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FOREWORD 

This report, entitled "Structure of Vapor-Deposited Boron Filaments," was prepared 

under Contract Number AF 33(615)-3140, Research to Study the Structure of Non- 

Crystalline Boron. The contact was initiated under Project No. 7351, Task No. 

735107. The work was performed by the Materials Sciences Laboratory of the 

Lockheed Missiles & Space Company and was administered by the Air Force Materials 

Laboratory. Lt. L. D. Blackburn (MAMP) was Project Engineer until February 1966, 

at which time Lt. W. F. Stuhrke (MAMS) became Project Engineer. This report 

describes work done during the period 1 July 1965 through 1 August 1966. The manu¬ 

script was released by authors on 30 November 1966 for publication as an RTD 

Technical Report. 

« 
This research was conducted under the general supervision of Dr. R. H. Bragg with 

Dr. M. L. Hammond directing the program. The following personnel contributed to 

the research described in this report: • 

X-Ray Diffraction - M. L. Hammond 

P. F. Lindquist 

Electron Diffraction and Microscopy - P. F. Lindquist 

Metallography - W. C. Coons 

A. R. Hansen 

This technical report has been reviewed and is approved. 

Chief, Advanced Metallurgical Studies Branch 
Metals and Ceramics Division 
Air Force Materials Laboratory 
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ABSTRACT 

This report describes the structure of boron filaments vapor-deposited at ~1150°C on 
a tungsten wire substrate. Production and specially prepared filaments were examined 
as were samples taken from the deposition chambers after a filament length was cooled 
there in place. Both the morphology and crystallographic structure of boron filaments 
are described. Boron deposited near 1150 "C possesses a nodular structure typical of 
surface-nucleated, vapor-deposited material having a small crystallite size and no 
preferred orientation. The deposition process results in at least two types of struc¬ 
tural defects: the incorporation of foreign particles in the boron sheath, which cause 
renucleated nodules and conchoidal fracture; and the occurrence of flat radial cracks, 
which produce longitudinal splitting having the appearance of cleavage cracking. The 
core of boron/tungsten filaments consists of an intimate mixture of tungsten borides 
with a crystallite size of approximately 0.1 p. The boron sheath is composed primar¬ 
ily of 10 to 100 Â crystallites of a-rhombohedral boron with some tetragonal boron 
possibly present. Single- and poly-crystalline inclusions of both a- and ß- 
rhombohedral boron, 100 to 10,000 A in diameter, are scattered throughout the 
matrix. No e-ridence of stacking faults or dislocations was found in the micro¬ 
crystalline matrix, but striations, unusual rel-rod effects, and anomalous missing 
reflections were noted in the larger crystallites. Large crystallites of both a and /3 
boron were grown in the microcrystalline matrix by beam heating in the electron 
microscope. In many instances, unequivocal identification of the larger crystallites 
was made by observing several orders of certain reflections in the electron diffraction 
patterns. 
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Section 1 - INTRODUCTION 

1.1 SCOPE OF PROGRAM 

This research program was directed toward characterizing the crystallographic and 

metallurgical structure of the boron produced in continuous filaments. The program's 

primary emphasis was on the following: 

• Characterizing the grain structure and substructure of boron filaments 

t Characterizing the structural aspects of the nodular growth details of boron • 

filaments 

• Characterizing the crystallographic nature of the deposited boron * 

1.2 PROGRAM DIVISION 

The program was divided into two parts: General Structure of Boron Filaments and 

Crystallographic Structure of Boron Filaments. In the first part of the program, 

different batches of Texaco Experiment, Inc. and United Aircraft Research production 

filaments were examined metallographically, by x-ray diffraction, and by transmission 

electron microscopy. In addition, boron filaments deposited under various conditions 

were studied with the above techniques, as were samples taken out of the deposition 

chambers at the end of a production run. Thus, the section on the general structure 

of boron filaments includes examination of various production filaments, filaments 

prepared under different conditions, and filaments at various stages in the production 

process. 

