick) 

Serial no. 
 

         Characteristics  Lining  

  Refractory brick            
230mm 

Ceramic 
fibre 

products 
190mm 

1.   Heat transfer into lining(Kcal/m2) 
* increase in temperature 
* waiting time 
*total cycle 

 19900 
3500 
23400 

5200 
1300 
6500 

2. Fuel- saving (Kcal/cycle) 
*%of reduction in losses through 
walls 

  16950 
72 

 
 
    5. CONCLUSIONS 
 
  - by application of ceramic fibre products to industrial furnace lining it is possible to 
obtain an energy or fuel saving of 25-50%, as compared to using of conventional refrac-
tory  products; 
  - it is considered that at a continuous increase in prices of electrical energy and fuels 
along with increased production of ceramic fibres the price ratio of various refractories or 
insulating materials is expected to be more and more in favour of the ceramic fibre 
products; 
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  - it can be proved that, by durability of ceramic fibre linings, the additional costs of 
investments for operation are redeemed in relatively short time as a result of energy or 
fuel savings. 
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Abstract 
 
 In 1950’s a new class of fluorophosphate glasses had been emerged. 
Fluorophosphate glasses attracted the investigators owing the their specific optical 
constants, namely considerably increased partial dispersions in the blue spectral range 
and a high Abbe numbers v. Relative partial dispersions of some fluorophosphate 
crowns in blue spectral range are close to those of crystalline fluorides. These specific 
optical properties make those glasses extremely useful for the correction of optical 
systems residual chromatism. 
 Glasses of fluorophosphate crown type are characterized by the negative sign of 
refractive index temperature coefficient, and thermooptical constant W. The usage of 
such glasses in an optical system allow one to produce instruments that are able to 
operate within broad temperature limits. Thus the usage of fluorophosphate glasses 
allows one to eliminate both residual chromatism and thermo-ware aberration. 
Fluorophosphate glasses are characterized also by small or close to zero optical 
tension coefficient values. Therefore they produce no birefringence effect at high 
mechanical stresses. High transmittance in the expands the application field of the 
glasses. Such properties of fluorophosphate glasses as low non-linearity refractive 
index coefficient and high acid resistance are also of importance. 
 Based on a study of the optical, physico-chemical and technological properties of 
fluorophosphate glasses the four type of fluorophsphate long crown with refractive 
index in the range from 1.44 to 1.60 and dispersion coefficient from 94 to 70, had 
been placed in commercial operation in Russia. 
 Some data for the commercial and novel devised, glasses used in UV microscopy 
are presented in this report. 
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Abstract 
 
 The most important parameter in glass producing is the constancy of its chemical 
composition, the technological properties of liquid glass and operational characteristics 
of glassware being depended upon the parameter. Manufacturing the articles from casing 
glasses the stability of their physical properties is of prime importance. There are only a 
few literaturary data about the criteria of casing glassware production stability.  
 The results of casing glass articles quality control (mainly, scatters) are analysed and 
generalised at the paper presented. 
 The investigations were carried out during few years at Beltsy electrolighting Fittings 
Plant. The following physical parameters of glasses were monitored regularly: density, 
uniformity, the coefficient of linear thermal expansion (CLTE) and softening 
temperature. The colorless transparent glass, milk-glass and colored glass were used to 
produce the casing glassware. 
 The density of colorless transparent glass was found in analytical treatment of 
experimental data to be rather stabile, the deviation from the mean value being equal to 
1-2 kg/m3 (relative error didn't exceed +/- 0.5 kg/m3). In the case when the glass density 
has been deviated from the stabile level (more than 3 kg/m3) the quantity of 
manufacturing scraps has scraps occurred. 
 Glass density data are in agreement with glass non uniformity index values, which 
were measured by glass powder centrifuging in the mixture of organic solvents. 
 To supply the stability of casing glassware producing the difference between values 
of CLTE for milk-glass and transparent glass should make up about (5...10) * 10-7 oC-1 
(relative error was equal to 1...2 oC). If the difference is about zero or negative value the 
mass scraps arise.  
 The closed connection between output of high quality articles and glass physical 
properties stability was established. 
 In order to improve the technique of glassware casing the practical recommendations 
are proposed. 
 
 
 
* Full manuscript not available at the time of printing. 
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1. INTRODUCTION 
 
 Radiophotoluminescent (RPL) glasses - glasses where room temperature stable RPL centers 
not present in nonirradiated glasses are formed under the influence of ionizing radiation. RPL 
centers are responsible for UV-excited visible luminescence. 
     RPL glasses doped by silver ions are of the most practical importance. They are widely used 
for individual dosimetry of ionizing radiation because they have high sensitivity and large 
dynamic range of detected doses from 10-4 to 10-3 Gy. RPL glasses accumulate an absorbed dose 
information and keep it during its reading. The long-term stability of RPL glasses is very high. 
     Inspite of intensive studies of RPL phenomena in silver doped glasses its theory was not 
evolved until recent time. We analyzed the model of RPL centers proposed in Ref. [1,2] and came 
to conclusion that these models are not supported by experimental results. 
     We have elaborated and experimentally proved new theory of radiophotoluminescence 
phenomena in silver doped glasses. This theory makes possible to explain the influence of glass 
composition on the main properties of RPL glasses such as sensitivity and "build-up" kinetics. i.e. 
an increase of RPL center concentration as a function of time after irradiation. By means of this 
theory we made a prediction and have found the influence of mixed alkali effect on the “build-
up” kinetics of RPL centers. 
 
2. RESULTS AND DISCUSSION 
 
     The sum total of experimental data on the properties of silver doped RPL glasses is a 
complicated pattern. The spectroscopic properties of RPL glasses depend on after irradiation 
time, concentration of silver ions, sample temperature, irradiation dose, thermal treatment of 
irradiated glasses. This is caused by the formation of not one but two RPL centers with different 
spectroscopic properties [3]. The ratio between concentrations of two types of RPL centers 
depends on activator concentration. One type of RPL centers is observed when Ag2O content is 
less than 0.1 wt %. These centers are responsible for the luminescence band with the peak at 640 
nm. The band contour is well described by Gaussian function I (ν) = Io exp[-4In2 (ν-νo)2/∆ν2 ), 
where Io, νo - the intensity and frequency at the maximum of luminescence band, ∆ν - band 
halfwidth. The spectral parameters: νo =14842 cm-1, ∆ν = 4356 cm-1. The luminescence excitation 
spectrum has a peak at 320 nm, 
     If there is only one type of RPL centers in the glass then the luminescence spectrum does not 
depend on such external parameters as irradiation dose, temperature, thermal treatment of 
irradiated glasses. 
     The main feature distinguishing RPL glasses from usual (luminescent glasses lies in the fact 
that concentration of RPL centers increases in time after irradiation (Fig.1). This phenomena is 
called radiophotoluminescence “build-up” [4]. The “build-up” time varies from 102 to 106 sec and 
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depends on activator concentration, temperature and glass composition. The RPL “build-up” time 
decreases with the growth of activator concentration, temperature and alkali oxide content. 
  Obviously the theory of radiophotoluminescence in silver doped glasses first of all must 
involve the kinetic model of RPL centers formation. 
 To justify experimentally this model we used ESR method of research. With the help of this 
method and on the basis of phosphate glasses doped by isotopes l07Ag ,109Ag and by the natural 
mixture of silver isotopes we have found that radiolysis leads to the recharging of activator 
cations - Ag+. As the result such activator centers as Ag2+ , Ag0,  Ag2+ , Ag3

2+ are formed [2], 
[5,6]. 
      On the basis of the mechanism and kinetics of these centers formation it was shown that these 
centers are formed in phosphate glasses as the result of the following postradiational reactions 
[7,8]: 
 

PO4
2- + Ag+ → Ag2+ + PO4

3-                 (1) 
Ag+ + e → Ago                      (2) 
Ago + Ag+ → Ag2

+                     (3) 
Ag2

+ + Ag+ → Ag3
2+                    (4) 

 
Reactions (1) - (4) go as quasi-monomolecular reactions when the activator concentration is more 
than 0.01 wt % and exposure doses less than 104 Gy. 
     Reaction (1 ) describes the capture of the hole localized at the non-bridging oxygen by the 
silver ion. Two-charged silver formed as the result of this reaction is not RPL center. This was 
proved by means of Ce3+ introduced into the glass as the hole trap. Ce3+ suppresses the formation 
of centers Ag2+ but at the same time the intensity of radiophotoluminescence remains unchanged. 
On the basis of these experimental data we have shown that center Ag2+ has a more thermal 
stability than electronic activator center Ag3

2+. As a consequence the thermal treatment of 
irradiated glasses at 300 o C leads to situation when with the help of ESR method we detect only 
Ag2+ ions. In this case the radiophotoluminescence is not present. 
     Reactions (2-4) describe the conversion of silver atoms leading to the formation of room 
temperature stable three-charged molecular ion Ag3

2+. Intermediate products Ag0 and Ag2+ of 
successive reactions (2-4) are thermally nonstable and their concentration decreases in time after 
irradiation. Therefore these centers cannot be considered as RPL centers. Kinetics of Ag3

2+ 
centers formation coincides with the radiophotoluminescence "build-up" kinetics. Therefore we 
consider molecular ion Ag3

2+ to be the RPL center responsible for the luminescence band with the 
peak at 640 nm. This deduction is supported by incorporation of electron acceptor Pb2+ into the 
RPL glasses that suppresses the concentration of such electronic centers as Ag2

+ and Ag3
2+. 

Simultaneously the decrease of radiophotoluminescence intensity was observed. As it was shown 
in Ref. [7,8] kinetics of the room temperature reactions (1-4) is controlled by the common 
process, namely, the diffusion of a single-charged silver cation Ag+ into the reaction sphere. So 
the postradiotional relaxation of silver doped glasses is to be explained by transport processes. In 
particular these processes are responsible for electrical conduction of glasses. The postradiational 
kinetics being not elementary is described by fractional exponent: 
 
Φ (t) = exp[-(t/to) β]                          (5) 
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where 0 < β < 1. Nonexponential kinetics in studied glasses is caused by the distribution of Ag+ 
diffusion coefficients [7]. 
     The proposed model of RPL center Ag3

2+ made possible to explain for the first time the 
composition dependence of RPL glass sensitivity [9]. This dependence may be very strong 
(Fig.2). Drastically decreased curve in the figure reflects very slow "build-up" kinetics of RPL 
centers which takes place in the glasses with low alkali concentration. Therefore the reactions (2-
4) do not go to completion under the given conditions. 
     Rates of the reactions (2-4) may be controlled not only by variation of alkali oxide 
concentration in the glass but also may be decreased with the help of mixed alkali effect. This is 
due to the fact that the rates of room temperature reactions (2-4) depend on Ag+ diffusion 
coefficient dose to that of Na+ [10]. The mechanism of the influence of mixed alkali effect on the 
mobility of alkali cations is analyzed in Ref. [11]. We observed the variation of the (1-4) reaction 
rates passing through a minimum under the successive substitution of sodium for potassium in 
silver doped phosphate glasses. The similar effects should be observed under the substitution of 
sodium for other alkali metals. 
 
3. CONCLUSION 
 
     The new model of RPL centers formation in silver doped oxide glasses is proposed. The 
model is based on the fact that the main RPL center is molecular ion Ag3

2+  formed as a result of 
the reactions (2-4). The rate of Ag3

2+ "build-up" is controlled by the diffusion of Ag+. Varying the 
glass composition one can influence on Ag+ diffusion coefficient and as a consequence on the rate 
of the reactions (2-4). The increase of reaction rates leads to the reduction of 
radiophotoluminescence "build-up" time and the decrease of reaction rates causes the room 
temperature thermal stability of Ag0 centers in glasses. 
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    Fig.1 Time dependence of radiophotoluminescence intensity 
        after irradiation. Lithium aluminophosphate glass with different silver 
        concentrations, wt % Ag2O: 1-0.2;2-0.3;3-0.4;4-0.6;5-0.7;6-1.0;7-1.5 



 5

 
 

Fig.2 Gamma-radiation sensitivity as a function of NaPO3 - Ca(PO3)2 
    glass composition. Ag2O concentration - 0.1 wt % 
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Abstract 
 
 Regularities of liquid phase separation in glasses of the Li2O- Al2O2- SiO2-TiO2, 
MgO-Al2O3- SiO2-TiO2, ZnO-Al2O3-SiO2-TiO2 systems were studied by Raman 
spectroscopy. The initial glasses were heat treated in a wide temperature range in 
which the processes of liquid phase separation take place, and kinetics of phase 
transformations in the titania containing phase was studied. It was found that 
according to Raman Spectroscopy data, in all the systems the process of liquid phase 
separation develops in a similar sequence. 
 In initial glasses Ti4+ ions probably acquire tetrahedral coordination. Heat treated 
glasses are separated into two amorphous phases, an aluminotitanate one in which 
Al3+ and Ti4+ ions acquire octahedral coordination and which can contain also MgO 
and ZnO, depending on the glass composition, and  a silicon enriched phase. An 
octahedral coordination of Ti4+ ions is confirmed by Raman spectra of heat treated 
glasses demonstrating a characteristic wide band at 800cm-1. 
 The next step depends on the composition of the aluminotitanate phase and the 
TiO2 content. At further heat treatment, titania containing amorphous phase either 
remains a stable phase in a wide temperature range or rapidly decomposes into a TiO2 
containing phase (pseudobrookite and/or anatase or magnesium titanate) and spinel 
type alumina containing crystalline phase. 
 The obtained results were proofed by an X-Ray analysis. 
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Abstract 
 
 Study of the relationship betwen equilibrium and non-equilibrium properties of physical 
systems is one of the fascinating problems of contemporary science. The vitreous state that is 
obtained when a melt is cooled through a glass transition region is a good example of a system 
falling out of equilibrium. Moreover, the kinetics of relaxation process is of prime importance for 
the properties of glasses. 
 Rheology and thermal history of samples is of prime importance for the determination of 
equilibrium and of frozen-in relaxation parameters of glasses. In present contribution  a 
mathematical formalism is discussed connecting the cooling rate with structural temperature and 
with the thermodynamic properties of glasses. In order to achieve a better understanding we use 
computer simulation and description of the process within the framework of non equilibrium 
thermodynamics. A comparison of the predictions with experimental results is briefly discussed. 
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Abstract 
 

 Electrochromic lithium niobium-phosphate glass in combination with a 
solid protonic ectrolyte displays the reversible electrochromic effect over 
1000 cycles. One of the problems occurring in the work of the glass formation 
of a space charge in the electrocolored region when electrons of color centers 
can not be easily extracted during bleaching phase since they are trapped in 
the pairs Li+- e- of the color centres. Electrons are localized at Nb ions as 
polarons, giving rise to an intervalent absorption band 13000 cm-1, or as 
bipolarons (two paired polarons at the nearest Nb atoms) with an intervalent 
band 17400 cm-1. Observation of absorption spectra up to the temperature 
350oC reveals an isobestic point between these two bands witnessing the 
balance of the two kinds of centers. ln the induced electrochromic spectra the 
bipolaron band is absent. In electrochromic W-glasses the bipolaron is formed 
by two polarons at the same site (W4+). 

 
 
I. INTRODUCTION  
 
 Existing WO3 film based electrochromic devices have been demonstrated to be able to 
operate for a long time in a continuous cycling mode. But their shelf-life is usually short, 
working sizes not large and characteristics are unstable. There is an alternative 
electrochromic material - oxide glass - which can be used for low-rate applications [1]. 
Besides, studies of electrochromic effect in oxide glasses are useful from the point of 
view of understanding the electrochromic process and; particularly, the nature of the color 
centers induced by electrons injection, their properties and the process of their creation 
and dissolution. 
 Because we had not a polymerising electrolyte with lithium conduction, we used a 
protonic electrolyte. In this case the behavior of glass under reversible voltage has much 
in common with the behavior of ion-exchanged glasses and the same problems. 
Schematic view of an electrochromic glass device is given in Fig.1. The scheme is 
applicable also for an electrochromic film having small level of initial electron 
conductivity, so the coloration starts at the film/electrode interface. The only difference of 
the film and glass devices lies in the fact that for the latter ions of conductivity in the 
electrochromic material and electrolyte are not the same. In Fig.1 layer 1 is the region of 
field assisted ion exchange, layer II - is the region of electrons injection; space charges in 
both layers should be compensated to allow current flow at low voltage level. In Fig.1 is 
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shown the spurious current of H+ ions through the left electrode during the half-cycle of 
bleaching. This current exists also in film devices with a proton-permeable electrode. 
 

 
 
 The processes in layers I and II of Fig.1 and at their interfaces govern the properties of 
the electrochromic device. For example, diffusion of protons in the electrode and its 
substrate (if such one exists) or diffusion of lithium ions from the glass into the proton 
electrolyte during shelf-life make the processes in the layers I and II during operation 
more complicated. 
 
2. EXPERIMENTAL 
 
 The mol% composition of the electrochromic glass was 52Li2O.18Nb2O5.30P2O5, its 
electrical conductance - about 10-6 S/cm at room temperature (the electrical conductance 
of the electrolyte was three orders of magnitude higher). On the polished 0.5 mm thick 
samples of glass was deposited at one side a conducting coating, the other side was 
covered with a layer of polyacryl-based electrolyte and a metal grid counterelectrode 
above it. The effective area of the device was 2 to 5 cm2. 
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3. RESULTS AND DISCUSSION 
 
 Dynamics of electrochromic process and local resistivity: The glass with electrodes 
and without electrolyte under constant current and periodical change of its polarity 
demonstrates increase of the sample resistance R in each cycle, the half-cycle maximum 
of R varied with time t approximately as R ~  √t over 90 cycles [2]. Such dependence is 
typical for samples having layer where the host ion is exchanged for a guest ion with 
lower mobility. Since we observe resistance anisotropy for every change of polarity and 
since the sample is initially symmetrical,. such behavior of R is the sign of the fact, that 
bleaching (and so extracting of guest ions) is hindered and can not go to the end. This is 
confirmed by the fact that this simple device can not be bleached, color density increases 
with every cycle. 

 
 
 The device with electrolyte bleaches to initial value of optical density but the rate of 
coloration is cycle dependent and obeys some complicated law (Fig.2). Rates in the half-
cycles of bleaching are always higher than in the half-cycles of coloring. In the case 
presented in Fig.2 the voltage was the same for all half-cycles of coloring and also 
constant but higher for all half-cycles of bleaching. But the same law of rate dependence 
on cycle number was observed for cycling in the mode of constant current. Since in the 
latter case the voltage in the bleaching half-cycles was higher and increasing with time 
within the half-cycle, the reason for higher rates of bleaching seems to be higher 
efficiency of bleaching due to higher voltage. 
 Very interesting and not fully understood is the stationary state of the device operation 
(nearly horizontal regions of Fig.2 curves). In the stationary state with constant current 
the device resistance is constant in the coloring half-cycle and increases with time in the 
bleaching half-cycle, the mean value of the latter being twice as that in the coloring half-
cycle (that was the reason for choosing the ratio of voltages for the case of Fig.2). 
 The above can be interpreted in the following way. There are no evidence of device 
resistance increase with time within the half-cycles of coloring; more than that,. it slowly 
decreased. The role of colored layer II in this half-cycle can be neglected: its resistance is 
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lower than that of initial layer due to electron conductivity, but even zero resistance 
would not mean anything since the layer thickness is about 50 times less than the sample 
thickness. The layer I resistance in the above example with the sample having film 
electrodes on both sides increased due to proton injection through the thin film electrodes. 
Now we see that this is not the case we have with layer I: that means that we have not 
"pure" case of protons injection in every cycle. If we remember that the process of device 
preparation includes the phase of polyacryl electrolyte polymerization, we will recognize, 
that role of cations interdiffusion can be great and layer I before the first cycle of 
operation is already the ion-exchanged layer with mixed ion type of conduction. 
 Our explanation of layer II resistance behavior is based on the results of Baucke (3,4] 
who have shown that there is some boundary between lithium ions and protons in the 
glass under electrolysis and have found the concentration profile of lithium ions in this 
boundary. According to Baucke, the protonated-layer boundary separating the injected 
protons and Li+ cations in the glass is very stable in the absence of the electric field that 
created it. From Fick's second law 
 

                     (1) 
 
here C is the cation concentration, D is the diffusion coefficient, and x is the coordinate in 
a direction perpendicular to the layer boundary, it follows that the condition for the 
stability of the boundary after the applied voltage has been removed  
 

 
 
has two solutions. One is obtained if D is deemed independent of cation concentration 
and, as a consequence, of the x coordinate. This is a trivial solution, which is of no 
interest in the case at hand. If, however, D is a function of both x and C, then the 
condition for the stability of the boundary will take the form 
 

                  (2) 
 
where p is the resistivity of the glass. 
 Condition (2) signifies that for the boundary to be stable it is essential that the 
resistivity of the glass has a sharp maximum and that position of this maximum coincides 
with the middle of the boundary. Such kind of resistivity maximum could happen in the 
case of the mixed alkali effect. Apparently, there is certain reason to speak of a similar 
proton-alkali effect. The existence of such an effect follows from Molinelli et al. [5) and 
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Mazurin et al. [6, p.129) data. It can be shown that ∂c/∂x as a function of x from [3,4] is 
close in form to ρ(γ(x)) from [5, 6]. 
 In all probability, the peak of ρ(x) thus defined at the boundary of the protonated layer 
is the same as the peak of ρ(x) in the "barrier layer" of the glass reported by Z.Bokshai 
and M.Varga in 1975.  
Suppose we adopt the resistivity of the proton-alkali layer as interpreted above and asses 
p, using the data from [6, p.129]. Then we will be able to show that a noticeable 
contribution to the total resistance of the sample comes only from the resistance of the 
boundary between the protonated ariode layer and the glass bulk (in Baucke's definition). 
The behavior of the sample resistance will be then governed by changes in the slope 
∂c/∂x of the protonated boundary rather than by the increase in the thickness of the 
protonated layer. The slope decreases as the boundary moves into the interior of the glass, 
the peak ρ broadens and the integrated resistance increases: When the current is reversed, 
the more mobile lithium ions appear behind the less mobile protons causing their mixing 
and increasing and broadening the peak ρ. The latter explains the anisotropy of the 
sample resistance and, in part, the increase of it in the bleaching half-cycle. 
 Fig.2 shows that the above movement of the peak can be stationary, performing with 
maximum efficiency. In this stationary mode only odd and even half-cycles differ from 
each  other,   the   cycles  as  the   whole  are  similar  to  each  other.  But even short time 
 