The second part of the program concentrated on the crystallographic nature of boron 

filaments. This section is concerned primarily with theoretical and experimental 

considerations of the crystallographic teatures of boron filaments, as revealed by 

transmission electron microscopy and x-ray diffraction. Variations in crystal struc¬ 

ture, nature of defects, and the effects of heat treatment on the structure of boron 

filaments were considered. 

.... 
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1.3 PROGRAM SUMMARY 

1.3.1 General Structure of Boron Filaments 

Boron iilaments prepared by different production methods, at different deposition tem¬ 

peratures, and at different places in the production process have been examined. All 

production boron filaments were found to consist of a two-phase core of tungsten borides 

approximately 0.0007-in. in diameter with a sheath of vapor deposited boron 0.002-in. 

thick. The core structure cannot be resolved by light microscopy, but x-ray evidence 

is consistent with a boride crystallite size of approximately 0. In. The boron sheath 

or mantle consists of a nodular structure with major and minor nodules typical of sur¬ 

face nucleated, small crystallite size, vapor deposited materials. All the boron depos¬ 

ited between 870 and 1260° C has essentially the same crystallographic structure, 

regardless of substrate, and variations of deposition parai .eters within a broad range 

vary only the morphology. 

Production filaments prepared by both Texaco Experiment, Inc. and United Aircraft 

Research Corp. were uniform over the entire filament length examined but considerable 

variation was possible for different batches of filaments. The Texaco material was 

characterized by: 

• A strongly delineated major nodule structure with some filament lengths 

having a minor nodule structure as well 

• A cusped ring structure; the cusps correspond to the major nodule structure 

and the chamber rings are the result of depositing in several chambers 

• A lower resistance to chemical attack at the chamber ring interface which 

is related to the dominant growth mechanisms 

The surface texture of the United Aircraft Research filament is similar to the Texaco 

material but there are two chamber rings with different morphologies. The United 

Aircraft filament is apparently built up in small waves and the entire structure has a 

chemical reactivity comparable to the chamber ring interfaces of the Texaco material. 



All filaments exhibit two fracture modes: the flat, longitudinal mode which has the 

appearance of a cleavage fracture, and the conchoidal mode. The flat fracture mode 

is caused by flat radial cracks which form near the beginning of the deposition process 

and grow with the filament. These flat cracks are responsible for filaments splitting 

longitudinally. The conchoidal mode is simply a typical brittle fracture nucleated by 

defects, such as foreign particles and the core-sheath interface. 

Filaments deposited at lower temperatures and shorter times tend to have a minor 

nodule structure while high temperatures tend to eliminate the minor nodules. The 

ratio of longitudinal to circumferential dimensions of the major nodules decreases 

with increasing deposition temperature, ranging from 1:1 to 1:3. This and other 

features can be incorporated into a nomenclature system for filaments which includes 

descriptions of the core structure, the sheath structure, and the dominant morphological 

features of the sheath. 

The cores of all B/W filaments react to form various borides, depending upon the 

time and temperature of deposition. Expansions due to boride formation are probably 

responsible for the longitudinal cracks described above. The borides form by radial 

diffusion, and the expansion reaction probably occurs when the first boride to form 

reacts with the tungsten core to form another boride. Phase identification of the first 

boride has not been made because some kind of solid state transformation must occur 

on cooling to provide the intimate two-phase mixture of WgBg and t-WB2(WB4) which 

is observed. This mixture is present in all the fully reacted B/W filaments examined 

in this study. The formula t-WB2(WB4) indicates only that the phases r'-WBg and 

WB. have essentially the same diffraction patterns and cannot readily be distinguished 

by x-ray diffraction. 

A radial temperature decrease of less than 80° C from the core-sheath interface to the 

filament surface was estimated for 0.005-in. filaments. Thus, no structural gradient 

is likely to exist because of a large temperature difference; however, fluctuations in 

local temperature can cause the local variations of crystallite size and crystal structure 

which are observed. 



During the deposition process, the filaments pass through several mercury seals, 

benching the filament in these seals does not appear to affect the structure of the 

filament, but the area of restarted growth is more susceptible to chemical attack. 

Foreign particles picked up in the radial cracks contribute to crack healing, cause 

the formation of re-nucleated nodules in the filaments, and are a source of stress 

concentrations which lower the filament fracture strength. 