 
 
interrupter in cycling causes decrease of efficiency; mostly in bleaching half-cycles. 
When cycling is interrupted for several hours, the system relaxes to the original state and 
then the process of rate coming to the stationary state repeats. When the device operated 
for 1000 hours, we had five almost identical regions of "flare-up". We must note that this 
have nothing in common with color relaxation in the shut-off state, the rate of such 
relaxation is extremely small. 
 There has been found one more source of problems which marks out the half-cycle of 
bleaching: this is the color center itself. From the electrical point of view it is the pair Li+-
e-. When creating this center, we produced very strong electric field at the front boundary 
of developing color wave which distorted the Li-O octahedron to make it capable to 
accommodate the injected electron and extra cation for charge compensation. To extract 
these electron and cation from the color center can be a complicated problem. Some 
reasons to such a conclusion give examples of combined figures of optical density and 
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device resistance for the bleaching half- cycles (Fig.3). Note, that departure from linear 
law of OD vs. t dependencies is always bleaching rate decrease accompanied by more fast 
growth of resistance R. Obvious correlation of these two tendencies allow to confirm, that 
the bleaching process at some phase of it meets complications which now begin to govern 
the behavior of the device resistance and so are the source of efficiency decrease and, it is 
possible, of the electrochromic process disturbing. We believe that the reason for this is 
the following: the destruction of the color center will be delayed in time 
from the formation of the space charge associated with the migration of Li+ ions toward 
the new cathode; to neutralize this charge; protons will be injected through the electrode 
into layer II, thus causing an increase in resistance and interfering with the color center 
rupture. 
 Nature of color centers in electrochromic glass: Electrochromic glasses are usually 
colorless in initial state. But varying the composition and conditions of synthesis we can 
obtain colored glasses. The spectra of initial color differ from the spectra of 
electrocolored (initially colorless) glasses. We studied the spectra of both types to 
understand their common nature(7) 
 

 
 At Fig.4 are given spectra of initial color for a glass sample of the composition 
(mol.%) 40Li2O.15Nb2O5.45P2O5 held during spectra measurements at constant elevated 
temperatures. It was found that spectra at temperatures below the temperature of plastic 
deformations threshold do not depend on time of observation and only on temperature 
level. So, two isobestic points (points, where optical density is independent on 
temperature) in spectra  of Fig.4 tell us that there are at any rate two kinds of color centers 
and three optical bands; more detailed computer analysis shows that there are four bands 
within the interval 19000 - 28000 cm-1. Similar set of spectra and one isobestic point 
were discovered for LiNbO3 crystal [8]; it was guessed that the band with the peak near 
13000 cm-1 belongs to electrons localized at Nb ions in the form of polarons and the band 
with peak near 20000 cm-1 belongs to bipolarons - two bonded polarons at nearest Nb 
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ions. The fact of bimolecular type of equilibrium between bipolarons b and polarons p 
was confirmed by the fact that Logarithm of intensity value p2/b shows linear dependence 
on l/T. For all our glasses this dependence was also linear, its inclination and, therefore, 
energy of bipolaron dissociation, varied with glass composition in the interval 0.05 - 0.13 
eV and was complex function of glass composition. Temperature dependence of 
absorption spectra for electrochromic color is somewhat different. There are no isobestic 
points and no signs of the  bipolaron band, in fact we have in this case only the 
asymmetric polaron band 13000 cm-1 and weak band near 26000 cm-1. Both bands with 
temperature increase show time and temperature dependent bleaching behavior caused by 
diffusion-controlled dissociation of color layer. 
 

 
 
 Believing, that the bands with peak near 13000 cm-1 in spectra of initial and 
electrochromic color, we apply the asymmetry parameters of the band to the computer 
analysis of spectral composition for spectra of initial color. Under such strong condition 
the isobestic point was obeyed in the spectral deconvolution. As the result of 
deconvolution of spectra deconvolution we obtain four bands. The less intensive of them, 
narrow band with peak at ~12000 cm-1, we ascribe to d-d transition 0→1 of Nb4+, 
2B2g→2Eg (Fig.5). Existence of this band can be deduced from ESR measurements [  the 
ESR spectrum with g-factors g∧=1.88, g=1.91 gives for λ=750 using Abraham-Price 
formula 
 

                        (3) 
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δ =17000 -18000 cm-1 with k=1. Delocalization can be accounted for by the value of k 
found from the equation for energies of transitions  
 

                     (4) 
 
k is ~ 0.85 and δ ~ 13000 cm-1 (the real peak position is 12000 cm-1). Then the transition 
0 - 2 (band with the peak at 13000 cm-1 in the spectra) corresponds to the intervalent light 
absorption by small radius polarons (2B2g(a1)→2B2g(a2) and the transition 0→3 (band 
with the peak at 26000 cm-1) corresponds to the intervalent absorption too, but to the 
higher level, (2B2g(a1)→2Eg(a2). Both the latter bands form the spectrum of electrocolored 
glass, consisting of only these bands. 
 

 
 
  A strong asymmetric band with the peak at 17400 cm-1 belongs to bipolarons intervalent 
absorption. The kind of asymmetry for this band and the band belonging to polarons was 
taken from the spectra of electrochromic color; only this type of asymmetry allowed us to 
reproduce the isobestic points in computer simulations. The bipolarons here are, as was 
said above - two polarons at nearest Nb ions belonging to the structural fragment Nb-O-
Nb. For similar electrochromic glasses where W03 oxide takes place of the Nb2O5 oxide, 
bipolaron has another form: it is two polarons at the same W ion. This fact has been 
confirmed by ESCA data: in electrocolored layer of W-glass 1/4 of all W ions are W4+.  
 The polaron ↔ bipolaron transmutation described above applies to a uniformly and 
strongly reuced material. If, however, the degree of reduction is low, the probability that 
two polarons will meet and form a bipolaron is apparently low, and we may hypothesize a 
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spectrum where the bipolaron band would be unnoticeable and which would retain solely 
the bands corresponding to the transitions presented in Fig.6. This seems to be the case 
with the glass samples that, instead of turning blue; acquire a faint yellowish-brown color 
in the course of melting [7]. 
 The electrochromic color spectra turn irreversibly weaker as the temperature increases 
(at room temperature, the color memory is infinitely large). Apparently, this bleaching 
occurs because the electrochromic color is concentrated in a layer next to the cathode. 
 In initially colored glasses, one ought not to expect the same local cation concentration 
gradients and a similar temperature bleaching. But for the glass compositions low in 
Nb205 this partial bleaching upon heating was observed. 
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 Abstract 
 

       Within the framework of the hierarchically constrained dynamic model for glassy 
relaxation we found a procedure that allows to reduce the relaxation rates spectra of a 
glass-forming system for different temperatures onto a single universal curve. This 
procedure is valid in a wide temperature region, where simple approximation of time-
temperature scaling is violated. 

 
 
1. INTRODUCTION 
 
    In the glass transition region the relaxation of many supercooled liquids is characterized by 
non-exponential behavior and in a wide time region is described satisfactory by means of 
empirical Kohlrausch - Williams - Watts function [1]: 
 

                   (1) 
 
Another approach is the based on a model distribution ϕ(k) of relaxation rates k. The relaxation 
function Φ(t) is represented as the Laplace transformation 
 

                 (2) 
 
    Experimental investigations [2] have shown, that non-Debye character of the relaxation is 
enhanced when temperature is decreased. It means that not only the characteristic relaxation time 
depends on the temperature but other parameters that define the shape of ϕ(k) as well. As a result, 
a simple approximation of time-temperature scaling is not valid in the wide temperature region. 
However, for different supercooled liquids it was shown that the dielectric susceptibility data 
taken over a wide range of temperature can be scaled by means of a rather non-trivial 
transformation as to lie on a single curve [2]. The availability of this scaling implies existence of 
universal physical reasons, which determine the relaxation behavior of the glass-forming 
materials. 
    Recently, it was shown [3], that the distribution of the relaxation rates have a physical 
correspondence to the local configuration entropy distribution over the cooperatively rearranging 
regions, with size of these regions being determined by the scale of intermediate order in glasses. 
If a model of relaxation processes near the glass-transition is based on the constructing of 
quasiequilibrium distribution of independent cooperatively rearranging subsystems then analysis 
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of the relaxation rate spectra gives opportunity to investigate a relationship between universal 
properties of the relaxation processes and the structure of glass-formers. In order to obtain this 
relationship we suggest scaling procedure for ϕ(k) of the modified version of hierarchically 
constrained dynamic model [4]. The transformation of ϕ(k) is constructed in such a way as to 
exclude dependence of ϕ(k) on temperature and on characteristics of material and to keep only 
universal properties of the atomic dynamic. This scaling holds only in the time region, where 
Kohlraush law is valid. 
 
2. MODEL 
 
    A class of models of hierarchically constrained dynamic (HCD) far glassy relaxation was 
suggested in [5]. These models take into account correlative character of the atomic 
rearrangements in disordered strongly interacting systems. Modified version of HCD model [4] 
implies a set of subsystems, with atomic rearrangements obeying HCD in each of them. In this 
approach the relaxation function is defined by eq.(2) with 

                  (3) 
 
Here n is the number of hierarchy level, w(n) is a statistical distribution of subsystems over these 
levels. The parameter µ determines a cooperativity degree of atomic rearrangements, k is the 
relaxation rate determined by the time scale of atomic rearrangements, which are not connected 
with the correlation between the hierarchy levels. The function ς(n) is the Riemann function. 
    The model eq. (3) has three parameters, whereas the stretched exponent, eq.(1), has only two 
parameters. However, it was shown [6] that in the time interval, where eq.(1) is valid, ϕ(k)  can 
be considered as continuous distribution with only two free parameters: 
 

                   (4) 
 
where 
 

 

 
 
Thus, for Φ(t) we have: 

                   (5)
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3. SCALING FOR RELAXATION RATES SPECTRA 
 
 In this section a transformation of the model spectra eq.(4) to a single universal curve is 
considered. A transformation of the relaxation rates scale γ = k/km, where km is a peak position of 
ϕ(k) [4,6], 
 

                      (6) 
 
aligns all peaks to one maximum position. The division of ϕ(k) by ϕ(km) compensates a change 
of the peak magnitude. It is also convenient to introduce a new function  
 

                     (7) 
 
For g(γ) we have: 
 

                 (8) 
 
If g(γ) is considered as function on x = γ-1/µ a change of T will give rise only in a change of 
exponent (µ+1) [6]. By analogy with constructing of the scaling curve in multifractal analysis 
[7,8] we introduce the following function: 
 

                    (9) 
 
Now y(x) does not depend on µ and consequently on T. Thus, the spectra of ϕ(k) for different 
values of parameters can be reduced onto a single universal curve (Fig.1) described by relations: 
 

                 (10) 
 
 One should note that eq.(4) and eq.(6) are valid when maximum of the relaxation rates 
spectrum is located in the region km<< ko. This candition is violafed if µ << 1 [4]. On the other 
hand ,u gaes down when T is increased [6]. It means that a temperature Tc exists and when T > Tc 
the scaling above is not valid. 
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               Fig.1 Scaling curve for relaxation rate spectra. 
 
 
 4. CONCLUSIONS 
 
     For relaxation rates spectra of modified HCD model [4] a scaling procedure was determined. 
This scaling is valid for temperatures T<Tc, where Tc is defined by cooperativity parameter of the 
model. Variable of the universal  curve coincides with the natural variable of model, that is the 
number of hierarchy level. The relationship between relaxation rates and the local configurational 
entropy [3) means that the distribution of the latter for the HCD model [4] has scaling properties 
as well. This agrees with the suggestion about universal features of the liquid structure that are 
defined by intermediate order. These features offer evidence to the physical origin of the non-
exponential character of structural relaxation kinetics. 
    One should note that the present "structural" scaling is not explicitly connected with the scaling 
procedure determined in [2]. The reason of it is that the latter establishes universal relations 
between different time regimes of the relaxation function behavior [9], whereas the scaling for the 
HCD model is applicable only for Kohlraush regime and implies the connection of this regime 
with a universal character of the intermediate order in glass-forming liquids. 
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Abstract 
 
 The silica glass, doped with fluorine having low OH contents (3-5 ppm) was 
prepared by a sol-gel method. The process of synthesis incorporate 
tetraethylorthosilicate hydrolysis in water solution of the acid to obtain a sol, 
preparation of the sol-colloid system by adding fumed silica (aerosil T-30, Wacker-
Chemie GmbH, Germany) into the sol, the neutralisation of the sol-colloid system up 
to pH ∼ 6.5 by introducing an ammonia solution, sonoactivation, centrifugal 
separation, liquid slip casting, gel-formation, drying and vitrification in the 
atmosphere of helium. The gels were dried at 20-60oC after 2 days ageing in the 
deionized water. The BET surface area, bulk density of xerogels were found to depend 
on the concentration of the aerosil and on the conditions of the drying. The dried gels 
exhibited bimodal pore size distribution. Scattering electron microscopic 
investigation, atomic force microscopic, DTA, TGA of the xerogels and monolythic 
glass were using for characterisation of the gel and glass parameters. Transparent 
silica glass in the form of the rods and tubes was obtained by sintering the gels at 
1280-1300oC in the mixed atmosphere of freon (C2Cl3F3) and helium. 
 The result of the present work is the production of the gel-glass rods and tubes with 
length up to 150 mm, diameter up to 20 mm and with the fluorine contents up to 0.6 
wt. %. The transmission loss of the sol-gel fibre was 10-15 dB/km at a wavelength of  
0.85 mm. 
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Abstract 
 
 Phosphate glasses play an important part in the field of laser engineering and optics. For this 
reason they undergo often the action of powerful ionizing or UV radiation which cause the 
appearance of elementary electronic excitations. These excitations can lead to the color centers 
(CCs) formation or to the changes in the spectral properties of activator ions especially in the case 
of activators of variable valence. 
 The aim of the work was to investigate the spectral and radiation properties of metaphosphate 
glasses with additions of iron, europium or cerium oxides. It was estimated that, under the action 
both ionizing radiation and UV light with the energy quanta in the limits of the absorption bands 
of activators, Fe2+ and Ce3+ ions change their charges undergoing to the (Fe2+)+ and (Ce3+)+ states 
respectively. Their radiation induced oxidation allowed us to estimate the quantitative 
characteristics of intrinsic hole CCs which were depressed because of Ce3+ and Fe2+ recharge. It 
was shown that the protector action of Ce3+ ions in phosphate glasses was as high as in silicate 
ones. As for Fe3+ and Eu3+ ions which are very effective electron acceptors in silicate glasses their 
behaviour in the radiation processes in phosphate glasses differs. So Eu3+ ions capture electrons 
very efficiently thus diminishing the number of intrinsic electron CCs. Unlike this Fe3+ ions 
doesn't participate in the radiation processes in the above glasses. The investigation of Eu3+ 
containing glasses allowed to identify the CCs absorption band with radiation properties of 
metahosphate glasses with additions of iron, europium or cerium oxides. It was estimated that, 
under the action both ionizing radiation and UV light with the energy quanta in the limits of the 
absorption bands of activators, Fe2+ and Ce3+  ions change their charges undergoing to the (Fe2+)+ 
and (Ce3+)+ states respectively. Their radiation induced oxidation allowed us to estimate the 
quantitative characteristics of intrinsic hole CCs which were depressed because of Ce3+ and Fe2+ 
recharge. It was shown that the protector action of Ce3+ ions in phosphate glasses was as high as 
in silicate ones. As for Fe3+ and Eu3+ ions which are very effective electron acceptors in silicate 
glasses their behaviour in the radiation processes in phosphate glasses differs. So Eu3+ ions 
capture electrons very efficiently thus diminishing the number of intrinsic electron CCs. Unlike 
this Fe3+ ions doesn't participate in the radiation processes in the above glasses. The investigation 
of Eu3+ containing glasses allowed to identify the CCs absorption band with the maximum at 
E>6 eV as one caused by the intrinsic electron color centers. 
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I. INTRODUCTION 
 
 The specialized literature shows the possibilities of storage various radioactive atomic 
species, wastes resulted from the nuclear fuel fission, for their controlled keeping. For the 
environmental protection, the storage is made in natural rocks or rocks obtained through 
synthesis, various types of cements and concretes, metals, vitroceramics, or glass [1-5]. 
For medicine and other technical applications, there are also obtained sources with 
radioactive isotopes included in the same types of materials [1-5]. The inclusion of 
various radioactive isotopes in glass and vitroceramics is made through the process of 
vitrification of raw materials together with the radioactive components.[1-2]. 
    The paper presents the possibilities of using a sintered borosilicate glass for the storage 
of caesium and strontium salts. The researches have been conducted with inactive 
caesium and strontium salts. Caesium and strontium chlorides have been used, in view of 
the fact that solubilisation by means of acids is used at the treatment of radioactive 
wastes. 
 The utilization of inclusion method by sintering could be very advantageous in 
comparison with the vitrification technique, which requires temperatures of 1400-1550oC 
and special materials. As the sinterized glass for inclusion has no porosity, and it could be 
obtained at 725-750oC results important advantages, including the diminishing by 
volatilization of the radioactive substances. 
 
II. DOCUMENTARY DATA 
 
 Table 1 presents the limits of oxide composition of borosilicate glasses used for the 
storage of the radioactive wastes. 
 

Table 1: Oxide composition of the borosilicate glasses used for wastes storage [2,3] 
Oxides wt % 

SiO2 B2O3 R2O RO Fe2O3 Cr2O3 NiO Al2O3 TiO2 ZrO CuO 
42-83 15-34 13-32 0-10 1.5 - 3.3 0-17 0-5 0-37 0-5 
 
 Table 2 presents the general characteristics of the borosilicate glasses used for the 
storage, by melting, of radioactive wastes. 
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 Table 2: Main characteristics of the borosilicate glasses used for the storage of 
radioactive  wastes 

Characteristic Unit Value 
Thermal expansion  (30-400oC) oC-1 7-12·10-6 

Viscosity p 1000 at 900oC 
100 at 1070oC 

Transformation temperature (tg) oC 450-500 
Density g.cm-3 2.7* 

Dissolving  speed g.cm-2.day-1 10-3 - 10-5 
   * only for MW glass - UK 

 
 
III. EXPERIMENTAL PROCEDURE 
 
 The following substances have been used: SrCl2·6H2O, of p.a. purity and CsCl 
prepared in laboratory from Cs2C03 and HCI, checking up that at the chloride formation 
the reaction should be complete. 
 Tables 3 and 4 presents the limits of oxide compositions and respectively the 
characteristics of the used borosilicate glass made in the National Glass Institute (NGI). 
 

  Table 3: Oxide composition of NGI glass 
Oxides wt% 

SiO2 B2O3 R2O RO Al2O3 
55-65 6-12 10-15 2-7 6-10 

 
Table 4:  Characteristics of NGI glass 

Characteristic Unit Value 
Thermal expansion  (20-300oC) oC-1 8.1-8.9·10-6 
Transformation temperature (tg) oC 525-540 
Littleton temperature oC 720-730 
Working temperature oC 1000-1027 
Density g.cm-3 2.46-2.59 
Hydrolitic stability class I-II 
 
    After having obtained the glass, it was ground to the grain size of 98%<0.063 mm and 
afterwards mixed with a solution containing polyethileneglicol and caesium or strontium 
salt, dissolved in the water. 
 The obtained suspension was dried at the room temperature, and the obtained solid 
samples were crushed and then sieved through the 0.315 mm sieve The grains obtained in 
this way have been pressed at 125 bars, resulting samples with sizes 75 x 75 x 7 mm, 
which have been further sintered at 725-750oC for 0.5 -1.0 hours. 
    The samples of sintered glass, with a content of 11.1 - 29.5 wt% caesium or strontium 
salt have been characterized physically and structurally, after sintering, through: 
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 -water absorption by weighing the sample before and after boiling for 3 hours at      
98oC, in order to estimate porosity; 
     - hydrolytic stability, as per ISO 719, 
     - hydrolytic stability at the surface: determination temperature: 98oC; ratio V/S of 
0.05-0.063 m; determination duration:1 hour; 
     - X-ray diffraction with difractometer URD-6, Germany; 
     - spectrophotometry in infrared with spectrophotometer SPECORD M 80. 
 
IV. RESULTS - DISCUSSIONS 
 
IV.l. Main characteristics of the sintered with chloride glass. 
 Tables 5 and 6 presents the main data regarding the obtaining of sintered glasses with 
addition of caesium chloride and strontium chloride. 
 In glasses with included CsCl it may be noticed a weight loss at sintering of 10.06-
10.74 wt% CsCl for the samples having 10 wt% Cs2O included and respectively 20.21-
25.64 wt% for the samples with 20 wt% Cs2O included. 
   The glasses sintered with SrCI2.6H20 included lose only maximum 4.50 wt% SrCl2 at a 
content of 15 wt% SrO, thus having, as anticipated, a smaller volatilization tendency 
when heated, as compared to the glasses with CsCl. 
   Even when such a volatilization exists, the glasses sintered with addition of chlorides 
lose, when heated, a much smaller quantity than the similarly glasses melted together 
with the same salts at temperatures of over 1400oC. 
 Another important characteristic of the glasses sintered with included caesium and 
strontium chlorides, is that, as shown in tables 5 and 6, they may be also obtained with an 
absorption capacity of water of 0%. 
 By relating this low absorption capacity with determination of hydrolytic stability used 
for the laboratory of household glassware, it comes out that up to a concentration of 10 
wt% Cs2O or SrO in the sintered glass, the assembly glass-salt is included in the stability 
classes III-IV 
 Making similar dissolving determinations at the surface of the glasses sintered with 
stored caesium and strontium chlorides, after one hour, it resulted a loss of 10-5-10-4 
g/cm2 for the glass sintered with 10-20% Cs20 introduced as CsCl and for the one with 5-
10 wt% SrO introduced as SrCl2.6H2O. 
    The values of solubilisation in water at 98oC obtained through the two methods may be 
considered satisfactory, as compared to the solubilisation data obtained on the glasses 
vitrified with compounds of this type [1]. Mention should be made of the fact that besides 
the advantage of diminishing the volatilization at inclusion, the method of using the 
sintered glasses can be improved, for instance, by a slight increase of the temperature or 
by introduction of more B2O3 in the glass. 
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Table 5 : Parameters of obtaining and main characteristics of sintered glasses with 
included CsCl 

Crt. Characteristics Sample specifications 
No.  C 10-1 C 10-2 C 20-1 C 20-2 
1 Composition of unsintered 

mixture (wt%) 
-glass powder 
-CsCl 
-polyetileneglicol 

 
 

83.42 
11.08 
 5.50 

 
 

72.76 
21.74 
5.50 

2 Sintering treatment 4000C-1.5 h 
7250C-0.5 h 

4000C-1.5 h 
7500C-1 h 

4000C-1.5 h 
7250C-0.5 h 

4000C-1.5 h 
7500C-1 h 

3 Theoretical weight loss at 
sintering (wt%) 

 
5.50 

 
5.50 

 
4 Theoretical content of CsCl 

in sintered glass wt% 
 

11.73 
 

23.01 
5 Theoretical content of  

Cs2O in sintered glass wt% 
 

10.00 
 

20.00 
6 Weight loss at sintering   

wt% 
6.74 6.79 6.79 8.53 

7 CsCl content in sintered 
glass wt% 

 
10.55 

 
10.47 

 
21.95 

 
20.45 

8 Cs2O content 
corresponding to the CsCl 
quantity left in the sintered 
glass wt% 

 
 

8.83 

 
 

8.76 

 
 

18.36 

 
 

17.11 

9 CsCl quantity lost by 
volatilization * wt% 

10.06 10.74 20.21 25.64 

10 Sample aspect after, 
sintering 

smooth, 
fairly glossy 

smooth, 
glossy 

smooth, 
mat 

smooth,  
mat 

11 Volume contraction of the 
sintered sample as 
compared to the raw one 
(%) 

 
28.50 

 
33.48 

 
14.93 

 
20.15 

12 Water absorption 
capacity (%) 

 
0.00 

 
0.00 

 
0.00 

 
0.00 

13 Hydrolytic stability on  
grains (class, MgNa2O       
dissolved/g glass) 

 
IV 

0.6014 

 
IV 

0.3286 

 
- 
 

 
over class V 

1.1780 
14 Hydrolytic stability per 

area (g/cm2) 
Volume/Surface ratio (cm) 

7.42x10-5 
 

6.06 

5.15x10-5 
 

5.02 

2.06x10-2 
 

5.75 

1.47x10-2 
 

5.72 
 
* Considering that, besides binder, chloride is also volatilised 



 5

Table 6: Parameters of obtaining and main characteristics of sintered glasses with 
included SrCI2.6H20 

     
Crt.
No. 

Characteristics Sample specification 

  S5 S10 S15 
1 Composition of unsintered mixture 

(wt%) 
-glass powder 
-SrCl2.6H2O 
-polyetileneglicol 

 
 

83.23 
11.27 
5.50 

 
 

73.49 
20.01 
5.50 

 
 

64.99 
29.51 
5.50 

2 Sintering treatment 4000C-1.5h 
7500C-1 h 

4000C-1.5h 
7500C-1.0h 

4000C-1.5h 
7500C-1.0h 

3 Theoretical weight loss at sintering 
(wt%) 

5.50 PEG 
4.75 H2O 

10.07 

5.50 PEG 
8.51 H2O 

14.01 

5.50 PEG 
11.95 H2O 

17.45 
4 Theoretical content of anhydric SrCl2 in 

sintered glass wt % 
7.45 14.54 21.27 

5 Theoretical content of SrO in sintered 
glass wt% 

5.00 10.00 15.00 

6 Weight loss at sintering wt% 10.45 16.41 21.95 
7 Anhydric SrCl2 content in sintered glass 

wt% 
7.06 12.08 16.73 

8 SrO content corresponding to the 
anhydric SrCl2 quantity left in the 
sintered glass wt% 

4.60 7.89 10.93 

9 SrCl quantity lost by volatilisation* wt% 0.38 2.40 4.50 
 

10 Sample aspect after sintering glossy,  
smooth 

relatively  
mat, 

smooth 

smooth, 
mat 

11 Volume contraction of the sintered 
sample as compared to the raw one % 

35.63 33.24 33.24 
 

12 Water absorption capacity % 0.00 0.00 0.00 
13 Hydrolitic stability on grains class, mg 

Na2O dissolved/g glass 
III 

0.0074 
IV 

0.3658 
V 

0.7130 
14 Hydrolytic stability per area (g/cm2) 

Volume/Surface ratio (cm) 
1.84x10-4 

5.61 
1.28x10-4 

6.29 
5.47x10-5 

5.34 
 
* Considering that, besides binder, chloride is also volatilised. 
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IV.2. Structural characteristics 
 
    IV.2.l. X-ray determinations 
    By comparing the X-ray diffractograms of the glasses sintered with Cs and Sr chlorides 
with that of the basic glass and the two calcinated salts (figure 1), the following 
conclusions may be drawn: 
    - the glass sintered with caesium chloride has a high ß-quartz crystallisation tendency 
than the one with strontium chloride (figure 1 b and 1 c); 
    - the strontium chloride plays an adverse part, seeming to decrease the crystallisation 
tendency of ß-quartz, rendered evident through d=3.34Å (figure 1 c) as compared with the 
basic sintered glass ( figure 1 a); 
    - caesium chloride remains in the sintered glass as such, which points out to the fact 
that the mixing of the sintered glass with this salt leads to a structure of oxidic-
halogenuous, partially crystalised, glass type; 
    - in the glass sintered with included strontium chloride, a compound of strontium oxide 
or strontium chloride seems to be formed, rendered evident through d=2.81Å. 
 
    IV.2.2. Infrared spectrophotometry 
    The glasses with 10-20 wt% Cs2O has the general appearance of the absorption spectra 
of the basic borosilicate glasses, (figure 2), with the mentioning: 
    According to the X-ray data, it is rendered evident the crystallisation of (3-quartz in the 
sintered glass with addition of caesium chloride, which is formed in bigger quantities in 
the samples with 20 wt% Cs2O; the main absorption maxima registered are at 1040-1060 
cm-1  and at 740-780 cm-1 , and are due to the extension of the link Si-O intetrahedrons 
[Si04]; the absorption maxima at 460-480 cm-1 , are due to the deformation of the link Si-
O in tetrahedrons[SiO4] [6,7]. 
    By comparing the IR spectra of the basic glass and of calcinated CsCl with those 
obtained for the investigated samples, it is noticed that the crystallized caesium chloride 
is maintained in the sintered samples; the absorption maxima of the caesium chloride, 
which are higher for the samples with 20 wt% Cs2O, are at 1720 cm-1 , and in the area of 
1350-1550 cm-1 . 
 However, part of the caesium chloride seems to react structurally with the glass, 
leading probably to specific structural geometric units of caesium with the oxidic 
structure of the basic glass. This structural modification of the sintered glass with addition 
of CsCl is rendered evident by the occurrence of a shoulder in the spectrum, at the 
samples with 20 wt % Cs2O, in the area of 860-920 cm-1 , 
 The glasses with 5-15% SrO has the general appearance of the absorption spectra of 
the basic borosilicate glasses, (figure 3), with the remark that: 
  - according to the X-ray data, it is rendered evident the crystallization of (3-quartz is 
lower in the sintered glasses with SrCl2 as compared with those with CsCl; 
  - in the areas of Si02 absorption centered at 460-480 cm -1 caused by the deformation 
of the links Si-O in tetrahedrons [SiO4], it is noticed the structural influence of the SrCl2 
content in glasses; - this influence is related with the absorption variations in IR at 
approximately 400 cm-1 . 
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V. CONCLUSIONS 
 
 l. Using borosilicate glass powder homogenous mixed with an organic binder and 
caesium or strontium chlorides by sintering, predominant vitreous materials, were 
obtained. 
 2. The investigated glass samples with chlorides included, containing 10 wt%  Cs2O 
and respectively 5-15 wt% SrO, had zero water absorption. 
 3. Relating the water absorption obtained values with the durability tests of laboratory 
glass articles but also of some radioactive wastes, it results that the sintered with chloride 
salts glasses, have the hydrolytic stability in the range of values of the III-IV glass of 
hydrolytic stability for contents up to 10 wt% of added CsCl or SrCl2 
 4. The structural investigations made on the assembly sintered glass with stored 
chloride show: 
 -the sintered with chlorides borosilicate glass has a structure type like mixture of an 
 oxidic glass with ß-quartz and chloride crystals; 
 -the favourising of the crystallization of ß-quartz in the sintered glass with CsCl; 
 -the hampering of the crystallization of ß-quartz by sintering the same glass with 
 SrCl2; 
 - there appear also some structural interaction between the glass and the chloride  salts 
 especially in the case of CsCl. 
 
 
REFERENCES 
 
1. J.A.C Marples - Glass Technology, 29,1988, 6, p.230-247 
2. P.J.Hayward - Glass Technology, 29,1988, 4, p.122-136 
3. C.M.Jantzen - Extended Abstracts,1994, Fall Meeting of Glass and Optical Materials                           
Columbus Ohio, p.13-15. 
4. M.Fryda, G.Vetter and P.Boch - Proceedings of the Third Euro-Ceramics, 3, 1993,  
p.213-218. 
5. S.V. Stefanovskii, I.A.Ivanov and A.N.Gulin - Glass Physics and Chemistry, 1994,  
p.103-109. 
6.D.Becherescu, V.Cristea, Fr.Marx, I.Menessy, Fr.Winter - Physical Methods in the  
Chemistry of Silicates,1977,p.45-47. 
7. L.L.Hench, R.G. Newton, S. Bernstein - Glass Technology, 20,1979, p.144 
 
 



 8

                
 
Fig.1 X-ray diffractograms of the investigated samples. a) chlorides and basic glass 
diffractograms, b) sintered glass with CsCl, c) sintered glass with SrCl2. 
 

   
  Fig. 2: IR spectra of CsCl, basic glass   Fig. 3: IR spectra of SrO2, basic glass 
  and the assembly sintered glass - CsCl  and the assembly sintered glass - SrO2 
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Abstract 
 Examples of X-ray diffraction results are presented, which demonstrate the 
great diversity of oxide glass melts. Sometimes structural changes can already 
be observed about 150 K above Tg in contrast to Riebling's comment 
according to which changes can be expected beyond  Tg + 300 K or Tg + 400 
K. In some cases the radial distribution function (RDF) reveals a change of 
the short range order (SRO) in spite of the fact that the scattering curves of 
the melt and of the solid glass, apart from the first sharp diffraction peak 
(FSDP), seem to be fully identical. 

 
 
I. Introduction 
 
 Previous high-temperature diffraction studies seemed to show that there are no worth 
mentioning differences between the structure of a glass and the structure of its melt. More 
or less, the essential result was the finding that the distributions of the atomic distances 
are broader in the melt than in the solid glass. This can clearly be seen in the radial 
distribution functions (RDFs) of B2O3 presented by Zarzycki [1] and Misawa [2], see Fig. 
1 and 2. Also in the G(r) curve of a calcium silicate glass, studied by Waseda [3], the 
peaks become flatter in the melt (Fig. 3). In addition minor shifts of peaks beyond 5 Χ are 
detectable. However, it seems very doubtful whether the effect reflects a real process 
connected with the melting or not. 

 
 
Fig.1: Scattering curves (a) and radial distribution functions (b) of vitreous and           
molten B2O3 at 20 oC, 1200 oC and 1600 oC (taken from [1]). 
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  Fig.2: Reduced interference functions (a) and RDF (b) of vitreous and molten B2O3 at  
 121, 298, 523, 633, 733 and 1073 K (taken from [2]) 
 
In summary, it may be said that the previous high-temperature experiments seemed to 
confirm the opinion that "with respect to the nearest-neighbor correlations, information 
from glassy samples is applicable to the molten state, as a first approximation" [3]. 
Riebling [4] even spokes from " an exact structural correlation between an oxide melt and 
its corresponding glass" and concedes however, that sometimes the exact correlation can 
be "limited to temperatures below Tg + ∆T (where ∆T ≈300o to 400o)". 

 
 
 

 
     Fig. 3: Comparison between the structure of the glassy state 
      and that of the  liquid state in the case of 45 mol  % CaO-SiO2  
     (taken from [3]). 
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II. Results of recent high-temperature diffraction studies 
 
 Sometimes already the scattering curves reveal the replacing of a given amorphous 
structure by another amorphous structure in the course of melting. An example is shown 
in Fig. 4. It is an overall view of scattering curves, which are measured during heating up 
with a mean heating rate of 10 K/min. The curves change their character between 850 K 
and 900 K. As can be seen here the exact structural correlation is limited to about Tg + 
150 K (Tg = 757 K). The temperature range of exact correlation finishes off with a much 
lower temperature as predicted by Riebling [4]. 
 More often the glasses show the behaviour which is depicted in Figs. 5 and 6. 
Applying the same heating rate these glasses run through an crystalline intermediate state. 
In the case of calcium metaphosphate glass the structure is partly-crystalline between 
about 1000 K and 1200 K. Above 1200 K the material scatters in another way as can 
easily be seen from the structure factor (see Fig. 7). The changes beyond s=3Χ-1 indicate a 
transition of the short range order (SRO). The decrease of the first sharp diffraction peak 
(FSDP) with increasing 
temperature is abnormal compared with the most binary oxide glasses (e.g. sodium 
metaphosphate or sodium borate glasses). It is still vague what can be the reason for this 
conspicuous behaviour. (In case of Mg metaphosphate glass the FSDP slightly increases 
during melting.) The most important change of the SRO is the decrease in height of the 
peak at 3.5 A (Fig. 8). The same effect can be observed in the RDF of sodium 
metaphosphate glass [5]. 
 In contrast to the glass, just described, another type of glass is to be presented here: 
lithium borate glass with 15 mol % Li2O. The scattering curve of the melt does not differ 
from that of the solid glass (Fig. 9) with the exception of the FSDP, which is shifted to 
lower scattering angles and increased in the melt. In other words, the scattering seems to 
indicate the constancy of the SRO. Nevertheless, the difference distribution functions 
show distinct changes in the distance range from 3 to 5 Χ, in such way revealing that the 
topology of the network changes with rising temperature. 
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Fig. 4: Temperature dependence of the scattering curves of sodium  borate glass with 28 
mol % Na2O (electronic position sensitive detector, heating rate 10 Klmin, Tg =760 K). 
Please note that  the shape of the curves changes between 850 K and 900 K. 
 
 
 
 

 
 
Fig. 5: Temperature dependence of the scattering curves of lithium disilicate glass 
(Tg≈730 K). The crystalline phase is orthorhombic Li2Si2O5 (C1c1) 
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                            s [l/nm] 

 
Fig. 6: Temperature dependence of calcium metaphosphate glass (Tg≈ 790 K) 
 
 
 

 
 

Fig. 7: Structure factor of calcium metaphosphate glass (solid line: 1420 K, dashed line: 
room temperature) 
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Fig. 8: Difference distribution functions corresponding to Fig. 7 

 
 
 

 
 

Fig. 9: Scattering curves of Li borate glass with 15 mol % Li2O  
(solid line: 1160 K, dashed line: room temperature) 
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Fig. 10 Difference distribution functions corresponding to Fig.9 
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 Abstract 
 

 The sol-gel synthesis of apatite-anorthite glass-ceramics has been carried out by 
the crystallization of gel-glasses in the SiO2-P2O5-AI2O3-CaO-F system, without 
melting process. The structural evolution in gels, during their heat treatment till 1250 
°C was studied using X-ray diffraction analysis, IR-spectroscopy, TEM and TEMD. 
SiO2 was introduced as SiO2-sol and TEOS and it was found the type of precursors 
influences strongly on the phase formation in the gels studied. The apatite-anorthite 
glass-ceramics can be obtained from the gels, in which SiO2 is introduced as TEOS, 
after heat treatment at 1050°C -1150°C. It has been established that at highest 
experimental temperature the diffraction peaks of fluorapatite decreased and 
disappeared and a new phase, gehlenite, was formed. 

 
 
I. INTRODUCTION 
 
     The glass-ceramic materials are perspective for different practical application because they 
possess many valuable thermal, chemical electrical, magnetic and other physicochemical 
properties conserving their parameters even at elevated temperatures. During the last years the 
synthesis of new glass-ceramics for application in medicine and dentistry as bioactive and 
bioinert materials has been successfully developed (1 - 12). Usually in this kind of glass-ceramics 
present bioactive crystalline phases (fluorapatite, fluormica or calcium phosphates) and some 
another phases providing better mechanical or optical properties (vollastonite, anorthite, diopside, 
leucite, alumina zircona). The bioglass-ceramics in the CaAI2Si2O8 - Ca5(PO4)3F, CaMgSi2O6 - 
Ca5(PO4)3F and CaAI2Si2O8 - CaMgSi2O6 - Ca5(PO4)3F have been successfully obtained by 
sinter- crystallization of glass powders with different dispersity (13,14). 
 Recently R. Hill and D. Wood studying ionomer glasses (15, 16) have been established that 
some of these glasses are with suitable crystallization ability, physicochemical and technological 
properties for obtaining of glass-ceramics for dental crowns (17, 18). The main crystalline phases 
in this kind of glass-ceramics are fluorapatite and mullite. M. Dimitrova - Lucacs has been 
investigated the synthesis of apatite -mullite glass-ceramics using hydroxyapatite as raw material 
and received glass-ceramic materials with high flexural strengths and fracture toughness ( 19 ). 
 It is well known that sol-gel method for synthesis of glasses and glass- ceramics gives 
advantages in comparison to the traditional melting technology: lower synthesis temperature, 
higher homogeneity and purity, possibility to synthesize materials of new composition and 
obtaining the glass-ceramics by direct crystallization of gels without melting. 
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 B. Samuneva, Y. Dimitriev et al. have synthesized by sol-gel technology glass-ceramic 
materials in the MgO - Al2O3 - SiO2, CaO - Al2O3 - SiO2, ZnO - ZrO2 - SiO2 and ZrO2 - TiO2 - 
SiO2 systems with homogeneous microstructure and high thermal, chemical and mechanical 
properties (20 - 25). 
 By direct crystallization of gels and gel-glasses in the CaO-ZnO- Al2O3 - P2O5 system have 
been obtained bioglass-ceramics with main crystalline phases Ca(PO3)2 and Ca2P2O7 (26, 27). 
The amorphous powders have been sintered as glass-ceramic materials by isostatic pressing and 
thermal treatment at 500 °C- 600 °C. This glass-ceramics shows higher bioactivity then 
hydroxyapatite in the initial stage after the implantation. 
 The main purpose of the present work is to investigate the structural evolution in gels of the 
SiO2 - P2O5 - Al2O3 - CaO - F system during their thermal treatment for synthesis of apatite - 
anorthite glass-ceramics. 
 
II. EXPERIMENTAL 
 
 For the synthesis of gels of the composition 1,5 SiO2.0,5 P2O5.1 Al2O3.1CaO. 0,5CaF2 marked 
as a glass C in (17), were used in appropriate amounts the following precursors: SiO2-sol 
(laboratory obtained (26)), TEOS, AI(NO3)3.9H2O,Ca(NO3)2.4H2O, (NH4)3PO4.3H2O and CaF2. 
Gels which were obtained by different precursors of SiO2 were investigated. The samples 
investigated are characterized as follows: 
sample 1- glass C, TEOS, CaF2 before gelling; 
sample 2 - glass C, TEOS, CaF2 after gelling; 
sample 3 - glass C, SiO2 - sol, before gelling; 
sample 4 - glass C, SiO2 - sol, CaF2 after gelling; 
sample 5 - anorthite, SiO2 - sol; 
sample 6 - anorthite, TEOS. 
 The manner of the component mixing, gel formation and thermal treatment are shown at 
scheme 1. The phase formation after thermal treatment in the 950-1250 °C temperature range was 
followed by means of the X - ray diffraction analysis (Diffractometer DRON- UM1, CuKα 
radiation), IR - spectroscopy (Spectrometer SPECORD M80), transmission electron microscopy 
(TEM) and transmission micro-diffraction (TEMD) (Electron microscope EM-400, PHILIPS). 
 
III. RESULTS AND DISCUSSION 
 
     The gels of the composition 1,5 SiO2.0,5 P2O5.1 Al2O3.1CaO. 0,5 CaF2 were prepared and 
thermally treated according to scheme 1 and the results of X - ray study on the phase formation in 
thermal treated gels (samples 1 and 2, obtained using TEOS) are presented in Figs. 1 and 3. From 
the X - ray diffraction data it is shown that at 950°C in two samples are formed anorthite and 
fluorapatite crystalline phase and still CaF2 is presented. With the increase in the temperature up 
to 1050°C CaF2 vanishes and in the same time fluorapatite and anorthite are the main crystalline 
phase, but mullite also presents. It is established that the fluorapatite X- ray peaks decrease at 
elevated temperatures.  
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    Fig.1. X - ray diffraction patterns of   Fig. 2. IR-spectrum of  
      sample 1.          sample 1. 
 