1.3.2 Crystallographic Structure of Boron Filaments 

The crystallographic structure of boron in toron filaments was examined by polarized 

light microscopy, and x-ray and electron düfraction. Boron filaments deposited in 

the vicinity of 1150° C do not exhibit optical anisotropy even though filaments prepared 

by electric discharge at low temperature (~300° C) and by vapor deposition at high 

temperature (~1600° C) can be optically active. Because there are no reported cubic 

polymorphs of boron, the lack of optical activity indicates a crystallite size below 

the resolving power of the light microscope and a lack of preferred orientation. 

The characteristic diffraction pattern from the boron sheath consists of six or seven 

broad halos. The three strongest halos can be observed quite easily by x-ray diffrac¬ 

tion, but the others are usually found only in electron diffraction where the Lorentz- 

polarization factor is essentially constant. The electron diffraction technique has the 

additional advantage of sampling very small areas. Both electron and x-ray diffraction 

give equivalent data in terms of the number of halos observed, approximate relative 

intensities corrected for the Lorentz-polarization factor, and crystallite size. As- 

received filaments, filaments ground for 30 minutes in a B4C mortar and pestle, and 

filaments thinned chemically or electrolytically give essentially the same diffraction 

patterns. The diffraction evidence obtained in this study is consistent with a small 

crystallite size (~30 A) defect a-rhombohedral boron with some tetragonal boron pos¬ 

sibly present. The halo intensity data definitely rule out a liquid-like amorphous 
structure. 



I 

No evidence of grain boundaries, dislocations, or stacking faults was found in trans¬ 

mission electron microscope studies of thinned or ground filament. The structure of 

vapor-deposited boron consists of a finely textured matrix with occasional embedded 

particles 100 - 10,000 Â in diameter. The occasional particles are usually identifiable 

as a- or 0-rhombohedral boron and the matrix consists predominantly of defect a- 
o 

rhomohedral boron with a crystallite size range of 10 - 100 A. The crystallite size 

distribution was estimated from texture dimension measurements at very high mag¬ 

nification and by narrow beam diffraction experiments which examined areas as small 
• o 

as 200 A X 200 A. The halos were identified as a-rhombohedral boron with some 

tetragonal boron by comparing the halo positions with the powder patterns for the 

established boron polymorphs. Further proof for the presence of a-rhombohedral 

boron was obtained from beam heating experiments. Direct observation of recrystal- 

lization to form 1500 A crystallites of a-boron was made and this reaction occurred 

at the lower temperatures developed during the beam heating. Further heating led to 

the formation of 0-boron crystallites as well. Heating the filaments under a partial 

4 pressure of argon at 1050* C for 15 hours did not cause recrystallization or growth of 

the small crystallite matrix, but brought the intensity distribution of the halos into 

closer agreement with the a-boron powder pattern. 

» 
Long rel-rod effects were found for several orientations of pure, ground 0-rhombohedral 

boron, in a- and 0-boron crystallites (~lp diameter) formed during deposition, and 

during beam heating. Accompanying these long rel-rod effects were consistently mis¬ 

sing reflections which made indexing of the spot patterns very difficult. On occasion, 

so Tie of these missing reflections were present but were much weaker than expected. 

Because of the large number of reflections and the unusual systematic extinctions, 

each indexing scheme had to be verified ky chocking both d-spacings and Interplaner 

angles. 

» 
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Section 2 - MATERIALS FOR PROGRAM 

The following materials were obtained via Lt. L. D. Blackburn and Lt. W. F. Stuhrke 

of the Air Force Materials Laboratory: 

• Two high-purity polycrystals of /3-boron supplied by Leytess Metal and 

Chemical Corporation (material to be referred to as crystalline /3-boron*) 

• A 113-ft-long roll of Texaco Experiment, Inc, Run 071183 having a tensile 

strength of 478 ksi* 1% as measured by Texaco Experiment - 416 ksi ±25% 

by outside source (material to be referred to as Texaco-3) 

• Sixty-eight 18-in. lengths of boron filament taken from one continuous length. 

Material supplied by Texaco Experiment, together with a table listing the 

tensile strength for each length (material to be referred to as Texaco-cr) 

• Nineteen samples of specially prepared filaments from Astro Research 

(material to be referred to as Astro-A-16- ) 

• Two boron production tailings each consisting of a length of filament removed 

from the deposition chambers at the conclusion of a production run with the 

important parts of the deposition process, such as the ends of the deposition 

chambers, marked on the filament (material supplied by F. E. Wawner of 

Texaco Experiment, Inc. ) 

Other material acquired for this contract: 

• A quantity of supposedly amorphous boron of unknown origin 

• A 100-ft-long roll of boron filament from Texaco Experiment, Run 030273, 

Test 1333, Package No. 3 (material to be referred to as Texaco-6) 

• One sample of a-boron 10 n thick and 1 cm on a side, deposited on a silicon 

single crystal substrate (material supplied by E. T. Peters of Man Labs. 

Inc. ) 
• Samples of boron filament of unknown origin supplied through the LMSC 

Sunnyvale facilities (materials to be referred to as Texaco-1) 

• A quantity of 99% "crystalline" boron from Shield-Alloy Corporation 

♦Throughout this report, when a- or 0-boron is mentioned, it is understood that a- 
and /3-rhombohedral boron is meant. The structure of a- and 0-boron is discussed 
in Section 4.1.1. 



A sample of boron filament from United Aircraft Research having a filament 

strength of approximately 370 ksi 
A sample of reactive elemental boron powder prepared by flame pyrolysis 

(material purchased from Gallery Chemical Corp. ) 
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Section 3 - GENERAL STRUCTURE OF BORON FILAMENTS 

3.1 INTRODUCTION 

This section is concerned with general observations on the structure of boron examined 

by metallography, x-ray diffraction, and transmission electron microscopy. Experi¬ 

mental methods are described in detail. Production filaments prepared by Texaco 

Experiment, Inc. and United Aircraft Research were studied, as were filaments pro¬ 

duced under various conditions of temperature and exposure time. 

In addition, the growth of boron filaments was studied by examining samples taken 

from the deposition chambers after the filament had been allowed to cool in place. 

Each of these items is discussed in the following sections. 

3.2 EXPERIMENTAL TECHNIQUES 

3.2.1 Metallographie Preparation of Boron 

Information regarding the preparation and etching of boron for microscopic study is 

quite meager. Ellis (Ref. 1) conducted studies to develop useful etches that would 

(1) clean the surfaces; (2) reveal crystal boundaries, twin planes and single crystal 

areas in polycrystalline material; (3) assist in sample orientation; and (4) assist in 

the study of crystal defects. No information was Liven regarding the mounting, 

grinding, and polishing procedures. The etchants proposed were H2SC>4 at 300° C 

(570° F) for 10 min, and a mixture of 1 Na2B407 to 1 KNOg by weight at 620° C (1148° F) 

for 1 min. While some details of microstructure were revealed by these etchants, 

the results were not considered sufficiently good for detailed microscopic study at 

high magnifications. Furthermore, etching in solutions at such high temperatures 

is quite difficult, inconvenient, and not always reproducible. 

In this study of boron filaments, a combined polishing and etching procedure was 

developed which easily and very clearly revealed the structures of boron. 
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Procedure. So-called "amorphous boron" and crystalline 0-rhombohedral boron are 

extremely hard, and it has been reported {Ref. 2) that boron will scratch sapphire. 

Thus, samples of boron must be mounted in a manner which will not unduly fracture 

the material, nor permit excessive rounding of the edges during polishing. 

Mounting of filament cross sections is performed in the following manner: 

1) A small hole, 11 to 13 mils in diameter, is drilled 1/8 in. off center 

through a 3/8-in. thick disk of linen-phenolic 3/4 in. in diameter. In addition, 

a much larger hole is drilled in the center to be uced as a reference 

marker. 

2) This hole is filled with finely ground, red bakelite and a length of boron 

filament is inserted about half way through the hole. Usually this must 

be performed under a stereomicroscope. 