 
The vanishing of fluorapatite is observed at 1150°C for the sample 1 where the CaF2 is added 
before the gelling. For the sample 2, where the CaF2 is added after the gelling, this process is 
established at 1250 °C. In the both cases with the disappearance of the fluorapatite the phase 
gehlenite appears. In this way the final products at the crystallization of the gels described at 1250 
°C contain anorthite, gehlenite and small quantities of mullite. In this way the sol-gel glass-
ceramics containing fluorapatite and anorthite can be synthesized after thermal treatment of the 
gels, prepared by TEOS, at 1050 °C (for sample 1) and at 1150 °C (for sample 2). In the case 
where it is starting from SiO2-sol and CaF2 is added before or after gelling (sample 3 and 4) the 
phase formation is going on by following way: at 950 °C mainly crystallizes fluorapatite, mullite 
and anorthite with a presence of pure CaF2. At 1050 °C the diffraction patterns are almost the 
same but with the increase in the temperature (1250 °C) gehlenite, mullite, fluorapatite and 
anorthite are presented. For the both samples it is established that the amount of the fluorapatite 
decrease at elevated temperature. It is interesting that at lower temperatures 950 -1050 °C the 
quantity of the crystalline phase is higher in the gels, obtained by scheme, according which CaF2 
is added to the gel batch before the gelling temperature (sample 3). 
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Fig. 5. Electron micrograph and  electron diffraction of sample 6. 

 

 
Fig. 6. X - ray diffraction pattern of sample 6. 

 
The spectra at 1250 °C show multiphased nature of the compositions with dominant participation 
of silicate structures. This is in agreement with the X - ray diffraction data published above. 
 The pure sol-gel anorthite has been synthesized when TEOS was used as SiO2 precursors. The 
X-ray diffraction patterns of thermal treated anorthite gels are given in Fig. 5. It can be seen that 
till 950 °C the gels are in amorphous state and at 1250 °C can be obtained crystalline material 
with only one phase - anorthite. The electron micrograph and electron diffraction of this sample 



 5

are presented in Fig. 6. it is established that the crystallization process is developed, the size of 
the crystals is under 0.1 µm and the aggregation tendency is observed. 

 
 
VI. CONCLUSION 
 
     The structural evolution in the gels of the SiO2 - P2O5 - Al2O3 - CaO - F system, thermal 
treated in 950 -1250 °C temperature range using X - ray diffraction analysis, IR- spectroscopy, 
TEM and TEMD has been investigated. It was found that fluorapatite- anorthite glass-ceramics 
can be synthesized after thermal treatment of gels of 1,5 SiO2.0,5 P2O5.1 Al2O3.1 CaO. 0,5 CaF2 
composition, obtained by TEOS as SiO2-precursors (1050 °C -1150 °C). Above these 
temperatures the fluorapatite disappears and a new crystalline phase is formed gehlenite. 
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Abstract 
 

 The mullite is important for many industrial applications because of its low 
thermal expansion coefficient, low dielectric constant, good thermal and 
chemical stability. A special interest are some polyphase glass-ceramics 
containing mullite for dental applications. To prevent the difficulties of 
conventional melting methods of glass production the sol-gel technology is 
used for the synthesis of this material. A simple technological scheme is 
developed with the introduction of appropriate precursors for the obtaining of 
amorphous material and glass-ceramic containing mullite as a predominate 
phase. 

 
 
1. INTRODUCTION 
 
 The mullite is important for many industrial applications because of its useful 
technological properties as ceramics, glasses glass-ceramics and composites [1, 2]. Due to 
the availability of a great number of chemical precursors for aluminium and silicon 
mullite has become an example in the synthesis by various methods [3]. The progress in 
sol-gel processing is very useful in this connection especially to prevent the difficulties of 
conventional melting methods. It has also advantages for the preparation of ultrafine pure 
mullite powder. A large number of gels and xerogels were made for the first time in the 
system Al2O3-SiO2 by Roy et al [4]. They also obtained the so called diphase xerogels. 
After that the problem about gel-formation of mullite is discussed in several review 
papers [5-8]. For the successful application of sol-gel technique it is very important to 
know the evolution process of the system from a starting solution to gel, gel-glass 
transition and gel-crystal transition. The mechanism of the transformation is possibly 
different depending on the precursors, thermal treatment regime and additives used. Great 
care has to be taken to achieve a true coopolimerisation of the material. Comparing 
different combinations of precursors essential conclusion are made by Fukuoka et al [9J 
for the microstructure, phase formations and properties of the obtained materials. Special 
attention on the role of aluminium nitrate in combination with tetraetoxysilane is paid in 
the latest experiments of Jaymes et al [10,11] presented a complete picture for the 
structural evolution of the mullite gel with increasing of the temperature using NMR- 
spectroscopy and DTA. The crystallisation of the amorphous mullite precursors is 
possible to follow two routes: direct formation of orthorhombic mullite at about 980oC, or 
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two-stage process. The latter includes crystallisation of an alumina-rich spinel and 
transformation to mullite at above 1200oC. It is shown that the chemical homogeneity 
determines the crystallisation mechanism. That is why the synthesis conditions of heating 
by which it is possible to suppress the phase separation are very important [8]. 

 
 

 
   Fig.1. X - ray phase analysis of 
    heat treated mullite from gel. 

Fig. 3. IR spectra of heat treated  
pure mullite gel. 

 
 
 The synthesis of polyphase glass-ceramics containing mullite for dental applications 
[12] puts forward some special requirements for the precursors and the dimensions of the 
crystals. It would be very useful if in the batches for the melting of the manycomponent 
compositions takes part pure amorphous mullite or partially crystallised powder with 
nano-scale size mullite particles. The purpose of the present paper is to propose a simple 
scheme for the synthesis of mullite from aluminium nitride and TEOS with appropriate 
technological properties. 
 
II. EXPERIMENTAL 
 
     The stoichiometrical composition, corresponding to the mullite and other 
combinations were synthesised according to the following scheme. Si(OC2H5)4 (TEOS) 
and aluminium nonahydrate, Al(NO3)3.9H2O were used as starting materials. The salt was 
dissolved in absolute ethanol and TEOS was added and swirled so as to hydrolyse 
without gelation catalysts. The gels were dried in an oven at 100oC for 24 hours and then 
heated in steps: at 400, 600, 800, 950, 1050, 1250oC, for 2 hours. From the results of this 
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heat-treatment was selected an appropriate regime for obtaining of the fine dispersed 
mullite powders. For the characterisation of the materials at different steps of the 
investigation are used X-ray phase analysis (DRON-UM, Cu- Kα radiation), IR- 
spectroscopy (Spectrometer Specord M-80) and transmission electron microscopy-TEM 
(Electron microscope EM-490 Philips). X-ray diffraction intensity curves are obtained 
from amorphous samples in the range 2θ = 4-120o. The scanning rate was 0.5omin-1 with 
a pulse height analyser and scintillation detector. The x-ray intensity function was 
corrected for background, absorption and polarisation. Full details of the data analysis 
procedures adapted for IBM-PC are described in [13]. 
 
III. RESULTS AND DISCUSSION. 
 
     Fig. 1 shows the results of X-ray patterns for heat treated gels. Up to 600-700oC the 
main phase is amorphous. At 900-950 oC begins the crystallisation of orthorhombic 
mullite and at about 1250 oC it is the only crystalline phase, but some amorphous phase 
exists. If the composition is enriched on SiO2 a small amount of crystobalite is registered. 
     The microstructure of heat treated gels is presented in selected typical micrographs at 
Fig. 2. The observation of the powder particles at high magnification between x15000 and 
x90000 shows that the material is amorphous at 600°C without nanoscale heterogeneities. 
Above 800 oC appear small crystals with an average size about 0.1 µm. At 1250oC the 
crystallisation is not yet completed, small amorphous regions remains. 
     IR-spectra of the gels, thermal-treated up to 1250 oC are presented at Fig. 3. A change 
in the spectral curves vas established with increasing the temperatures. The spectrum of 
the gels at 200 oC is characterised by bands at 1060, 580, and 460 cm-1 . The band at 580 
cm-1 is shifted to the 750 cm-1 in the spectrum of the gel, treated at 600° C. The bands at 
1060, 810, 750, 550 and 460 cm-1 are the main characteristic frequencies in the spectrum 
of the sample treated at 1250 oC. The band at 1098 cm-1 in the pure amorphous Si02 [13] 
is assigned  to the anti symmetrical stretching vibrations of SiO4 groups. The band at 804 
cm -1 to the symmetrical stretching vibrations and the band at 468 cm -1 to the bending 
vibrations of the same groups. Al3+ ions can be present as AlO4 and AlO6 groups in the 
structure of alumosilicate groups. It is known that AlO4 vibrate in 800-700cm-1 range 
[14,15], while the characteristic absorption bands of AlO6 groups are in the 600-500 cm-1 
range [15, 16]. On this basis the it is possible to make some conclusions, concerning the 
structure of the gels. At low temperature the gels contain polymerised SiO4 groups (bands 
at 1060 and 460 cm-1 ) and AlO6-units (band at 580 cm -1). The shifting of this maximum 
from 460 to 745 cm -1 with increasing of the temperature until 600° C means that AlO4 
groups are formed in big amount. The material obtained at around this temperature may 
be regarded as a gel-glass. The IR-spectrum of the crystalline material at 1250°C may be 
discussed as adsorption bands corresponding to vibration of the units in the crystalline 
mullite. It contains SiO4 units (bands at 1060, 810, and 460 cm-1 ) and simultaneous 
participation of AlO4 (750cm-1 ) and AlO6 550 cm-1 groups. These results are in 
agreement with another investigations previously published.[17-19] 
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Fig. 2. TEM micrographs of stoichiometric mullite composition: a) TEM of 
heat treated sample of 600oC - 2 h; b) 1250oC high field; c) 1250oC dark field 
d) electron diffraction of the same sample heat treated at 1250oC. 
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Fig. 4. Total pair correlation function of mullite gel: a) heat treated at 
600oC;b) heat treated at 800oC. 

 
 To obtain some additional information about short-range order in amorphous gels and 
gel-glasses x-ray diffraction structural analysis was performed. The results obtained are 
presented in Fig. 4. The interatomic distance were taken from the total pare correlation 
functions T(r) since they are more accurate than those from the usual radial distribution 
function. [21] A well resolved maximum was found in T(r) for all investigated samples 
which shifts with increasing the heat-treatment temperature to higher values. This 
maximum is complex and corresponds to the distances in the Si-O and Al-O atomic pairs. 
[20, 22, 23]. In amorphous Al2O3 r1 (Al-O) is at 1.8Å[22] and may be connected with 
predominantly octaedrical co-ordination of the aluminium against the oxygen. The slight 
decrease of r1 in T(r) of the amorphous mullite gel treated at 600 ºC could be interpreted 
as increasing of the amount of AlO4 units in the structure. This is in agreement with the 
infrared spectra of the samples. 
 
4. CONCLUSIONS 
 
     By the developed step thermal-treatment regime it was achieved the formation of 
amorphous mullite gels in which is possible to control the amount of AlO4 and AlO6 
groups. 
     After thermal treatment above 1250oC orthorhombic mullite is obtained containing 
small-scale crystals embedded in amorphous matrix.  
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Abstract 
 
 The transition from a configurational frozen glassy state to a metastable liquid state 
is accompanied by an abrupt change in a number of macroscopic properties like 
compressibility, thermal expansion coefficient and specific heat. It depends strongly 
on the measuring time Recently a new technique was developed for measuring the 
frequency dependence of the specific heat C, subjecting a sample to a small 
periodically varying temperature oscillations. Up to now, these measurements have 
not been directly compared to the differential scanning calorimetry (DCS) 
experiments. In the present paper we are trying to shed more light on the relaxation 
behavior of glassforming melts by comparing photoacoustic (PA) and DSC data. The 
relaxation behavior of poly(methyl methacrylate) (PMMA) is derived from PA and 
differential scanning calorimetry (DCS) measurements. The main conclusions can be 
summarized as follows: Data, obtained from earlier DSC measurements are well in 
line with the present PA data. The present results give an experimental evidence that 
the activation energy for relaxation depends on the structure. It was shown that along 
with the main or a-transition secondary o b-transition can be detected and studied by 
the PA temperature measurements. 
 
 
 
-------------------------------------------------------------------------------------------------------- 
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Abstract 
 

 Initial and γ-radiation induced optical absorption in the UV, visible, and near 
IR spectral ranges and its temperature dependence (300-840 K) at 1.17 eV (1.06 
µm) are studied for multicomponent high-purity cerium-doped sodium 
borosilicate glasses, used in manufacturing of thermal and radiation-resistant high-
aperture fiber lightguides. 
 Low-intensity wide absorption band with a maximum at 2.5 eV is identified in 
spectra of non-irradiated cerium contained glasses. The band intensity depends on 
CeO2 concentration and of iron microimpurities non-linearly. Variations in the 
absorption coefficient at 1.17 eV with increasing cerium concentration and 
temperature are established to be due to the 2.5 eV band intensity. The 
interpretation of the nature of the band is offered. 
 Temperature relaxations of radiation induced colored centers in the glasses in 
wide spectral range and its kinetics at 1.17 eV are studied. It is discovered, 
specifically, that complete relaxation occurs only close to the annealing 
temperatures. 

 
 
1. INTRODUCTION 
 
 Along with increasing the transparency of glasses for fiber optics, an urgent problem to 
study is subsequent behavior of fiber-optic elements during their operation under the influence 
of different external factors, such as ionizing radiation and high temperature. 
 The objective of this work is to establish absorption dependences in the near IR range on 
concentrations of cerium and microimpurities, on dose of γ-irradiation and temperature for 
high-purity multicomponent cerium glasses used in high-aperture fiber lightguides. 
 
2. OBJECTS OF THE STUDY 
 
 We studied two compositions of sodium borosilicate glasses of varying cerium dioxide 
CCeO2  concentrations and with different amounts of impurities (Table 1). The amount of iron 
introduced with CeO2 did not exceed 3% of the total Fe2O3 content in glass. The "core" and 
"coating" glasses form a matching pair in terms of temperature dependences of their viscosity 
and coefficient of thermal expansion and in terms of the difference in their refractive indexes; 
they ensure the aperture of optical fiber, which is equal to 0.5. 
 

Table 1. 
 Series I Series II Series III 

Purpose For Core For Coating 
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Composition SiO2, Na2O, B2O3 
La2O3, BaO, ZrO2 

SiO2, Na2O, B2O3 
Al2O3 

Concentration of activator and iron admixtures (wt % above 100 %): 

CeO2 0.2-1.1 0-1.5 0-1.2 

Fe2O3 0.5-10-4 1.10-4 2.10-4 

 
3. EXPERIMENTAL 
 
 Absorption spectra of glasses were measured using optical-quality samples 0.03-10 cm 
thick. Absorption in the near IR range was determined at 1.17 eV (1.06 µm) by the 
calorimetric polarization-modulation method [1,2] in the range from 300 K to the lowermost 
glass annealing temperature (840 K). The glasses were irradiated at γ-unit with a power of 277 
R/s at 300 K. All measurements with  γ-irradiated glasses were made 24 hours later after 
irradiation. 
 
4. ABSORPTION OF NON-IRRADIATED GLASSES 
 
4.1. Glass Absorption In the UV and Visible Ranges At 300 K 
 The UV spectra are formed by short-wave edge of fundamental absorption (at hv≥6  eV) 
and by the intensive bands of Ce4+ (5 eV) and Ce3+ (4 eV) ions absorption. The typical 
absorption spectrum in the 1.6-3.3 eV range (Fig.1) consists of well-defined exponential edge 
of the Ce4+ ions wide absorption band (2.9-3.3 eV) and an absorption band in the 1.6-2.8 eV 
range. If we extrapolate the exponential edge of the Ce4+ band to lower-energy range and 
calculate the difference between experimental spectrum and extrapolated one, this absorption 
band can be obtain in an explicit form. 
 The band has a maximum at 2.5 eV and a width of 0.8-1.0 eV. The natural absorption 
coefficient dependence at 2.0 eV on the cerium concentration α2.0= f(CCeO2) where the error is 
the smallest is essentially nonlinear (Fig.2). Difference between α2.0 for glass Series I and II 
shows that the band intensity also depends on the Fe2O3 impurity concentration. 
 Let us determine the stability of the Ce4+/Ce3+ ratio with the CeO2 concentration. Because 
of high UV absorption for glasses with CCeO2 > 0.1 wt %, we can estimate C4+/Ce3+ ratio from 
the αhv=f(CCeO2) dependence at the low-energy wing of UV cerium absorption band. Such 
dependences at hv=3.0-3.5 eV were qualitatively similar and linear, thereby indicating a 
constant Ce4+/Ce3+ ratio in each glass series. As an example, the α3.2=f(CCeO2) dependences 
are presented in Fig.2. 
 
4.2. Glass Absorption In The Near IR Range At 300 K 
 The dependences of the absorption coefficient at hν=1.17 eV (1.06 µm) on the CeO2 
concentration are non-monotonic, with a minimum at CCeO2=0.2-0.4 wt % (Fig.3). It is natural 
to assume that this behavior is due to several factors. One of them is the action of cerium: as a 
strong oxidant, this ion converts some bivalent iron ions in glass into Fe3+, and the intensity of 
the Fe2+ absorption band at 1.1 eV decreases. The magnitude of α1.17 in glasses with small 
CeO2 contents (up to 0.4 wt %) is in a fairly good agreement with the amount of iron 
impurities. The wide 2.5 eV band extends into the near IR range of the spectrum by its low-
energy wing, thereby raising absorption at 1.17 eV. This process begins to prevail for 
CCeO2>0.4 wt %. For glasses with CeO2 content over 0.8 wt %, we observe a good correlation 
between the absorption at 1.17 eV (Fig 3) and the intensity of the band at 2.5 eV (Fig.2).  
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       Fig 1            Fig 2 
 
4.3. Temperature Dependences Of Glass Absorption In The Near IR Range 
 The increase of the absorption at 1.17 eV with temperature and CeO2 concentration is 
characteristic of all cerium glasses. Some temperature dependences for Series II glasses are 
shown in Fig.4. 
 We carried out special experiments with Fe-dopped free cerium glasses and showed that 
the run of temperature curves was qualitatively the same in all the ceriumless and iron-
containing glasses, and the absorption depended only slightly on the temperature (Fig.4, 
ceriumless glass). These fact are due to low temperature shift coefficient of the bivalent iron 
absorption band. 
 We can explain the nature of temperature dependences α1.17(T) by the 2.5 eV band 
temperature shifting to low-energy part of the spectrum. Such behavior is characteristically for 
the most intrinsic and extrinsic absorption bands in glass. 
 
4.4. Nature Of The Absorption Band At 2.5 eV 
 So far as the Ce4+/Ce3+ ratio is invariable in all cerium-activated glasses the nonlinear CeO2 
concentration dependence of 2.5 eV band intensity is not caused by absorption of Ce3+ or Ce4+ 
ions. 
 The analysis of spectroscopic parameters of the 2.5 eV band and of the transition-metal and 
other lanthanoid absorption bands showed that non of these ions could form the experimental 
absorption spectrum in the range of 2.5 eV. Hence, we should search for a different cause of 
the 2.5 eV band. 
 Nonlinear concentration dependences of absorption band intensities (i.e., the deviations 
from the Beer Iaw) can be due not only changes in the valence or coordination states of the 
absorbing ions, but also to exchange interactions of ions in aggregated groups, such as 
associates or clusters. Spectroscopically, the interactions of ions in clusters is displayed by a 
sharp increase in the absorbing ability of color ions, by nonlinear dependence of the band 
intensity on activator content, by new absorption bands, etc. In this case, the intensity of 
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absorption depends on the concentration of cluster-forming ions in glass and, if different kinds 
of ions are present in the cluster, on their relative concentrations [3]. 
 

 
 
        Fig.3             Fig.4 
 
 
 The concentration of ions required for the formation of clusters and for exchange 
interaction between ions can vary over a very wide range. This range depends on many 
factors, including the nature of interacting ions, the type of glass-forming element and 
modifier, the alkali content, and the redox conditions of synthesis. For example, according to 
[4], "cluster-type associates" of the Fe3+ emerge when the Fe2O3 concentration is as low as 
~10-2 wt %. 
 Modifiers can thus form their own structures (clusters). In our case, when the intensity of 
the 2.5 eV band increases with cerium and Fe2O3 impurity concentrations, and the first 
dependence is essentially nonlinear, we can assume that certain associated cluster-type groups 
are formed by interacting ions of cerium and iron impurity. 
 Results of [5-7] also indicate that an absorption band in the visible spectral range is present 
in cerium-activated glasses. For example, an intensive band with a maximum at 2.15 eV and 
width of about 0.5 eV was observed in [7] for magnesium borate glasses containing CeF3 and 
Na2O; it was attributed to intervalence transition in the Ce3+-Ce4+ pair. 
5. ABSORPTION OF γ-IRRADIATED GLASSES 
 
5.1. Absorption  Of γ-Irradiated Glasses In The Near IR Range At 300 K 
 Radiation-induced absorption (RIA) spectra of glasses in the UV and visible ranges have 
complex structure. RIA at 1.17 eV consists of several part. Radiation excharge of iron 
impurity ions Fe3+ causes the RIA at 1.1 eV of (Fe3+)- centers. Typical for alkali-borosilicate 
glasses intrinsic hole radiation color centers (RCC) are due to RIA centered at 0.89 eV [5] and 
at 2.0-2.2 eV. 
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   Fig.5: Dependence of the RIA at 1.17 eV on the treatment temperature. 
 
 Cerium ions play a role of protectors in relation to captured electrons and holes induced by 
γ-radiation. Thereby, RIA is decreases as CeO2 concentration increases. 
 We also showed that the run of concentration dependences of RIA at 1.17 eV and at 2.0 eV 
is diversely. This is conditioned by the fact that the Ce4+ ions suppress the (Fe3+)- centers more 
efficiently than the Ce3+ ions do hole RCC. These facts are due to the distinction between the 
Ce3+ and Ce4+ ions nearest environment. 
 