3) A layer of finely ground, red bakelite is placed on the bottom platen of the 

mounting mold, the linen-phenolic specimen configuration is gently placed 

on top of the bakelite layer, and the mounting mold sleeve is put in place 

around the entire assembly. 

4) Additional ground bakelite is then added to cover the sample amply. 

5) Unground bakelite is added to make a mount about 3/4-in. high. 

6) Minimum pressure is applied to the mold (100 psi max) during the first 

5 min of heat-up. After 5 min the pressure is increasea slowly until maxi¬ 

mum (4200 psi) is reached and the rest of the curing is then allowed to go to 

completion. When curing is finished (12-13 min total time si rating with a 

cold heater) the specimen is allowed to cool for 10 min under pressure, at 

which time it can be removed. 

7) The sample is ground on 120 or 240 grit SiC wet or dry paper until the speci¬ 

men is revealed. Grinding is then performed on 600 grit until most of the 

chipping and spalling caused by the coarse grind is removed. It should be 

noted that because of the extreme hardness of the material, SiC will not grind 

a filament cross section flat. 



8) Initial polishing is performed by inserting the specimen into a 240-gm weight 

and placing it on the dull surface side of slipper satin onto which Ip diamond 

has been applied. Polishing proceeds until the sample is flat. 

9) Final polishing can be performed in two ways: 

a. On "Microcloth1' using a slurry of "Cer-Cre"* metallographic polishing 

abrasive to which a small amount or a 10% solution of chromic acid 

has been added (time of polish ~ 2-4 min). 

b. On "Microcloth" using a slurry of "Cer-Cre" metallographic polishing 

abrasive to which a small amount of an NaOH etch has been added (10 

gm NaOH, 30 gm K^Fe(CN)6, 150 ml HgO). 

Procedure (a) will lightly etch the tungsten boride core but will have no 

apparent chemical effect on the boron. Procedure (b) will severely attack 

and remove the core material, and have an etching effect on the boron. The 

degree of etching or attack of the boron will depend on the amount of the 

NaOH-K3Fe(CN)6 solution that is used. 

The surfaces of boron filaments were photographed under oil immersion at 3000X to 

reveal surface texture. 

3.2.2 X-ray Diffraction Techniques 

The x-ray diffraction techniques are divided into two types: Debye-Scherrer techniques 

and diffractometer methods. 

The Debye-Scherrer techniques consisted of mounting a sample filament at the center 

of either a 114.6 mm or 57.3 mm Debye-Scherrer camera and exposing with appro¬ 

priate radiation, normally Ni-filtered CuKck radiation. In two instances, crystal 

monochromatized CuKa radiation was used to eliminate any uncertainty about con¬ 

tribution to the Debye-Scherrer patterns from unwanted radiations. The patterns 

obtained using crystal-monochromatized radiation had a clearer background but were 

♦Metallographic Supplies and Services, 565 Arastradero Rd., Apt. 204, Palo Alto, Calif. 



not fundamentally different from those obtained using Ni-filtered Cu radiation. There¬ 

fore, to take advantage of the higher intensity, Ni-filtered Cu radiation was used in 

the Debye-Scherrer studies. The line positions on the Debye-Scherrer films were 

usually read with transparent d-spacing cards, but in some cases the broad peaks 

were scanned with a microphotometer. Precision film reading to 0.26 20 was used 

occasionally, as noted in appropriate sections of this report. 

Boron filament samples for the diffractometer were prepared by placing three layers 

of filaments across a picture-frame sample holder which was notched to hold the 

filaments parallel to and symmetrically about the diffractometer axis. Boron powder 

samples were simply packed by hand in a holder 3 mm thick. Both point counting and 

step scanning methods were used to obtain the intensity data. The step scanned data 

were obtained through the courtesy of Dr. D. K. Smith of the Lawrence Radiation 

Laboratory on a Norelco diffractometer, and the point counted data were obtained on 

a General Electric XRD-5 diffractometer in the LMSC laboratories. Data were taken 

either with filtered Cu or CrKa radiation. The Cr radiation was used to obtain 

maximum resolution. 

3.2.3 Electron Microscopy Techniques 

Specimens of vapor-deposited boron filaments were prepared for transmission electron 

microscopy by two methods: grinding and direct thinning. Tbe grinding technique was 

also used to study the structure of pure /3-rhombohedral boron. 

Grinding. The specimen to be ground was placed in a boron carbide mortar. Grinding 

was performed in pure ethanol, and the suspended particles were picked up on a pure 

carbon substrate. The ethanol evaporated quickly, and the specimen was immediately 

placed in the microscope. Grinding time was generally 30 minutes. 

TMnninfr The first attempts to thin the filaments directly were made by electro¬ 

polishing. A length of filament, held by a pair of tweezers, was dipped in and out of 

a solution consisting of 10 gm NaOH, 100 ml HgO, and 100 ml glycerine, using 20 

vdc applied voltage. It was found that nearly all the current was conducted along the 

... 
<> 

W. 
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boride core; when the core was eaten away, the current usually dropped about two 

orders of magnitude. Thinning was accelerated considerably at temperatures above 

70° C, and the filaments usually thinned nonuniformly, the thinnest section occurring * 

about 2 mm back from the tip. 

During the course of the metallographic studios, it was discovered that the filaments 

could be thinned chemically at room temperature in a solution consisting of 10 gm 

NaOH, 35 gm K3Fe(CN)6, 150 ml HgO, diluted 10:1 inHgO. This solution dissolves 

the boride core almost immediately, and attacks the boron sheath at a slower rate. 

After this discovery, the electropolishing experiments were discontinued. 

When lengths of filament were placed in a shallow dish containing the K3Fe(CN)g solu¬ 

tion, they were often found to split longitudinally. This splitting was very desirable 

in the preparation of thinned specimens for microscopy, since the core was completely 

removed and a flat strip of pure vapor-deposited boron remained. 

The thinned filament specimens were removed from the solution just before complete 

dissolution, rinsed in distilled water, and transferred to a petri dish containing 

ethanol. A piece of thinned filament about 2 mm in length vas sandwiched between 

two 75-mesh copper grids while still immersed in the ethanol, and the two grids were 

then lifted out of the ethanol, drained on filter paper, and mounted in the specimen 

holder. This technique was found to be very satisfactory for studying the structure of 

as-deposited filaments. 

3. 3 STRUCTURE AND PROPERTIES OF TUNGSTEN BORIDES 

The primary purpose of this investigation was to study the crystallographic structure 

of boron in boron filaments. It has been shown by several investigators thac boron 

filaments which are prepared on a tungsten wire substrate consist of a boron sheath ^ 

and a core of tungsten borides. Therefore, he description of boron filaments cannot 

be complete without some information on the structure of these borides. 

12 



The structure of tungsten borides was first studied in detail by Kiessling (Ref. 3). 

Hiis work and that of others has been reviewed by Samsanov (Refs. 4 and 5), Rudy and 

St. Windisch (Ref. 6) and Post (Ref. 7). Table 1, taken primarily from the summaries 

by Rudy (Ref. 6) and Samsanov (Ref. 4) gives the lattice constants, and calculated and 

observed density values. 

In some of the initial examination of B/W filaments at Texaco Experiment, Inc. it 

was found that the observed diffraction lines from B/W filaments could not be indexed 

satisfactorily using the established crystal structure data (Ref. 8). The initial indexing 

led to the conclusion that normal production filament contained a core of WgBg (aQ 

= 2.98À, cq = 13.87 A), in accordance with the structure determined by Kiessling, 

and a new hexagonal phase WB_ with a = 5.19A, c = 6.31 A. Table 2 (Ref. 8) shows 

the average d-values obtained by the Texaco reseai chers arranged according tr their 

indexing. This phase will be termed the t-WB2 phase to distinguish it from the other 

reported WBg phases listed in Table 1. 

Based on the appearance and splitting of certain diffraction lines, the Texaco study 

tentatively concluded that the reaction process starts with WB2 with a small amount 

of Ô-WB possibly present. After some fairly short reaction time, W2B5 forms and 

coexists with t-WB2 and the lines corresponding to 6-WB disappear. In a later 

paper, another WB2 compound was reported by the Texaco workers (Ref. 9). 