5.2. Thermostimulated Relaxation Of Radiation Color Centers 
 The temperature action upon by γ-irradiated glasses offers the RIA change at the total 
spectrum range. Thermostimulated relaxation (TSR) process in cerium containing glasses has 
two well-defined stages at 370-470 K and 790-840 K (Fig.5). 
 The first TSR process in all glasses is caused by intrinsic hole RCC discoloration. 
Thermostable in the 500-790 K temperature range RIA at 1.17 eV is due to (Fe3+)- centers 
absorption of which as for Fe2+ ions is nearly constant of the temperature. The magnitude of 
this thermostable RIA depends on glass iron impurity concentration. It increases from glass 
Series I to Series III. 
 RCC are nearly complete relaxed at temperatures about 550 K RIA in ceriumless glasses. 
The second TSR process in cerium-activated glasses is only close to the annealing 
temperatures (at about 840 K). Such behavior of the TSR at 790-840 K is due to (Ce3+)+-
(Fe3+)- centers relaxation. The analysis of UV RIA spectra after the thermal treatment up to 
670 K in glasses with 0.1 wt % CeO2  confirmed this fact. 
 The temperature dependences of absorption at 1.17 eV during the heating process of γ-
irradiated Series II glasses (dose 106 R, heating speed 0.13 K/s) are shown in Fig.6. The 
temperature curves for initial glasses are added for comparison. 
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Fig.6. Solid lines-glasses after γ-irradiation.  

  Dash Lines-non-irradiated glasses. 
 
Similar experiments were carried out for various doses of radiation in the range of 104 to 107 
R. Received data allow to mark out the cerium concentration range at which the temperature 
and radiation induced absorption in glasses is minimum. 
 
6. CONCLUSION 
 
 1. An absorption band with a maximum at 2.5 eV and with a width of 0.8-1.0 eV is 
identified in the visible spectrum range in the cerium-activated glasses. The band is assumed 
to be a result of exchange interaction between cerium and iron microimpurities in associated 
cluster-type groups containing both types of ions. 
 2. The absorption of the glasses at 1.17 eV (α1.17) at 300 K is determined by two factors: 
the absorption of the Fe2+ and the long-wave wing of the band with a maximum at 2.5 eV. In 
the former case, α1.17 decreases with increasing cerium content, because of Fe2+ oxidation by 
cerium (at CCeO2 ≤0.4 wt %); in the latter case, α1.17 increases because of rapidly growing 
intensity of the 2.5 eV band (at CCeO2 >0.4 wt %). The latter intensity also depends on amount 
of iron impurities. 
 3. The absorption at 1.17 eV in the cerium-dopped glasses increases with the temperature 
raising. The reason is that the long-wave edge of the 2.5 eV band is thermical shifted to the 
low-energy range. The absorption of free cerium glasses depends on temperature a little. 
 4. Radiation-induced absorption at 1.17 eV at 300 K is due to electron impurity centers 
(Fe3+)- and influence of intrinsic hole RCC absorption. 
 5. Thermostimulated relaxation process in cerium containing glasses have two stages at 
370-470 K and 790-840 K. Intrinsic hole RCC relax at 370-470 K. Thermostable at 500-790 
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K RIA at 1.17 eV is due to (Fe3+)- centers absorption. Complete relaxation occurs only close 
to the annealing temperatures. 
 6. Data have received allow to make a choice of CeO2 concentration in glasses for 
temperatures and/or doses of γ-radiation which result in the lightguides are taken to be used. 
In any case it should be to decrease to iron impurities containing in glass because of its 
influence not only on Fe2+ ions and (Fe3+)- radiation centers concentrations but on the 2.5 eV 
band intensity as well. 
 
 
REFERENCES 
 
[1] Anan'ev, A.V., Peculiarities of Measuring Small Absorption Losses in Optic Materials  by 
the Polarization-Modulation Method, Opt.-Mekh. Prom-st'., 1991,  no.12, pp.9-13. 
[2] Anan'ev, A.V., and Moskin, N.A., A Polarization Method of Measuring Small Light
 Absorption Using a Continuous Wave Laser, Opt.-Mekh. Prom-st'.,  1989, no.2, pp.2-4. 
[3] Zarubina, T.V., Mokeeva, G.A., and Stepanov, S.A., The Influence of Pairwise 
Interactions between Transition Mn2+ and Fe3+ Ions on Spectral-Luminescent Properties of 
Glasses, 4 Vsesouyznyi Simposium "Opticheskie i Spektral'nye Svoistva Stekol" (4th All-
Union Symposium on optical and Spectral Properties  of Glass), Riga, 1977, pp.60, 61. 
[4] Nemilov, S.V. and Zhilin, A.A., Temperature Dependence of the Absorption Edge in 
Inorganic Glasses with Iron Impurities, Zh. Prikl. Spektr., 1974, vol.120, no.2, pp.268- 274. 
[5] Glebov, L.B., Dokuchaev, V.G., and Petrovskii, G.T., The Influence Of Cerium on the 
Change of Absorption in Sodium-Calcium Silicate High-Purity Glasses  in the 0.8-1.6 eV 
Range under the Action of  γ-Radiation, Fiz. Khim. Stekla,  1987, vol.13, no.1, pp.123-126. 
[6] Allen, G.G. and Hush, N.S., Intervalence-Transfer Absorption, Pt. I: Qualitative Evidence 
for Intervalence Absorption in Inorganic Systems in Solution and in the Solid State, Progress 
Inorg. Chem. 1967, vol. 12, no.3, pp.308-313. 
[7] Kraevskii, S.L., Burkov, V.I., and Solinov, V.F., The Use of Magnetooptical 
Characteristics of Glasses for the Isolation of Intervalence Transition Bands in Absorption 
Spectra, Fiz. Khim. Stekla, 1986, vol.12, no.3, pp.308-313. 
 
 
 
 



THE EFFECT OF Ta+ ION-IMPLANTATION ON THE ELECTRIC CONDUCTIVITY 
OF Li20-La203-Ta205-Si02 ELECTRODE GLASSES 

 
Wang Chengyu and Yang Shibiao 

Dalian Institute of Light Industy, China 
 
 

 Abstract 
 

 The samples of Li20-La203-Ta205-Si02 glass were implanted tantalum ions at 
fluences of 5 x 1016, 1 x 1017 and 2 x 1017 ions/cm2 by using 50 KeV MEVVA IV 
implanted machine. The electric conductivity of implanted and unimplanted samples 
were measured by LCR conduction apparatus. After implantation the activation 
energy of ionic conduction tends to decrease and the value of activation energy 
correlated with implanted fluence. The electric conductivity of implanted samples is 
higher than that of unimplanted samples. It is also showed that the characteristic 
temperature of conduction Tk-100 of implanted samples decreased slightly with 
increasing fluences. The mechanism of conduction for implanted glass was also 
discussed. 

 
 
1. INTRODUCTION 
 
 Ion implantation affects the properties of glass, such as hardness, refractive index, optical 
absorption, nonlinear optics, superconduction, magnetism, weathering, crystallization and 
nucleation etc. [1-6]. The surface of glass electrode should satisfy the requirement of a low or 
moderate electrical resistance, the participation in ion-exchange and a higher ion migration; On 
the other hand, lower ion migration is required to contact the demand of chemical durability in 
acid or alkali solution. These contradictory requirements bring about difficulties in the design of 
suitable glass compositions. When the electrical conductivity is improved, the chemical durability 
is decreased at the same time for the higher content of alkali oxides. To solve this problem we 
applied ion implantation method. By implanting different kinds of ions respectively, we improved 
the chemical durability of glass, and achieve the expected electric properties [7]. It is same the 
other way around. In this woke, we have investigated the dependence of electric properties on 
dose rate for implanted Ta+ glasses. 
 
2. EXPERIMENTAL 
 
 The glass compositions used in his research are outlined in Table 1. The glass batches were 
prepared from analytical reagent grade quartz, lithium carbonate, lanthanum sesquioxide and 
tantalum pentoxide. Premixed batches were melted by using a platinum crucible in an electric 
furnace at temperature ranging between 1300 oC and 1350 oC depending on the glass 
composition. The molten glass was cast into plates then annealed at 525oC and allowed to cool 
normally to room temperature. The samples were ground and polished, then cut into 12 x 12 x 2 
mm pieces from the glass plates. the tantalum ions were implanted in the samples at dose of 5 x 
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1016, 1 x 1017, 2 x 1017  ions/cm2, using 60 KeV MEVVA-10 implantation machine at room 
temperature. 
 
     Table 1 Chemical composition of glass samples (mol%) 

Glass No. Li2O La2O3 Ta2O5 SiO2 
1 27 7 - 66 
2 27 7 2 64 
3 28 5.5 - 66.5 
4 28 5.5 2 64.5 
5 29 7 2 62 

 
 
 The electric resistance was measured by an Intelligence LCR type ZL5 resistor, with a range of 
102 -108 Ω. Before the measurement of resistance, the paralleled surface of samples were coated 
with silver, which area has a breadth of 50 mm. Conductivity (σ) values of samples were 
calculated as follows: 
 
σ = thickness/(resistance x area) 
 
   Over a temperature range from 200 to 380oC, the activation energy of conduction is 
determined by the Arrhenius equation: 
 
σ = A exp(-E/RT) 
 
   Where A is the pre-exponential factor, which here is 1.01, E is the activation energy for ionic 
conduction, R is the gas constant and T is the absolute temperature. 
 
3. RESULTS AND DISCUSSION 
   
 The dependence of electrical conductivity on temperature and dose rate for implanted and 
unimplanted samples are shown in Fig.1 and 2 respectively. It can be seen clearly that the 
electrical conductivity of implanted glasses increased very little but became more pronounced at 
temperature below 533K. 
 The relation between activation energy for ionic conduction and implanted dose rate are given 
in Fig.3. Samples No.2, No.3 and No.5 contain Li20 27, 28, 29 (mol%) respectively. The 
activation energy for ionic conduction is decreased with increasing Li20 content in as much as Li+ 
is the charge-transporting cation in glass. Fig.3 also shows that activation energy is reduced with 
the raise of dose rate. This result is similar to that shown in Fig.1. 
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Fig.1  Dependence of electric conductivity on temperature for implanted and unimplanted 
glasses. ¡  unimplanted, l implanted 5 x 1016 ions/cm2, ∇ implanted 1 x 1017 ions/cm2, ñ 
implanted 2 x 1017 ions/cm2 

 
 

 
 

   Fig.2   Change of electric conductivity with dose rate at various temperatures 
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   Fig.3  Relation between activation energy and dose rate for implanted glasses 
 
 
  The variation of Tk-100 with Ta+ ions implanted dose rate of various samples is represented in 
Fig.4. In this figure, replacement of Si02 by La203 or Ta205 lowered Tk-100, in respect that Si02 is 
not conductive participant but a network former, La3+ and Ta5+ act as cations in holes of network 
which weaken the bonding strength of structure thus enhance the mobility of Li+ as charge-
transporting cation. This may also be seen from Fig.4, where increasing the implanted dose rate in 
samples also decrease Tk-100. These curves are in agreement with the results of electric 
conductivity after implantation. 
 It is well known that ion-implantation will case irradiation damage. Arnold [8] suggests that 
structure bonds are broken by irradiation for implanted glass, relax the network or expanse the 
net, enhance diffusion of light ions. We think that this theory explaining the reason of increasing 
of electrical conductivity after Ta+ ion implantation is reasonable. The high implantation energy 
(50KeV) and large dose rate {above 5 X 1016 ions/cm2 ) are enough to produce irradiation-
damage of Si-O bond. So migration of charge carriers is advanced, consequently activation 
energy for ionic conduction is decreased, and meantime Tk-100 is reduced. 
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                Fig.4. Variation of Tk-100 with dose rate for implanted glasses. 
 
 
 4. CONCLUSION 
 
    The conductivity is improved to a different extent after replacing Si02 by La203 or Ta205. The 
irradiation-damage of glass structure bonds occurred after Ta+ ions were implanted in Li20-La203-
5i02 and Li20-La203-Ta205-5i02 glass, which enhance the diffusion of Li+ and improve the 
electrical conductivity. Therefore, it is unnecessary to increase the content of Li20 and other alkali 
oxide in glass composition to promote conductivity. 
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     Abstract 
 

       Turkish public has come to terms first time with the value of insulation in 
glass in 1970's when Þiþecam introduced the Double Glazing units into 
architectural use. The insulation is achieved through the static and dehydrated 
air space encapsulated within two panes of glass. Now with the spectrum of 
production of the new off-line coater the value of the coating has been added 
to the benefits of Double Glazing Units as an insulator both against the 
excessive solar gains and against the loss of heat from the interiors to the 
exterior. 
       Our product range, depending on the type of coated glass can reduce solar 
gains up to 1/4 of uncoated glass on the average and decrease the heat flow 
from interiors to the exterior to 2/3 of the uncoated Double Glazing Units. 
Our products can easily meet the most demanding specifications of any 
customer for any purpose anywhere. And the performance levels offered are 
not a luxury but a blessing for our economy and for the ecology of the World.. 
       Savings in energy consumptions through better insulation help save the 
world's fossil reserves and decrease the emission of harmful gases to the 
world's atmosphere, such as CO2. 

 
 
THE COMMERCIAL "URBANSCAPE" 
 
    The need to build efficient living and working spaces on valuable urban land, 
developments in structural engineering, improvements in metallurgy and the 
achievements in mass production and processing of high quality float glass in the 20th 
century made possible the use of Glass as a building element which envelope the 
structures, mediating the internal conditions with that of the exterior, while providing 
light and vision.  
     "The glass tower" is becoming more and more prominent with the silhouette of large 
cities of Turkey. The typically glazed building is a reinforced concrete structure with 
recessed columns and cantilevered floor spaces. The spandrels are internal parapet walls 
cladded with glass similar in appearance to the glass used in vision areas. 
      The new glazed tower contradicts the current fabric of building clusters with "worn 
out looking" facades and undecided heights usually 10 to 15 stories. Glass with its basic 
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and acquired qualities, challenges all other facade materials such as RC concrete, brick + 
plaster, marble, granite and opaque industrial panels. 
    Glass assemblies are thin and light allowing more living space and imposing less loads 
onto the structure. Continuous ribbons of windows across the elevation provide vision to 
greater building depths. Glass surfaces are much easier to clean where most of the 
buildings with other facade materials completed only ten months ago would look ten 
years old due to the effects of air pollution and mud formed by airborne dust mixing with 
rain. 
 
QUALITIES OF GLASS 
 
    Glass today is able to offer UV, light, solar gains, heat, vision and noise control and 
protection against theft and assault. Success with glass as the exclusive facade element 
owes a lot to its qualities acquired through further processing, such as heat treatment, 
lamination and IG assemblage, but most of all to functional coatings applied onto its 
surface. 
   Without going any further, we can immediately conclude that curtain walling would not 
be possible unless we make use of reflective properties of glass to conceal the individual 
building elements to achieve uniformity. Nor would it be possible to put up with huge 
summer solar gains and winter heat losses through the "continuos window" without the 
climate control assets invested in coatings. 
    Þiþecam is able to offer since the beginning of 1995, a wide range of reflective solar 
control products yielding hundreds of solutions through cross breeding nine different 
coatings with an average of three densities on various substrates of different tints and 
thicknesses. The new "off-line" hard and soft coatings of Þiþecam, originated in joint 
venture with and based on the technology provided by Interpane features a number of 
outstanding advantages over the Aura Reflecta  which is another coated product of 
Þiþecam, and over other "on-line" (pyrolitic) coated products around the world. The 
advantages which are typical to its kind include flexibility in provision of a wide range of 
performances, thicknesses, color and versatility in adoption to "custom tailored 
solutions". 
    With Þiþecam's Ipasol (TR) coatings on clear for instance, it is possible to achieve 
shading coefficients as low as 0.14 in D/G assemblies with clear inner pane and 0.12 with 
low-E coated inner pane which is 5.79 times and 6.75 times more energy efficient 
respectively when compared to uncoated D/G units with 0.81 shading coefficient (IAS 
108). The interesting contribution of low-E coatings to the improvement of solar control 
properties of glass is illustrated on drawing.  
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CONTRIBUTION OF LOW-E COATINGS ON THE 
IMPROVEMENT OF SOLAR CONTROL PROPERTIES OF GLASS 

 

 
 
 
IPASOL (TR), Aura Reflecta, Helio solar control coatings can be combined within the 
same ISICAM units with IPLUS (TR) Low-E coatings to achieve the desired 
multifunctional performance objectives. 
 
ISICAM ULTRA-S designates the low-reflectance multifunctional solution mainly 
intended for residential use. 
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THE RESIDENTIAL SCENE 
 
    Unlike most of the countries of north where only winter heating loads are 
predominantly important, excessive summer heat is an additional problem with houses in 
our geography. On the other hand, control of solar radiant heat in houses through coatings 
with high reflectance is not a widely accepted solution. The mirror like effect is reversed 
at night time due to higher illumination levels of the interior, hindering visibility to 
outside. To overcome this problem the IIN 143 low reflectance coating has been 
developed to provide a reasonable degree of solar control with only 10 % light 
reflectance. The Isýcam Ultra ® IG units incorporating IIN 143 coatings are capable of 
providing a shading coefficient of 0.52 with uncoated clear inner pane and 0.38 with low-
E coated inner pane (Isýcam Ultra-S), providing 56 % and 114 % respective 
improvements in reduction of cooling loads through windows when compared to 
uncoated clear D/G units. The above performance values offer valuable gains in initial 
costs and in energy consumption with houses utilizing mechanical cooling in southern 
provinces of Turkey which is now becoming increasingly popular. For houses without 
A/C the benefits can be measured in terms of improved levels of comfort against summer 
heat. 
    Isýcam-S ® insulating units with low-E is another important commodity introduced to 
the Turkish market which utilizes the benefits of Þiþecam high performance coatings. k 
values air filled 1.8 W/m2K and argon filled 1.4 W/m2K are possible with 12 mm 
airspace dual units. Normally Isýcam-S can be regarded as the ideal material for the 
highlands of East and for the Central Anatolian plateau where the winters can be severe. 
The climate of the coastal areas of north also make worthwhile the use of Isýcam-S. 
However Isýcam-S can be uncomfortable at the coastal areas of south and west in 
summer if not used in combination with solar control glass or measures. Such warmer 
areas really deserve Isýcam Ultra or Isýcam Ultra-S. 
 
COATING PROCESS OF ÞÝÞECAM OFF LINE COATINGS 
 
    Þiþecam's large area vacuum coating line which makes use of Magnetron Cathode 
Sputtering Process is capable to deposit ultra thin films of superior optical qualities onto 
the glass surface to improve its spectrophotometric and thermal properties. 
    The Magnetron Cathode Sputtering (MCS) Process is carried out in a series of cathode 
chambers, one of which is shown in the diagram schematically. The glass substrate is 
conveyed into the cathode chamber which houses the target (the metal plate of the 
material to be deposited onto the glass substrate) bolted to the cathodes. A controlled 
amount of gas (argon, argon/oxygen, argon/nitrogen) is fed into the cathode chamber, a 
negative charge to the cathode and a positive charge to the anode is applied resulting in 
glow discharge-plasma (positive gas ions+electrons) within the magnetic field created by 
permanent magnets behind the target. This plasma creates positive argon ions which are 
attracted to the negatively charged target, bombarding the target with such a strong 
impact that the atoms from the target are torn away (= sputtered) and deposited atom-by-
atom onto the glass substrate in the form of "ultra thin films" (0.00004-0.00015mm.) 
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having highly uniform thickness. The free electrons, being concentrated by the magnetic 
field, produce new argon ions and are collected by the anodes. 
    Sputtering types: 
   a.) Metallic Sputtering : The target material and the film material deposited on the 
glass substrate are identical, or 
    b.) Reactive Sputtering : Oxygen or nitrogen is injected into the plasma in addition to 
argon. The process allows the deposition of metal oxide or metal nitride films on the 
glass substrate. 
  The major materials deposited are Tin, Silver, Chromium, Nickel Chromium and 
Titanium. 
    The full range of Solar Control and Climate Control (Low-E) products fulfill or exceed 
the requirements of prEN 1096-1, CEN Standard for Coated Glass. 
    Quality is produced by well trained Þiþecam Team, who are highly capable to drive 
and maintain the fully automated systems of coating line. Tracking the 'pane-by-pane' 
product quality is achieved by advanced on line spectrophotometric measuring system. 
   The production activities are substantially supported by the Research Center of Þiþecam 
on the project basis, by developing new coatings and determining the product 
performances. 
   Coatings can be incorporated with clear, tinted pyrolitically coated, laminated, tempered 
glass substrates. 
    Nominal annual production capacity is 1.200.000 m2. 
    The thickness of the glass substrates may vary within the range of 2.5-12mm. 
    Max. coated glass size is 3.21 x 6.00 m. Jumbos. 
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THE ECONOMICAL AND ECOLOGICAL GAINS 
 
    Savings in energy consumption and consequently in emission of harmful gases to the 
atmosphere is on top of the World's ecological agenda. This has been further emphasized 
on the Habitat II Conference held in Istanbul on June 1996. Insulation with glass should 
be one of the major concerns of glass industry today. Utilizing the below general formula 
which is widely accepted for the assessment of energy savings in heating : 
 
      Degree days x U value differential W/m2K x 3600 sec/h x 24 h/day x                               
   0.000239 Joule/kcal x 1.19Lt/kg                  
            
         0.80 (burning efficiency) x 9700 kcal/kg fuel oil thermal value 
 
We can conclude that: 
 
Selecting conventional D/G units instead of monolithic glass will save 
 
       21.5 Lt fuel oil / year / m2 glazing in Istanbul 
       29.0 Lt fuel oil / year / m2 glazing in Ankara 
       46.0 Lt fuel oil / year / m2 glazing in Erzurum 
 
Selecting standard Low-E units instead of monolithic glass will save 
 
       28.7 Lt fuel oil / year / m2 glazing in Istanbul 
       38.7 Lt fuel oil l year / m2 glazing in Ankara 
       61.5 Lt fuel oil / year / m2 glazing in Erzurum 
 
Based on 20 °C indoor temperatures and start up at 15 °C outdoor temperature, Istanbul 
degree days 2263; Ankara DD 3058; and Erzurum DD 4856. 
Source for Degree Days : Prof. Dr. Alpin K. Daðsöz, Istanbul Technical Univ.1995. 
 
     A study carried out by National Research Center (Tübitak - MAM) in partnership with 
Türk - Ytong suggests that the heating energy consumption on an average Istanbul house 
is 2 times higher when compared to German houses; 2.5 times to American; 3 times to 
Danish and 3.6 times to Swedish houses when theoretically compared in exactly similar 
conditions. 
     Cooling should be more important because it is generally estimated that cooling costs 
are approximately 4 times higher than heating. 
   The economical and ecological benefits to be expected from the whole venture is 
largely dependent on effective campaigns carried out to educate the designers, contractor 
and consumers and to the degree of public response received. 
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Abstract 
 
 The alkali borosilicate systems are the only ternary systems having the critical point 
located not in binary system but in ternary region. A systematic investigation of liquid 
immiscibility in sodium, potassium and rubidium borosilicate systems (NBS, KBS 
and RBS, respectively) was carried out using differential thermal analysis. It was 
demonstrated that immiscibility regions of this systems have lower temperature 
boundaries. Isothermal curves of lower surfaces were constructed, upper surfaces 
locations were refined, three-phase region was found to exist in NBS system. With the 
reasonable confidence we can say that there are "anionic" and "cationic" characteristic 
properties of alkali borosilicate immiscibility. The reasons of such regularities and the 
very fact of the immiscibility existence in ternary systems can not be understood 
without significant widening of the work content. 
 The systematic investigation of alkali borosilicate systems was undertaken. The 
phase equilibrium in KBS and RBS systems were studied and their phase diagrams 
were constructed. The ‘property-composition’ diagram of NBS, KBS, RBS glasses 
investigated by us and taken from literature, demonstrate resemblence to each other 
and to the liquidus surfaces of KBS and RBS systems. In the neighborhood of 
composition R2O.B2O3.4SiO2 (in KBS system it is known as boroleucite). All glass 
properties diagrams have maxima connected with boroleucite structure groups 
formation in melts. The existence of "the boroleucite anomaly" not only explains 
extrema on "composition-property" diagrams of alkali borosilicate glasses but also is 
the factor causing liquid phase separation in alkali borosilicate systems. 
 
 
 
-------------------------------------------------------------------------------------------------------- 
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 Abstract 
 

 The persistent spectral hole-burning was observed in exciton bands of CdSe and 
CuCl nanocrystals doped in glass matrices. The peculiarities of hole-burning are 
explained on the base of photophysical model of persistent spectral hole burning. The 
burned holes show the distinct phonon structure which can be attributed to the 
vibrations on the semiconductor/dielectric boundary. The phonon structure in the z3 
exciton band of CuCl nanocrystal in borosilicate glass matrix is characterized by 
phonon energy 0.001 eV and calculated Debye-Waller factor α < 0.5. 

 
 
INTRODUCTION 
 
 The non-linear optical properties of semiconductor microcrystals in dielectric matrix (SMDM) 
were detected rather long ago. Last time SMDM attracted an additional interest because of the 
theory prediction of the non-linear optical property enhancement due to size effect [1]. Besides 
size, the high microcrystal symmetry is the essential condition of the "giant" optical non-linearity 
of SMDM. Therefore, the words "'quantum dots, zero dimension structures, etc." became main 
key words of the recent year publication works. However, the legitimacy of the quantum dot 
approach in reference to real SMDM is questionable. 
 The recent investigations [2,3] show an unsoundness of zero dimensional approach in 
reference to the semiconductor nanocrystal optical nonlinearities. It turned out that just a 
configuration of the nanocrystal/dielectric environment system determines the non-linear optical 
response in the many spectral hole-burning experiments. New for semiconductor nanocrystals, so-
called persistent spectral hole-burning (PSHB) pretends to be the one of the main model of their 
optical properties even at room temperature and at short-lived processes. New approach has an 
advantage of PSHB high resolution spectroscopy and permits to get the new possibilities for 
investigation of SMDM in glasses. 
    To clarify the role of nanocrystal/dielectric boundary on the process of hole burning of SMDM 
in glass matrices we investigate the non-linear optical response in these systems and analyse 
phonon structure of burning hole. 
 
 
EXPERIMENTAL SETUP AND RESULTS OF MEASUREMENTS 
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 The samples were; CdSe and CuCl microcrystals doped into glass matrices on the base of 
GeO2 and SiO2-B2O3 respectively. The measurements were carried out with a narrow band dye 
laser as a pump beam source and a dye cell as a probe beam spectrally broad source. The both 
light sources were pumped by Q-switched Nd3+ :YAG laser. The pulse duration was 5 ns and the 
maximum repetition rate was 30 Hz. Additionally the special chopper is used to provide the 
second time delay between pump and probe beams. The chopper blocked in turn pump and probe 
beams. Optical spectra was recorded with an optical multichannel analyser combined with a 
monochromator. The average size of semiconductor microcrystals was estimated by small-angle 
X-ray scattering measurements. 
 Under the usual pump-probe method, when the both pump and probe beams pass through the 
sample simultaneously, the well known nonlinear response has been recorded. The samples 
showed the high nonlinear sensitivity, sharp the spectral burned holes and increasing absorption 
of neighboring off-resonance spectral regions (fig.1 (b)). 
 

 
Fig.1. Linear (a) and differential absorption (b, c) spectra of the CdSe microcrystals embedded in 
GeO2 glass. The average radius is 2.4 nm. The spectra (b) and (c) were measured for time delays 
of 0 and 33 ms, respectively. The pump photon energies corresponding to spectra 1 (1'), 2(2') and 
3(3') are 2.287 eV, 2.214 eV and 2.138 eV respectively. 
Fig. 2. Linear (a) and differential absorption (b) spectra of the CuCl microcrystals embedded in 
borosilicate glass. The average radius is 2.5 nm. The delay times corresponding to spectra 1, 2, 3 
and 4 are 0 s, 0.1 s, 0.5 s and 1.4 s respectively. Pump photon energy is 3.237 eV. 
 
On the fig 1 (c) is shown the differential absorption spectra recorded with the chopper under 33 
ms delay between pump and probe beams. It almost completely reproduce those in fig. 1 (b). The 
further investigation showed that spectral burned holes were stable at low tempera with life times 
from 1.5 s for CdSe to hours for CuCl. The hole formation is accompanied by the growth of one 
or two antiholes in the neighboring off-resonance spectral region (fig.1). Therewith the burned 



 3

holes show the distinct phonon structure that can clearly see in the long-lived differential 
absorption spectra of CuCl samples (fig. 2). 
 These results show clearly an unsoundness of the generally accepted approach of the quantum 
dot optical non-linearities for the present media. Instead, so-called persistent spectral hole-
burning (PSHB) phenomenon seems to be a suitable candidate for explaining these results [4]. 
 
MICROSCOPIC MODEL AND ANALYSIS OF EXPERIMENTAL RESULTS 
 
 As distinct from the high-symmetry quantum dot model, PSHB uses the concept of the 
microcrystal-matrix configuration. PSHB model assumes an additional inhomogeneous 
broadening even for an ensemble of the same microcrystals due to the existence of more than one 
energetically inequivalent ground states of the total microcrystal-matrix system. The spectrally 
narrow laser irradiation change the ground state configuration by the transition through the 
excited state (fig. 3). This changing of configuration leads to the decrease of the ground state 
population of the resonant transition. Also the neighboring off-resonance states population is 
increased (so-called photophysical model). Photophysical bleaching is accompanied by the 
absorption increase at the neighboring frequencies, which is not the absorption from the excited 
states but so-called antiholes. Decay time of PSHB is mainly due to the relaxation among the 
ground states, but not the relaxation of excited states. The full decay time of non-linear response 
depends on the excited state relaxation and the relaxation among ground states. In order to PSHB 
phenomenon appreciably manifests itself, the relaxation among the ground states should be 
slower the decay rate of any excited state. It can be seen that the antihole depth value depends on 
their spectral position in the absorption spectrum (fig. 1). The antiholes are the deepest near the 
absorption peak and at the high-energy side of it, where absorption is fairly large. The antihole on 
the low-energy side of the burned hole becomes small as the pump photon energy decreases. The 
antihole disappears if coincides with the transparency area. According to the photophysical 
persistent hole-burning approach, the main behavior is clearly understood [4]. The antihole depth 
correlates with the ground state density and, therefore, the spectral area of the antihole is 
restricted by the absorption band. 
 

 
Fig. 3. Schematic representation of photophysical mechanism of persistent hole-
burning phenomenon. The ground state levels are represented as the potential energy 
wells for the explanation of the origin of persistency. Absorption spectrum before 
(solid line) and after (dashed line) the excitation by spectrally narrow laser beam. 

 
 To understand the photophysical mechanism of PSHB is necessary to determine the factor 
which allow to stabilize electronic system in new configuration (fig. 3). Obviously in this process 
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must participate electron and lattice systems. The information about electron-phonon interaction 
can be received from the shape of burning hole. For that reason we investigate the distinct phonon 
structure of persistent burned hole in the z3 exciton band of CuCl nanocrystals (fig. 2) and 
calculate the Debye-Waller factor. The line shape function of one absorption center can be 
expressed as: I(ω-ω’)=α•δ(ω-ω')•(1-α)·p(ω-(ω'+∆)), where hω' is the energy of zero phonon 
transition; δ, p are normalized zero phonon line and phonon wing; ∆ is phonon energy; α is the 
Debye-Waller factor which is determined by electron-phonon coupling strength S, α = exp(-S). 
Taking into account the distribution N(ω) of absorbed centers on absorbed frequency ω we can 
write the following expression for the burned hole shape after irradiation time t at laser frequency 
ω1 (5):  
 

             (1) 
 
where c depends from laser intensity and matrix element of electron transition. To compare the 
results of calculation with experiment is more convenient to consider the differential spectra HD 
as the difference between absorption spectra without laser excitation and Ht (absorption spectra 
after laser radiation). 
 

           (2) 
 
 
In the limit of saturation (shape of the hole does not change during irradiation} and assumptions 
that δ and p line shapes are approximated by Gaussian and N(ω) is constant in the spectral region 
from hole to antihole, we can rewrite (2) in the following form: HD= 
 

      (3) 
 



 5

where Γ0 and Γ1 are the widths of the zero phonon line and phonon wing, The 3Γ in (3) is 
connected with the fact that Gaussian takes noticeable meaning only in region from -3Γ to +3Γ. 
The first and the last terms in (3) determine the central peak of burned hole (fig. 4). 
 The second term determines the phonon wing and the third determines the pseudo phonon 
wing. In the assumption that peaks are not overlapped we have the following relative intensities 
in maxima: 
 

(4) 
 
 The estimations fulfilled with using (4) showed that the  Debye-Waller factor reached the 
meaning α < 0.5 (S > 0.6) for CuCl nanocrystals in borosilicate glass. The difference in energy 
between phonon line and phonon wing is 0.001 eV. This low energy phonon differs from 
phonons of bulk CuCl crystal (TO = 0.021 eV, LO = 0.026 eV) and can be attributed to vibration 
on the boundary of CuCl nanocrystals and the host matrix. The noticeable electron-phonon 
coupling means that exciton formation is accompanied by deformation of the atomic lattice. Such 
deformation can be explained in the assumption that exciton interacts with local states of defects 
on the nanocrystal/glass boundary. 
 

 
Fig.4. The structure of burned hole. The left peak is pseudo phonon wing, which 
consists from zero phonon lines burned through their phonon wings. The central peak 
consists from burned zero phonon lines and phonon wings of zero phonon lines of left 
peak. The right peak is the phonon wing burned through zero phonon lines of central 
peak. ∆ is the phonon energy; hωl is the pump photon energy. 

 
 
CONCLUSION 
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 We have demonstrated the persistent spectral hole-burning phenomenon in semiconductor 
microcrystals doped into dielectric matrix, specially, the photophysical mechanism of hole-
burning. The differential absorption spectra of CdSe and CuCl microcrystals measured by pump-
and-probe method keep the burned hole at least more then one second at liquid helium 
temperature. In all cases, the positive part of differential absorption spectrum, indicating the 
bleaching around the pump frequency, is accompanied by darkening of one or two spectral parts. 
These spectral parts are conserved for a long time too and are not caused by the generation of new 
(multipartical) states. The shape of burning hole is determined by low energy phonons on the 
nanocrystal/glass boundary. 
 The experimental results showed that the general accepted model of quantum dots can not be 
used directly even as a rough approximation for many cases of semiconductor microcrystal laser 
spectroscopy. PSHB phenomenon detected in semiconductor nanocrystals in glasses on the one 
hand gives new instrument for semiconductor structure investigations and on the other hand 
proposes a new class of media for an application-oriented investigations. 
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Abstract 
 According to polymorphous-crystalloid concept of non-crystalline substance structure [1,2], 
coexistence of various crystalline-polymorphous modifications (PM) of SiO2 causes appearance 
of ultra-dispersive(films, dehydrated gel) and glassforming silica (v-SiO2). The last one is formed 
of liquid or solid ultra-dispersive SiO2 by polymorphous polymerization of crystalloids-nuclei 
(fragments) of crystal structure of various PMs, which have no translation symmetry of crystal. 
Unification of such crystalloids results in altermation of near-and intermediate-range orders, in 
alternation of different  (on their value) interbond and dihedral angles, which are inherent to 
crystalloids of quartz, tridymite, crystobalite and other PMs, and it leads to formation of 
glassforming SiO2 disordered network. 
 Difference of structural characteristics and properties of v-SiO2 formed of one source material 
by various methods is directly connected with PM mutual transformation under the influence of 
external effects. Correlation of interval of interbond angle values of Si-O-Si (120-180 degrees) 
and some properties of glasses (e.g. density, refractive index) with interval of values of 
corresponding characteristics for different SiO2 PMs has been observed. 
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 Abstract 
 

 The viscosity, liquidus and transformation temperatures, refractive index, and the 
water resistance are reported for 15 glass samples of the title glass system. Using the 
non-linear regression analysis, the temperature and compositional dependence of 
viscosity was expressed by the mixed polynomial (of the individual oxides mole 
fractions) representation of the A, B and T0 coefficients of the Vogel Fulcher 
Tammann equation. The compositional dependences of the other properties studied 
were described by the mixed polynomials in both the weight and mole fractions of 
individual oxides. The obtained results were used in two ways i) the glass 
composition optimisation with respect to the lowering of the stemware glass 
production cost; ii) the structural role of the individual oxides estimation based on 
theirs influence on the studied properties. 

 
 
 I. INTRODUCTION 
 
 The scope of the present work resulted from the need of the stemware glass chemical 
composition optimisation. Thus the aim was to determine the weight fractions of the CaO, BaO, 
Na2O, K2O, SiO2 oxides in the glass batch. The series of 15 glass compositions resulting from the 
simplex scheme was proposed. The following ranges of individual oxides weight fractions were 
chosen: 5-10% CaO, 3.5-8.5% BaO, 10.5-15.5% Na2O, 3.5-8.5% K2O, and 72.5% SiO2. Despite 
the viscosity curve the other properties relevant to the stemware glass production are the liquidus 
and transformation temperatures, refractive index, and the water resistance. The prerequisite 
condition to solve this problem is the knowledge of the compositional dependence of all the 
above mentioned properties. 
     The technological needs directed the optimisation to be done in the weight fractions of 
individual glass components. Although this requirement is quite acceptable the mole fractions 
were used in the case of viscosity, where the usage of non-physical units (e.g. weight fractions) 
results in enormous complexity of the approximation polynomials used for the description of A, 
B and T0 compositional dependence. On the other hand some structural information may be 
extracted only from the functional dependencies expressed in the mole fractions of individual 
oxides. That is why, the polynomials describing the property-composition relationships are 
presented twice in this work. However, between these two representation there is no one to one 
correspondence. The best possible interpolation is required in the "technological" representation. 
Thus maximum value of the Fisher's F statistics (inversely proportional to the residual sum of 
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squares) was the only criterion for choosing the optimal polynomials in this case. In the second 
case only the statistically significant terms can be considered to prevent the artificial corruption of 
structural implications. Of course, all the means of the advanced statistics have to be used to 
confirm the significance of the regression model proposed in this case. 
 
II. EXPERIMENTAL 
 
 Batches were prepared from the industrial raw materials commonly used for the glass batch 
preparation - the glass sand, lime stone, potash, soda ash, and barium carbonate. The antimony 
oxide, sodium chloride, sodium sulphate, and sodium nitrate were added in analogy with the 
industrial glass melting. The constant amounts of these minorite components were not explicitely 
considered in the regression models. The glass batches were melted in ambient atmosphere in a 
superkanthal furnace at 1500oC in a Pt-10%Rh crucible. Homogeneity was ensured by hand 
mixing of the glass melt. Each melt was poured from the crucible onto the stainless steel plate. 
The glass samples were then tempered in a muffle furnace for twenty minutes at 520oC, then the 
furnace was switched 
off and the samples remained there until reaching the room temperature. The chemical 
composition was determined after the samples were decomposed by the HF and H2SO4 solution 
by the atomic absorption spectroscopy (Na2O, K2O, CaO) and by the gravimetry (BaO as BaSO4). 
The obtained chemical compositions are summarized in Tab.l. 
     The low temperature viscosities between 107-1012 dPa.s were determined from the axial 
deformation rate measured by thermo-mechanical analyzer (Netzsch TMA-402). The viscosities 
between 100-106·5 dPa.s were measured by concentric cylinder rotation viscometer. The liquidus 
temperature was determined by keeping the sample of coarsely ground glass in a Pt-30%Rh boat 
in a gradient furnace for 24 hours. The temperature at which the first crystal appeared in the 
sample was the liquidus temperature. The transformation temperature was determined from the 
dilatometric cooling curve measured by the TMA 402 with the cooling rate of 5oC/min. The 
refractive index was measured on 
polished glass samples by the Abbe refractometer using the monobromnaphtalene as immersion 
liquid. The water resistance was quantified according to CSN 70 0531 (e.g. ISO R719). 
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Table I: Chemical compositions of the glass samples investigated. 
Glass w(CaO)/% w(BaO)/% w(Na2O)/% w(K2O)/% w(SiO2)/% 
1 9.80 3.63 10.37 3.83 72.37 
2 4.98 8.47 10.51 3.71 72.33 
3 4.96 3.53 10.57 8.59 72.35 
4 5.06 3.76 15.28 3.76 72.14 
5 7.48 5.67 10.20 3.60 73.05 
6 7.29 3.42 10.28 5.97 73.04 
7 7.31 3.47 12.60 3.65 72.97 
8 5.06 5.99 10.31 6.03 72.61 
9 5.06 5.94 12.66 3.75 72.59 
10 5.02 3.42 12.36 6.06 73.14 
11 6.60 5.03 10.65 5.28 72.44 
12 6.54 5.00 12.24 3.58 72.64 
13 6.37 3.41 12.18 5.26 72.78 
14 4.99 5.24 12.20 5.35 72.22 
15 6.28 4.88 11.68 4.82 72.34 
 
The experimental results are briefly summarized in theTab.II 
 
Table II.: Experimental results: Tg - glass transformation temperature, Tl -liquidus temperature, 
nD - refractivity index, WR - water resistance, and A, B, T0 coefficients of Fulcher Vogel 
Tammann viscosity  equation. 
Glass Tg/0C Tl/0C nD WR/ml 

0.01MHCI 
A B/K T0/K 

1 544 994 1.5212 0.54 -1.962 4529 254 
2 506 1118 1.5152 0.58 -1.997 4991 189 
3 488 869 1.5145 1.61 -1.634 4413 209 
4 502 876 1.5105 1.76 -1.623 4265 214 
5 547 1087 1.5163 0.55 -1.964 5040 201 
6 551 892 1.5142 0.72 -1.813 4629 224 
7 515 979 1.5153 0.79 -1.968 4684 216 
8 504 956 1.5123 0.89 -1.799 4913 178 
9 512 1030 1.5132 0.96 -1.689 4593 199 
10 488 884 1.5103 1.81 -1.808 4589 197 
11 522 1004 1.5133 0.54 -1.892 4895 205 
12 522 1018 1.5154 0.67 -1.930 4667 220 
13 521 848 1.5124 0.83 -1.877 4523 224 
14 494 989 1.5116 1.18 -1.784 7440 193 
15 520 910 1.5156 0.79 -2.004 4683 210 
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III. TECHNOLOGICAL APPLICATION 
 
     Using the standard least squares method the following relationships were found for individual 
studied properties: 
 
Tg /oC = 805 - 3.429 w(Na2O) w(K2O) - 23.22 w(BaO) - 29.39 w(CaO) + 4.293 w(CaO)  
    + w(K2O) + 2.382 w(CaO) w(BaO)                   (1) 
 
T| /oC  = 1775 - 49.94 w(Na2O) + 16.81 w(CaO)-11.361 w(CaO) w(K2O)         (2) 
 
    nD      = 1.4566 + (5.808 w(K2O) - 0.335 w(BaO) w(K2O) + 0.322 w(BaO) w(Na2O)  
                + 5.525 w(CaO)- 0.508 w(CaO) w(K2O)).10-3                (3) 
 
WR /ml =  11.78 - 0.0541 w(K2O) -1.2313 w(BaO) + 0.03319 [w(BaO)]2 -2.0115 w(CaO)   
       + 0.11437 w(CaO) w(BaO) + 0.09021 [w(CaO)]2                   (4) 
 
log(η/d Pa.s) = A + B / (T - TO)                                                (5) 
 
A =  -14.721 + 54.41 x(CaO) + 51.95 x(BaO) + 49.34 x(Na2O)  + 72.58 x(K2O)         (6) 
 
B/K = 24756.1- 86687 x(CaO) - 69935 x(BaO) - 78722 x(Na2O)  -108444 x(K2O)     (7)       
    
T0/K = -863.5 + 6504 x(CaO)+ 5100 x(BaO) + 4914 x(Na2O) + 6828 x(K2O)             (8) 
 
where x are the mole fractions of individual oxides, and T is the thermo-dynamic temperature. 
     The equations (1-8) were used in the optimisation of stemware glass composition. By proposal 
of the new glass composition the batch cost was lowered of about 9%, melting temperature was 
lowered of about 10oC, while the key properties determining the glass quality were maintained at 
the same level, or slightly improved. 
 
IV. STRUCTURAL IMPLICATIONS 
 
Using the standard least squares method the following relationships were found for the property-
composition dependences in the mole fractions representation: 
 
TgoC = 3270 - 88121 [x(K2O)]2 - 49041 x(Na2O) + 142599 x(Na2O) x(K2O) + 137153   
 
 [x(Na2O)]2 + 68474 x(BaO)- 649541 x(BaO) x(K2O) - 681390 [x(BaO)]2 -11568   
 
 x(CaO) + 154050 x(CaO) x(Na2O) - 332188 x(CaO) x(BaO)                  (9) 
 
T| /oC = 2001- 5902 x(Na2O) -154203 x(CaO) x(K2O)              (10) 
 
    nD   = 1.5093 + 0.9578 [x(CaO)]2                   (11) 
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WR/ml = 6.75 - 49.1 x(BaO) -109.4 x(CaO) + 546 [x(CaO)]2    (12) 
 
 
From the structural point of view, the studied glass system consists of only one network-forming 
oxide (SiO2), while the other glass components are the typical network-modifiers. In analogy with 
the theory of thermodynamic partial molar quantities the influence of each glass component may 
be rationalized in two ways. First, the partial derivative d(i) of the respective physical quantity y 
with respect to mole fractions of oxide i (i≡CaO, BaO, Na2O, and K2O) reflects the effect of 
equimolar substitution of oxide i for SiO2. Second, the "partial molar quantities" V(i) reflect the 
contributions of all the oxides to the quantity y in the following manner: 
 
y = x(CaO) V(CaO) + x(BaO) V(BaO) + x(Na2O) V(Na2O) + 
      + x(K2O) V(K2O) + x(SiO2) V(SiO2)                (13) 
 
All the mentioned quantities calculated for the composition of the glass No.15 (the glass situated 
in the center of the studied glass compositional region) are summarized in the Tab.III. 
 

Table III.: The partial molar contributions V of individual oxides to various 
properties (see Eq.13), and the partial derivatives d of the approximations 

polynomials of these properties. 
 Tg /0C T|/0C nD W R/ml 

V (CaO) 817 -2619 1.6396 -28.3 
V (BaO) -2464 2352 1.5045 -45.1 
V (Na2O) -254 -3551 1.5045 4.0 
V (K2O) -1018 -8528 1.5045 4.0 
V (SiO2) 757 2352 1.5045 4.0 
d (CaO) 61 -4970 0.1352 -32.3 
d (BaO) -3221 0 0 -49.1 
d (Na2O) -1011 -5902 0 0 
d (K2O) -1774 -10879 0 0 

 
     For all the properties studied, the significant differences between the glass modifying oxides 
may be deduced from the values presented in Table III. More detailed discussion of the obtained 
results will be the part of the poster presentation. 
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Abstract 
 
 The attempts to use differential thermal analysis (DTA) data for quick evaluation of 
glass crystallization tendency have already been made before, however they can not be 
accepted as successful ones because crystallization temperature (Tcr) dependencies of 
suggested coefficients were nonlinear. We suggest a coefficient Kox varying linearly 
from 1 to 0 as Tcr shifts from glass transition temperature to melting temperature. Kcr 
gives the quantitative assessment of the glass crystallization tendency and after 
additional investigations it can be calculated for each of the phases crystallizing 
during the DTA process, enabling us to make some quantitative evaluation of 
structure crystal-likeness. 
 The potentialities of the strategy suggested are illustrated by the example of the part 
of binary potassium borate system. It is shown that over the interval from K2O. 2B2O3 
to 5K2O. 19 B2O3 (approximately 13 mol.%) five structure types alternate, anticrystal 
structure caused by eutectic interactions in melt being perceived over relatively wide 
composition region. Kcr calculated for the part of rubidium borate system R2O. 
2B2O3-R2O. 4B2O3 points to the fact that anticrystal structure prevails even in the 
glass of composition, corresponding to the congruently melting compound 
R2O.3B2O3. 
 "Kcr-composition" diagrams of ternary potassium and rubidium borosilicate 
systems are constructed for the wide composition regions adjacent to the binary alkali 
borate systems. The diagrams demonstrate anticrystal structure regions (Kcr=0) 
surrounding ternary eutectics, while within these regions there exist "islands" having 
Kcr≠0. The last ones correspond to metastable or unstable on heating phases realizing 
eutectic interactions in solid state. 
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Abstract 

 
 The behavior of F ion in series of silicate systems modeling glassforming 
groups have been studied. The factors leading to distortion of SiO4 tetrahedral 
polyhedra in F-doped systems were discussed. The connected by bridging bonds 
distorted tetrahedra of SiO3F exist in F-doped glasses. The weak Si-F bond is a 
possible reason of ionic conductivity. 

 
 
1. INTRODUCTION 
 
 The properties and structures of the fluorosilicate glasses have been the subject of several 
recent investigations [1-3]. These glasses exhibit high fluorine ion conductivity. Gao and Gu 
marked the low refractive index and better ability of forming bulk body glass at the presence 
of F ions [4]. The structural behavior of the fluorine in silicate gels and glasses was studied by 
IR and Raman spectroscopy [4], where authors supposed that fluorine ion in the silica network 
exists in the formation of SiO3F tetrahedron. The spectroscopic study is a well-established 
technique to obtain information on groups formed in glasses. However this information is not 
always correct, since bands in spectra of glasses are very broad. It makes troubles for 
interpretation. Moreover, it could be interesting to analyze the mechanism of processes that 
take place in silicate glasses at fluorine ion presence. 
 This paper presents the results of quantum chemical analysis to F behavior in series of the 
silicate systems with purpose to understand the role of fluorine ion in the structure of 
fluorosilicate glasses. 
 
2. RESULTS AND DISCUSSION 
 
 The calculation of SiO4

4-, SiO3F3-, SiO2F2
2-, SiOF3-, SiF4 systems were carried out in the 

frame of Hartree-Fock-Routhaan approach by ab initio method. The complete optimization of 
geometrical parameters has been fulfilled, the frequencies of fundamental vibrations have 
been calculated. 
 We found that calculated results are very close to experimental length, valence angle and 
frequency of fundamental vibration of Si-F bond of SiF4 system [5,6]. It shows correctness of 
our calculations. 
 The obtained results are listed in tables 1,2,3. The considered models are shown in figure 1. 
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Fig.1. The HOMO's schemes of the SiO4-nFn

4-n systems. 
 
 

Table 1. The geometrical parameter of SiOnFn. 
 SiO4

4- SiO3F3- SiO2F2
2- SiOF3- SiF4  

1(Si-O) 1.79 1.68 1.61 1.63  A 

1(Si-F)  1.80 1.69 1.63 1.58 
exp.1.56 

A 
 

θ(O-Si-O) 109 116 1128   o 

θ(O-Si-F)  101 107 118  o 

θ(O-Si-F)   92 99 109 
exp.109 

o 
 

 
 
 
 

Table 2. The effective charges (Q) and HOMO's composition (α) of systems SiOnFm. 
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 SiO4
4- SiO3F3- SiO2F2

2- SiOF3- SiF4 

Q(Si) 0.19 0.51 0.77 1.07 1.39 

Q(O) -1.05 -0.97 -0.86 -0.77  

O(F)  -0.61 -0.53 -0.44 -0.34 

α(3pSi) -0.23 -0.18 -0.15 -0.17 -0.08 

α(2po) 0.45 0.51 0.55 -0.91  

α(2pF)  0.05 0.05 0.13 0.34 

 
 The substitution of one oxygen atom by fluorine one in SiO4

4-, as it is seen from tables 1 
and 2, changes geometrical and electronic structure of the system. In comparison with 
tetrahedron SiO4

4-, the system of SeO3F3- is deformed much. Such deformation one can 
explain from analysis of electron structure systems. The equilibrium configuration of SiO4

4- 
ion is ensued by interaction of 3s and 3p Si atom orbitals with 2p AO oxygen. It was shown 
repeatedly [7] that high occupied molecular orbital (HOMO) causes configuration of system 
mainly. The HOMO of SiO4

4- (Fig.1, tabl.2) is week bonding molecular orbital consisted of 
2p AO of oxygen and 3p AO of silicon. The HOMO of SiO3F3- has more ligand character than 
HOMO of SiO4

4-. The interaction of 3p(Si)-2p(F) brings some untibonding to this orbital. The 
increase of O-Si-O angle promotes better 3p(Si)-2p(O) overlapping. It compensates weakness 
of 3p(Si)-2p(O) interaction and stabilisates Si-O bonds in SiO3F3- ion. So Si-O bonds are 
shorter in SiO3F3- ion than in SiO4

4- one.  
 We observe the same situation in SiO2F2

2-. The HOMO of it has more ligand character than 
one of SiO3F3-. Untibonding brought from two F atoms is compensated by 3p(Si)-2P(O) 
bonding interaction that becomes stronger due to increase of O-Si-O angle. 
 The HOMO of SiOF3- is untibonding due to significant contribution of 3p(Si)-2p(F). The 
system needs decrease untibonding therefore it changes angles of O-Si-F and F-Si-F.  
 The HOMO of SiF4 is ligand orbital. It is nonbonding orbital. The system of SiF4 is stable 
to dissociation to fragments. It exists as isolated molecule and does not form network. So SiF4 
appears nothing in the glass structure. 
 On contrary SiO4

4- is unstable as any multicharged ion. It dissociates to fragments of SiO3
2- 

+ O2- with dissociate energy -100 kkal/moll. The forming of bridging bonds of Si-O-Si 
between tetrahedra of SiO4

4- increases positive charge of Si more than order and decreases 
excess of oxygen negative charge. It stabilisates system. So structure of silicate glass is 
formed as the network in which tetrahedra of SiO4

4- are connected by oxygen bridging bonds 
[8]. 
 
 
 
 
 
 
 
 

Table 3. The overlap populations of silicate and fluorosilicate systems. 
 SiO4

4- SiO3F3- Si2O7
6- Si2O6Fm

5- Si2O6Fnm
5- 



 4

Si-Onm 0.500 0.510 0.525 0.550 0.524 

Si-Om   0.374  0.278 0.446 

Si-Fnm  0.202   0.176 

Si-Fm    0.142  

 
 The substitution of one oxygen by fluorine in SiO4

4- decreases charge of system but it stays 
unstable. The isolated SiO3F3- dissociates to SiO3

2- and F-Dissociate energy is equal to -140 
kkal/moll. The charge on oxygen is high so SiO3F3- keeps ability to form bridges. The 
distorted tetrahedral SiO3F3- are connected and form network of glass. The calculated 
frequency of Si-F fundamental vibration is equal to 931 cm-1. It is well compared to 935 cm-1, 
found in spectra F-doped glasses [4] and confirms presence of tetrahedral SiO3F3- group in 
gels and glasses doped by F. 
 The energy of Si2O6F5- system in which bridging oxygen is substituted by fluorine is higher 
8 kkal/moll only than one with substituted nonbridging oxygen. It suggests that both ways of 
substitution can be realized at fluorination. The bridging bond of Si-F-Si is very weak On 
break of this bond SiO3F3- ion as it was shown above, dissociates and realizes F- ion. It is 
conceivable reason for ionic conductivity observed in F-doped silicate glasses. 
 The substitution of more than one oxygen by fluorine ion forms SiOF3- ion. According to 
calculations this ion is high stability. It can exist as isolated one and it needs not to connect 
with neighboring ions, because of the charges on fluorines are small. It is impossible 
appearance of this group in glass structures. 
 This work was supported by Grant of RFFR No 95-0308821a. 
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Abstract 
 
 The structural states of Fe ions in the concentration range from 1*10-4 to 1 wt% of 
Fe2O3 were studied in glasses with compositions of lead metasilicate and lead 
metagermanate by the complex of spectroscopic methods. 
 On the basis of the analysis of results of: 
1. Fe absorption spectra; 
2. the temperature dependence of a long-wave "tail" of the UV charge transfer band 
for Fe3+; 
3. the g-factor positions and intensities in EPR spectra; 
4. the parameters of Mössbauer spectra 
the conclusion was drawn that in those glasses Fe ions are present, mainly, as Fe3+ 
ions. 
 It was found that Fe ions are separated in a glass structure when the Fe2O3 content 
does not exceed 10-2 wt%. There is no exchange interaction between them. When the 
Fe2O3 content is higher than 5.10-2, clusters of Fe ions appear having bonds of a (Fe3+ 
- O - Fe3+) type. In those clusters Fe  ions are bound by the exchange interactions. The 
cluster composition is variable and it depends on the Fe2O3 content in the glass. 
Amorphous clusters can play a part of nucleator of a new Fe-containing phase as the 
Fe2O3 content increases. That phase can be observed by X-ray diffraction analysis if 
the Fe2O3 content is higher than 2 wt%. 
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 Abstract 
 

 The new approach to the physico-chemical analysis of glassy systems is 
offered on basis of eutectoidal model of  a glass formation. The eutectoidal 
model has allowed to generalize that even the ideal glass should be 
microheterogeneous. From here follows that the physico-chemical analysis   
of glassy systems is the variety of the physico-chemical analysis of 
heterogeneous systems. This conclusion permits correctly to analyse diagrams 
the composition - the property of the glassy systems. 

 
 
I. INTRODUCTION 
 
    The researchers use usually representations about a homogeneous structure of a glass. 
For this reason the physico-chemical analysis of glassy systems is considered as the 
physico-chemical analysis of liquid systems. Our approach to the physico-chemical 
analysis of glassy systems is offered on basis of a microheterogeneous structure of ideal 
glasses. 
 
II. THEORETICAL MODEL 
 
    We have offered the theoretical approach, based on the electronic configuration model 
of glass formation and eutectoidal model of glassy state of the substance (1-4). Glasses 
can be considered as the ultradispersed eutectics according to these models even if a glass 
has a elemental compound. Besides glasses is actually the solid lyophilic colloid with 
particles that it is possible to name as pseudo-phases (5). These particles can be 
considered in the quality of nucleuses of quasi-crystals and crystals. 
    We shall consider some rules of the approach offered by us. In more detail it is stated 
in the articles (1-4). In the case of the chalcogens and chalcogenides the structural-
configuration equilibrium between low-molecular and high-molecular clusters, in our 
hypothesis, leads to glass formation. The examples of the equations of such equilibriums 
are shown on fig. 1. 
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        Fig.1.  Structural-configurational equilibria in melts of binary systems A-B, leading 
    up eutectoidal interactions and glass formation ( ∆Hform - heats of a    
    formation solvates (An)m · k A1, (Bn)m · k A1      (Bn)m · k B1 ). 
 
 
 The offered model permits to generalize that the availability of a large number the 
inner reactions and the appropriate chemical equilibriums promotes to the glass formation 
in case of elementary substances and their compounds. The interaction between the 
clusters of a different degree of a polyregularity in a melt is dominated in case of the glass 
forming elementary substances and steady compounds. The peritectic and unstable 
distectic compounds are promoted to the glass formation if the products of them a 
disintegration in a melt are capable to enter among themselves or with other components 
to eutectic interaction. 
 The electronic-configurational model of the glass formation, topological model of 
formation of the glass structure, results of application X-ray under small and average 
angles, electronic-microscopic data, thermodynamical accounts and a information about 
quasi-crystalline phases are used for the confirmation of a truth of the eutectoidal 
approach to a structure of the glasses and them melts. The integrated enthalpy diagram of 
the different states of the substance (gases, melts, amorphous films, glasses, quasi-
crystalline phases, crystalline metastable and stable phases ) is offered. 
 The transitions are shown between melts and stable crystals and on the contrary on 
fig.2,3. It is visible, that these transitions are different ways. The transitions from the 
melts to glasses, metastable crystals and stable crystals are unequilibriumal transitions. 
The relaxation of equilibriums has no time to occur, therefore the nucleuses of the 
metastable phases are frozen in a glass. Then metastable and then stable phases are 
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crystallizing for a annealing of glasses. On the contrary the transition of stable crystals in 
melt does occur on a equilibriumal way. Such histerezis permits to realize a nature of the 
occurrences of a microgeterogeneous structure of glasses and to offer a way of analysis of 
a diagrams "compound - property".  
 The eutectoidal model has allowed to generalize that even the ideal glass should be 
microheterogeneous. From here follows that the physico-chemical analysis of glassy 
systems is the variety of the physico-chemical analysis of heterogeneous systems. This 
conclusion permits correctly to analyse diagrams the composition - the property of the 
glassy systems. 
 

 
 
Fig.2. The enthalpy (H) diagram of different states  of elemental substances and distectic 
combinations ( LM and HM - low-molecular and high-molecular particles). 
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Fig.3. The enthalpy (H) diagram of different states of peritectic and metastable 
combinations ( LM and HM - low-molecular and high-molecular particles). 
 
 
III. RESUME 
 
    It is shown, that glasses can be considered as the quasi-heterogeneous systems from a 
position of a eutectoidal model. The ideal glass is a multicomponent eutectic, in that 
number of components compare with possible general number of the structural elements 
of a near order. In this connection the special points on graphs of a dependence 
"composition - property" of glassy systems should answer as chemical combinations, as 
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shift of a type of a heterogeneity of glasses. It is shown, that the physico-chemical 
analysis of glassy systems follows to consider as the physico-chemical analysis of quasi-
heterogeneous systems. 
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Abstract 

 
 It is known that the vitrification of gel-glasses in atmosphere of helium increases 
them light transmission. It is supposed that such effect is reached as a result of 
reduction of light scattering because of high diffusion of the gas seized by closed 
pores [1] and promotion of destruction of defect bonds because of superposition of 
helium atoms oscillations with the oscillations of matrix structure elements [2]. In the 
present work we obtained the evidences in favor of that the role of technological 
helium is more complicated than it is supposed. In particular, with the help of mass-
spectrometric investigation is discovered that in similar glasses there are atoms of 
helium bonded with a matrix and the energy of such bond is not less than 1 eV. But 
the concentration of the atoms is small and does not exceeds 1013 atoms/cm3. The 
obtained results permit us in a new fashion to look at the formation of silica gel-
glasses structure and role of helium in the increase of their light transmission. 
 
[1] Susa K.,Matsuyama I., Satoh M.-Kotai Butsuri, 1985, v.20, N0.6, p.399. 
[2] Poddenezhny E.N., Melnichenko I.M.,Plusch B.V.,Neroda I.yu.,Malashkevich 
G.E.- J.Advanc.Mater.(in press)  
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 Abstract 
 
 

 The report states the topological approach to the analysis of processes of 
the formation of the structure in glasses. Our theoretical approach is based 
that in extreme small volumes of a space for the formation of the continuous 
ordered structure permit, all possible elements of the symmetry with first on 
infinite orders. According to our topological model just the large power-
generating barrier of the transition from microscopic particles, having infinite 
set elements of the symmetry, in the crystalline state with the 1imited 
symmetry and permits to substance to pass in the glassy state from the melt 
and in the amorphous film from a vapour. 

 
 
I. INTRODUCTION 
 
    The main defect of many structural models of the glassy state of substance consists that 
in them predominate crystallographic or the formal topological approach. It is developed 
most, obviously in a crystallite concept, offered Frankenheim (1). The initial crystallite 
concept is not used. It is possible to discover the increase of attention to purely 
geometrical and topological aspects of the formation of a structure in glasses. The 
boundary between geometry and topology is almost elusive. In the case of glassy 
substances is excluded a formation of ideal geometrical figures, therefore characteristic 
types of connectedness of atoms have a preference. Phillips has applied the topological 
approach for the analysis of opportunity of a formation of a grid of a glass for the first 
time instead of geometrical approach. From this position it is shown that a grid of glass is 
formed not casually. Phillips considers, that for optimization of the tendency of substance 
to a formation of glass it is necessary to optimize dimensions of different clusters, that 
will correspond to mechanical stability of a glass (2). The last condition is possible if 
 
                   NcNt = NcNd ,                                (1) 
 
where Nc is middle number of atoms in a cluster; Nt is number of force communications 
on the atom; Nd is dimensionality of space; NcNd - dimensionality of configurational 
space, describing a situation of atoms. Phillips has shown, that in systems As-S(Se) 
connections As2S(Se)3          of mechanical and chemical stability have on the 
combinations As2S(Se)3. Unfortunately, results of calculations differ from experimental 
results. It follows from that the maximum of the ability to a formation of glass correspond 
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in given systems not on the combinations As2S(Se)3, and on eutectic alloys. The eutectic 
alloys very difficultly crystallize. 
 
II. THEORETICAL MODEL 
 
    We offered eutectoidal model of a formation of a structures in glasses (3). The 
eutectoidal model of the structure of glasses is offered that is based on the Smits's idea 
about pseudobinary systems (4). All glasses, including elementary glasses, are analysed as 
a variety of eutectics, formed by the interaction among themselves of "pseudophases". 
"Pseudophase" is the equivalent of the nucleus of the ordered particle that appear in the 
supercooling melt. According to our eutectoidpal model even the ideal glass is non-
uniformly and can be submitted as the ensemble of sticking microspheres. 
      The eutectoidal model requires the elucidation of the gear formation of a middle order 
in glasses. With this purpose we offer topological model of a structure of glassy 
substances, based on following hypothesises:  
1) The elemental structural elements of glassy alloys, responsible for a formation of 
glasses and being centres of glassy nucleuses, arise in the closed space, homomorphous to 
sphere S3, and have in limiting geometrical space R3 the uncrystallographical axes of a 
symmetry L5, L7, L8. . . L ∞.  
2) The belonging of a dominating structural elements of glasses to closed space lead up to 
the impossibility of formation of a unbroken glassy grid.  
3) In case of weak interactions the ideal structural elements of glasses correspond to 
structural elements, that are homomorphous to the icocahedron, in case of strong 
interactions - to the dodecahedron. 
4) The equilibrium is established between clusters with the crystallografical and 
uncrystallografical axes of a symmetry. The structural elements with any axis of 
symmetry should exist in glassy alloys by this reason.  
5) The crystallization of the glasses is accompanying by a transition in final the stable 
condition through set of stages, in that in the beginning icocahedronal (for metals) or 
dodecahedronal (for semicoductors and dielectrics) quasicrystals and then metastable and 
stable crystals are formed. 
    We are entered the following concepts of nucleouses of a crystallization and 
vitrification. The clusters, possessed to closed a spherical space S and to the 
homomorphous geometrical structural elements with the axes of a symmetry L1-4,6, we 
shall identify with nucleouses of a crystallization. The clusters, possessed to closed a 
spherical space S and to t,he homomorphous geometrical structural elements with the 
axes of a symmetry L5, 7, 8, 9, . . ,∞,we shall identify with nucleouses of a vitrification. The 
set of clusters in a melt W it is possible to separation on two subsets: 1) W - a subset of 
nucleouses of a crystallization, 2) W - subset nucleouses of a vitrification. Obviously, a 
transiton from closed space S in a open space R in the case nucleouses of a crystallization 
can occur continuously without a rupture of a structure, and in the case nucleouses of a 
vitrification can take place only with a rupture of a structure. 
    Equilibriums exist at a temperature of a synthesis :  
 
2A ⇔ A2, A2 + A ⇔ A3, A3 + A ⇔ A4, . . , An-1 + A ⇔ An.          (2)  
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In a general kind: 
 
An + Am ⇔ An+m·. . , An + Ak ⇔ An+k ·. . , Ak + Am ⇔ Ak+m,          (3) 
 
    In quality the most important for the vitrification equilibriums it is possible to allocate 
equilibriums between clusters with the crystallographic and uncrystallographic axes of a 
symmetry, that is between nucleouses af a crystallization and vitrification: 
          
  An

KpCT ⇔  An
CTeKπ                          

 (4) 
 
The higher the propensity of a melt to glassformation and than closer it temperature to 
optimum temperature of synthesis of a glass, the closer the share of nucleouses of a 
vitrification to a maximum. In our opinion, such type two kinds of clusters exist in liquids 
of any structure, but in case of easily crystallizing liquids power barrier to transition 
anticrystalline clusters in crystalline clusters extremely is small and crystallization occur 
easily. The balance (4) can displace to the right in a case of a reduction of dimensions of 
clusters in a melt. The vitrification is possible by the cooling of melts only by a condition, 
that a relaxation of a equilibrium (4) to the left practically will be impossible at the 
expense of high of a power barrier and by the large diversity of nucleouses of a 
vitrification.  
    According to our topological model just the large power-generating barrier of the 
transition from microscopic particles, having infinite set elements of the symmetry, in the 
crystalline state with the limited symmetry and permits to substance to pass in the glassy 
state from the melt and in the amorphous film from a vapour. The transitions of glasses 
and amorphous films in the crystalline state must pass through a stage of the formation 
quasicrystals. From topological model follows, that such quasicrystals should have axis of 
symmetry of fifth order and the icosahedral structure in case of metal alloys and the 
dodecahedral structure in case of semi-conductors and dielectrics. In structure of all 
glasses the structural elements, having in utmost geometrical variant by all elements of 
the symmetry of icosahedron and dodecahedron (6L510L315L215PC), should dominate. 
The given conclusions are confirmed by the experimental reception of the quasicrystals at 
a tempering of metal glasses. It is possible to predict, that such the phases should occur at 
a tempering of the semiconductor and dielectric glasses. From topological model follows, 
that even the ideal glass non-uniformly and can be submitted as the ensemble of sticking 
spheres. The direct experimental confirmation of it consists in a supervision by means of 
the electronic microscope the many-range structure at typical of one-component glasses 
after their chemical etching. 
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    The schematic graphs of a dependence of a free Gibbs energy from dimensions are 
showed on fig.1. 

 
Figure 1 

 
 

Proceeding of our concept, it is possible to make conclusions about the structural 
elements of a middle order in glasses. Most easily it is illustrated   on covalent 
chalcogenide glasses. The structural elements of a medium - range order for As, S and 
As2S3 in non-crystalline alloys are shown on fig.2. 

 
Fig.2. The structural elements of near- and medium - range orders of As, S and As2S3 in a 
non-crystalline alloys. 
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 The predominance in glasses such of structural elements should lead up to a many-
range structure with a spherical symmetry, that develop in oecurrenee at the glasses of a 
shell fracture by them destruction. 
 
III. RESUME 
 
 The t,opological approach to the description a structure of glasses is offered, according 
to that  in extreme small volumes of a space for the formation of the continuous ordered 
structure permit all possible elements of the symmetry with first on infinite orders. The 
concept of nucleouses of a vitrification are entered, possessed to closed a spherical space 
S and to the homomorphous geometrical structural elements with the uncrystallographic 
axes of a symmetry L 5,7,8,9...∞ The higher the propensity of a melt to glassformation and 
the closer it temperature to optimum temperature of synthesis of a glass, the closer the 
share of nucleouses of a vitrification to a maximum. From a position of our topological 
approach a microheerogeneity is not only a feature of a real glasses, but should be 
included and in concept of a ideal glass. 
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Abstract 
 
 Transition-metal ions added in small amounts to glasses inclined to liquid phase 
separation can act as color indicators of structural transformations of these glasses. 
 In a present study, NiO and CoO were doped to glasses of  R2O(RO)-Al2O3-SiO2-
TiO2 system, were R2O=Li2O and RO=MgO, ZnO. In the glasses under study the 
Al2O3 content was equal or exceeded the , LiO (RO) content. The glasses of the three 
systems were heat treated in the temperature ranges of liquid phase separation. On the 
basis of data obtained from optical absorption spectra, Raman spectra and X-ray 
diffraction analysis, it was found that: 
 1. In all the initial glasses Ni (II) and Co (II) acquire octahedral and tetrahedral 
coordination, the octahedral coordination being dominant. 
 2. In the course of liquid phase separation Ni (II) and Co (II) ions enter the 
aluminotitania amorphous phase, by doing so, they stabilize the aluminotitania phase. 
 Precipitation of TiO2-containing crystalline phases slow down. In that phase Ni (II) 
ions acquire octahedral coordination. Increase in a ligand field strength indicates the 
change in the second coordination sphere of Ni (II) ions. To the contrary, Co (II) ions 
acquire tetrahedral coordination in this phase. These transformations in amorphous 
phases lately lead to precipitation of the inverse Ni-spinel and normal Co-spine. 
 It was found that if the concentration of NiO or CoO exceeds 1.5 wt%, transition 
metal ions significantly modify the process of precipitation of alumina-containing 
phase and TiO2-phase. 
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Abstract 
 

 The kinetics of transition from the heterogeneous (catalyzed) to the 
homogeneous (spontaneous) volume nucleation in silicate and phosphate 
glasses was studied. The nucleation catalysis proceeds by the 
photosensitive mechanism, by introducing an insoluble impurity, by 
shifting the glass composition to the side of increasing Li2O content 
(autocatalysis) in silicate glasses and by passing the water vapor in 
phosphate glasses. 

 
 
1. INTRODUCTION 
 
 It is known /1/ that the nucleation rate of crystals can be increased by decreasing: 1) 
the glass viscosity (as a result of introducing water in the glass), 2) the surface energy 
at the nucleus-glass interface (owing to the water concentration on this interface, 3) 
the effective surface energy at heterogeneous nucleation of the crystals of one phase 
on those of the other, the latter being either one of the main phases (lithium 
metasilicate crystals) or the impurity phase (platinum or gold or silver particles in the 
photosensitive glasses). 
 In the present work the comparison between the regularities of homogeneous and 
heterogeneous crystal nucleation and transition from the heterogeneous to the 
homogeneous nucleation has been studied on an example of the Li2O-SiO2 and R2O-
ZnO-P2O5 systems. The nucleation catalysis proceeds through silver, gold and 
platinum particles obtained for photosensitive glasses by adding Ag or Au with 
subsequent X-ray irradiation of the glass at room temperature; by displace of 
composition of glass to the region there metasilicate crystals nucleated; and by passing 
the water vapors through the primary melts for several time. 
 
II. EXPERIMENTAL 
 
 Glass synthesis. Silicate glasses. The batch to be conventionally melted and the sol-
gel batch (glasses 3a and 4a) was prepared according to the procedure proposed in /2/. 
It cannot be too highly stressed that the kinetic curves of the lithium disilicate crystal 
nucleation that occurs through both homogeneous and heterogeneous mechanisms for 
glasses synthesized by conventional melting and by melting from the batch prepared 
by the sol-gel are identical. 
 Glass synthesis. Phosphate glasses. Glasses were melted at 1050, 1100 and 1170oC. 
Water was introduced by passing the water vapors through the primary melts 2.Al2O3 
6.7K2O 6.7Li2O 6.6Na2O 45.ZnO 33.P2O5 for several times. Water content of glass 
samples turned out to range from about 0.06 to 0.63 mol%. As was shown in /3/ there 
are the dependences of water content in glasses on melting temperature, on melting 
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time and on the rate of blowing water vapor through glass melt. Fig.1,a illustrate the 
dependences of water content on melting time (the rate of blowing water vapor is 250 
ml/h). 
 Procedure for the study of the kinetics of crystallization in glasses. The stationary 
rate of crystal nucleation, Ist and the time of nonstationary nucleation, τ., are the basic 
parameters that describe the kinetics of crystal nucleation in glasses. Parameter Ist is 
directly determined experimentally, and the time of non-stationary nucleation is 
estimated using the induction period tind. The optical microscopic development 
technique was used to determine the parameters under consideration. The basic idea 
of technique is that the crystals nucleated in the course of heat treatment at a low 
temperature to a size visible in optical microscope. The optimum development 
temperature corresponded to the exothermic peak observed in the DTA curve. After 
the nucleated crystals develop at the development temperature Td (see Tabl 1), the 
microsectiones of the samples, which were polished and etched in a hydrofluoric acid, 
were examined in an optical microscope. The number of crystal traces, Ns, was 
counted on a microsection of area S, and their diameters D1 and D2 were measured. 
The ratio of spherulite diameters was approximately 1.6-2.25. The number of crystals, 
n, nucleated per unit volume was determined both by the following relationship: 
n=Ns/(SDav), where Dav=(D1+D2)/2, and by formula (1) 
 

 
 

there          (I) 
 
q=Dmin/Dmax, Dmin, Dmax - minimum and maximum diameters of spherulite traces /4/. 
Ist=dn/dt. 

 
 
Fig.1 Water content as a function of melting time at T=1100oC for glass 15 : 1 - 
without Ar-drying, 2 - with Ar-drying 12 minutes (a); DTA curves for glass 15. 
Conditions: the heating rate of 10 K/min, the value of suspension - 1g, the DTA 
sensitivity - 1/5, Al2O3 as the standard, the platinum crucible (b); graphs of stationary 
nucleation rate Ist for - glass 15, plotted against the temperature for glass 15 : 1 - 
melting time 10 min, 2 - melting time 20 min, 3 - melting time 30 min (c). 
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 Procedure for the study of the heterogeneous crystallization kinetics in 
photosensitive glasses. The photosensitive glass samples intended for the study of the 
kinetics of heterogeneous crystallization had two well-polished surfaces, which were 
perpendicular to one another. One of the faces was irradiated, and another one was 
used for measuring the number of particles nucleated at a depth x of the sample. The 
layers lying at different depths received various radiation doses in the course of 
irradiation. This was taken into consideration in counting the number of nucleated 
crystals. After irradiation the glasses 2*,4*,4*a, were kept for a different time, t, at the 
temperature T at which the crystals nucleated. They then developed at the 
development temperature Td (see Table). As a result, the time dependencies could be 
constructed for the number of crystals nucleated per unit volume, n(T,t), using the 
method described above, and the rates of heterogeneous (Ihet) and homogeneous (Ihom) 
nucleation, could be calculated (Table). 
 In the case of study of transition from the heterogeneous to the homogeneous 
nucleation in the photosensitive glasses (No.2*,4*,4*a) the temperatures T were 
chosen to be rather high so that the time of non -stationary nucleation could be 
neglected but the nucleation rate be rather great. At he curves of stationary nucleation 
I(T,t) obtained for glasses 2*,4*,4*a these temperatures lie above the temperature of 
the maximum of nucleation rate whose position was the same for both heterogeneous 
(on silver particles) and homogeneous nucleation although the values of nucleation 
rates differed sharply. 
 
III. RESULTS AND DISCUSSION 
 
 The influence of X-ray irradiation on the nucleation rate depends on the doze of 
irradiation obtained by a given glass volume, i.e. it depends on the distance x of the 
glass layer from the surface on which the X-rays fall. Given in figure 2 (curves 1-10) 
are the kinetic curves n(t) (the argument T in n(T,t) is omitted) for the nucleation of 
L2S crystals in the glass No.2* in ten glass layers on depths corresponding to the 
abcissas of the points indicated in the figure (a). The calculation of n(t) in the layer 
was made along the face of the  glass plate splice. Analogous curves for the nucleation 
of L2S crystals in glass 4*,4*a (curves 12-14) are shown in figure 2 for free various 
depths x (both conventional melting and the sol-gel) for the points indicated in the 
figure (b). The curves n(t) have the form of two intersecting straight lines. Behind the 
curvature the curves n(t), 1-10, (Fig.2) grow to be almost parallel to the abscissa axis 
as the rate of homogeneous nucleation is very small (in the figure, curves 1-10, the 
values of n(t) are indicated for t≤8h and t≥48h). The values of heterogeneous 
nucleation rate before the curvature and the ones of homogeneous nucleation rate 
(which coincide with the former behind the curvature) are indicated in Table. Figure 
2(a,b) shows the dependencies of the value of logarithm n=ns in the point of curvature 
(intersection of extrapolated straight lines) on the layer thickness x. The values of In 
ns lie on the straight lines. This result as well as results shown in figure 2 (curves 1-10 
and 12-14) can be understood in a sense that the point of curvature corresponds to the 
exhaustion of silver particles catalyzing the nucleation whose number is proportional 
to the irradiation doze decreasing in proportion to exp (-µx) (µ is the absorption 
coefficient of x-rays) with decreasing depth x. In this case the silver (or gold) particles 
can be regarded as an imitation of subcritical nuclei of lithium disilicate or 
metasilicate. The problem on the heterogeneous nucleation in this case can be 
regarded as the one on statistical joining (and disjoining) of the structural units of 



 4

lithium disilicate to the silver (or gold) particles imitating subcritical crystal nuclei, 
i.e. one can consider the heterogeneous nucleation by analogy with homogeneous 
nucleation - using the Frenkel scheme /5/. As a result, the nonstationary and stationary 
heterogeneous types of nucleation can be spoken of as homogeneous nucleation, the 
stationary nucleation giving the linear growth n(t) with time. However, the barrier on 
the way of the critical nucleus formation appears to be lowered at the expense of 
subcritical nuclei already formed (silver, or gold, or platinum particles; platinum 
particles are nucleating additions without irradiation) which leads to the increase of 
nucleation rate. 
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Fig.2. The crystallization kinetic of disilicate crystals in glass 2*(1-11), glass 4*, 
4a*(12-15) and in glass 8(16-18). 1-10, 12-14-heterogeneous nucleation on the 
different layers x, mm: 0.50(1), 0.53(2), 0.57(3), 0.60(4), 0.63(5), 0.67(6), 0.70(7), 
0.73(8), 0.77(9), 0.80(10), 0.77(12), 0.80(13), 0.83(14); 11 and 15 -homogeneous 
nucleation. a,b - dependences of  ln ns  from x for glasses 2*(a) and 4*,4a*(b). c - the 
transition from heterogeneous to the homogeneous nucleation for glass 8. 
 

Table 
No                                   Ist(Tm).10-3mm-3 min-1 

  Li2O                        Ihom                  Ihet 
1 23.40 0.08  

2* 23.40  74.07 
3,3a 33.50 0.15  

4*4a* 33.50  60.27 
5 33.85 0.28  
6 34.73 0.30  
7 36.20  1.85 
8 37.00  4.30 
9 37.98  5.60 

10 39.00  270.00 
11 41.15  512.22 
12 44.11  520.00 
13 33.50+Au  45.0 
14 33.50+Pt  68.00 
15 R2OZnOP2O5   
15 +H2O 10min   
15 +H2O 20min   
15 +H2O 30min   

*-with 0.03 mas. % Ag2O 
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No Tm,oC Td,oC 
1,2 
3-6 
7,8 

9,10 
11,12 

13 
14 

470 
460 
480 
480 
480 
460 
490 

600 
620 
620 
560 
540 
600 
600 

 
 Let us consider the data on influence of other phase particles on the nucleation of 
lithium disilicate "spherulites" in glasses 4-12 (Table  ). The nucleation rate increases 
as much as 3000 times (from glass 4 to glass 12).  This increase is due to the rapidly 
growing influence of the heterogeneous nucleation of lithium disilicate on the crystals 
of lithium metasilicate. In the glasses 7-12, then lithium disilicate crystals nucleate on 
lithium metasilicate crystals, the acceleration of the disilicate nucleation being 
promoted by the closeness of unit cell parameters of lithium disilicate (a=5.807, 
b=14.52, c=4.773A) and lithium metasilicate (a=9.39, c=5.92A, ASTM data). Then 
the crystals of lithium metasilicate are exhaust, the n(t) curve grows parallel to the n(t) 
curve for the homogeneous nucleation of lithium disilicate (Fig 2,c). 
 Phosphate glasses. The lowering of Tg with an increase of the water content may be 
equivalent to the lowering of viscosity. Glass transition temperatures Tg of phosphate 
glasses, determined from the thermal expansion curves, are shown as a function of the 
water content in Fig.1,b. The Tg decreases with increasing water content and increases 
with decreasing one. Fig.1,c shows graphs relating Ist to the temperature for glass 15. 
With the increase of water content the temperature of the nucleation rate maximum Tm 
shifts to the lower temperature; the value of Ist(Tm) increases as many as six times, and 
decreases with the decreasing of water content also. The influence of water content on 
the nucleation rate is not only reduced to the decrease of viscosity. The value can 
decrease owing to the increase of water concentration (groups OH) on the nucleus 
surface. Such an increase of water concentration can decrease the glass viscosity in 
vicinity of the nucleus. This will lead to the increase of Ist as well. If concentration of 
OH-groups is exhaust the Ist stop to increase. 
 
 
REFERENCES 
[1] Kalinina AM, Fokin VM, Sycheva GA et al,In: Indian Ceram Soc 1 (1986), 366-
373. 
[2] Boiko GG, Sycheva GA, Valyuk LG, Fiz Khim Stek 21 (1) (1995), 45-52. 
[3] Sycheva GA, Kostyreva TG, Poljakova IG, Proc. XVII Intl. Congr. on Glass 2 
(1995), 426-432. 
[4] DeHoff RT, Rhines FN, Transactions of the metallurgical society of aime 221 
(1961), 975-982. 
[5] Frenkel JI, Proc. M-L, 3 (1959), 383 p. 
  
 
 



 USE OF CHEMICAL EQUIVALENT FOR ESTIMATION OF  
CHEMICAL STABILITY OF GLASSES 

 
 Valery A. FUNTIKOV 

 
 Kaliningrad State University, Russia 

 
 

 Abstract 
 

          For the first time the chemical equivalent is used for research of glasses. The 
chemical equivalent was investigated in relation to exchange and oxidizing-reducing 
reactions of the chemical etching of the chalcogenide glasses. The new method is 
entered and it is named "equivalent-measurement". 

 
 
I. INTRODUCTION 
 
    The information about a chemical equivalent of glasses is completely away. For the first time 
the systematic research of the chemical equivalent glassy of chalcogenide alloys of systems AIV-
BV-CVI, AI-BIV-CVI, AIII-BIV-CVI, AI-BV-CVI, AIII-BV-CVI is carried out. The chemical equivalent 
was determined on a relation to exchange and oxidizing-reducing reactions of the chemical 
etching of the glasses. The dependence of the chemical equivalent from a structure of the glasses 
was analysed for the glassy alloys of systems investigated. The gears of the chemical etching of 
the low- and high-resistance glassy chalcogenide alloys are offerred. For these glasses theoretical 
significances of the chemical equivalent were calculated. The compositions of glasses were 
determined on the concentration triangle with different gears of the etching. The experimental 
results and calculations are testifing about the microheterogeneous structure of the glassy alloys 
investigated. It is shown that the chemical equivalent of glasses on relation to reactions of them 
etching in solutions of the alkalies and the oxidizers is possible to be used for the physico-
chemical analysis of the corresponding glassy systems. 
 
II. EXPERIMENTAL RESULTS 
 
    In this report our method is illustrated on example of a vitreous system Ge-Se in relation to a 
reaction of the interaction with 1m solution of KOH. The sizes of a molar weight of a chemical 
equivalent (CE) is calculated under the formula (1): 

        
where ∆m is a loss of a weight of a sample; Vo is a volume of a titrant, used on a titration of  a 
part of a solvent, in which will be dissolve a glass; V1 is a volume of   a titrant, used on a titration 
of a part of a solvent, remaining after a chemical etching in it of a glass; N is a bulk concentration 
of a titrant (equivalent on 1itre). In the figure the graphs are showed of a dependence of 
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experimental size and theoretical sizes of CE of glasses of a system Ge-Se in relation to 1m 
KOH. 
 
III. DISCUSSION 
 
    It is offered three theoretical gears of a chemical etching for finding out of a veritable gear of 
the etching of glasses (CEI

theor, CEII
theor, CEIII

theor). 
 

 
 

Figure. The dependence of the experimental CEexper theoretical CEI
theor 

CEII
theor CEIII

theor a molar weight of a chemical equivalent, of glasses of a 
system Ge-Se from a composition of glasses. 
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    Obviously, in the field of 10 aT. % Ge a eutectic is showed, appropriate to metastable and 
stable diagrams of a state of a systems Ge-Se. The structural elements of a selenium are dissolved 
up to a eutectical composition (0 - 10 at. %Ge). The fragments of GeSe2 are dissolved after a 
eutectical composition ( > 10 at. % Ge ). 
 
IV. RESUME 
 
    It is shown, that the chemical equivalent of glasses in relation to reactions them etching in 
different solvents can be used for a valuation of the features a structure of glasses. The results of 
experiments and calculations testify about a microheterogeneous structure of investigated glasses. 
Obviously, in the field of 10 aT. % Ge a eutectic is shown, appropriate to metastable and stable 
diagrams of a state of a systems Ge-Se. 
 