In summary, there are several tungsten borides which have been studied in the pure 

form or as mixed phases. The structural data based on compounds prepared by powder 

reaction or fusion agree fairly well; however, indexing the tungsten boride diffraction 

patterns obtained from boron filaments has not been adequately resolved. The indexing 

scheme proposed by the Texaco researchers is favored, by the authors until more 

definitive studies are made. However, the chemical composition of r-WB„ is open 



Table 1 

STRUCTURE OF TUNGSTEN BORIDES 



a^Data taken from Ref. 8 
^Intensities of the diffracted beam, 1 are relaUve 

VS, very atroag; S, strong; M, medium; W, weak; VW, very -eak.VVW. very,very 
weak; Br indicates that the observed lines were broad. 

(c)d is lhe interplanar spacing in angstrom units. 

^HKiL represents the Miller indices. 
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to question because, with the exception of one low intensity line at 4.48A, the 

Chretian-Helgorsky WB^ phase (Refs. 6, 11) has essentially the same diffraction 

peaks as that suggested for t-WB2 . In this report, the diffraction pattern corre¬ 

sponding to t-WB2 and WB4 will be ascribed to a phase labeled t-WB2(WB4) and not 

identified any further. 

To facilitate indexing tungsten boride lines, Table 3 was prepared in which the various 

x-ray data are tabulated. These data were used to index the sharp diffraction lines 

observed from B/W filaments. 

Note added in Proof - According to Wawner of Texaco Experiment, Inc.*, the phase 

t-WB2 probably has the chemical formula WBg. Its hexagonal symmetry and lattice 

constants have been confirmed by Galosso et al. at United Aircraft Research (Ref. 21) 

but the chemical formula is still in doubt. One indication that the t-WB2 phase is a 

higher boride (say WBg) is Wawner's observation (Ref. 8) that the T-WB2 Phase 

survive in boron filaments heated to ~ 3700 °F but the W2B5 P*^86 is l°8t" The excess 

boron present would probably cause the formation of a higher boride. 

3.4 OBSERVATIONS ON MISCELLANEOUS BORON AGGREGATES 

Several different boron samples were obtained for examination in addition to the boron 

filaments. These samples are listed in Section 2. 

Hie high purity crystals of /9-boron were found to be large-grain boron polycrystals 

with fairly heavy twinning. To determine if any planes of easy cleavage existed, a 

crystal was struck with a hammer prior to mounting. Figure 1 is a low magnification 

photograph of a polished section of the 0-boron polycrystal. Twinning, grain boundaries, 

and cracks are numerous. The cracks do not seem to follow any planes of easy cleavage, 

and curved fracturo planes are common. Thus, curved or conchoidal fracture is 

possible even in crystalline 0-boron. High magnification views of the 0-boron polycrystal 

♦Private Communication with Frank Wawner, now at the Materials Science Department 
of the University of Virgina, Charlottesville, Va. 



ía) AS TM Card 4-0810 

(h) AS TM Card 6-0591 

<c) AS TM Card 6-0635 

(d) AS TM Card 6-0541 

(e) Ref. 8 
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LOCKHEED MISSILES & SPACE COMPANY

I
i
1

1

s
I



are given in Fig. 2. Here, grain boundary and twin interactions are shown, as are 

possible dislocation etch pits. The /3-boron showed definite optical anisotropy, as 

shown in Fig. 39 of Section 4.2.2 where the optical activity of boron filaments is 

discussed. Diffractometer scans and back-reflection Laue photographs of the boron 

polycrystals showed random Intensity variations typical of a large-grain sample. 

A diffractometer scan of the amorphous boron powder of unknown origin contained 

most of the diffraction peaks of /3-rhombohedral boron. Because its diffraction 

pattern was different from that of boron filaments and its origin unknown, this sample 

of boron was not studied any further. 

The sample of 10-M thick a-boron deposited on Si was lost during an extraction attempt 

and hence no examination of the boron alone could be made. Preliminary diffraction 

patterns of the boron deposited on the Si showed only Si lines. Metallographie examina¬ 

tion of the Shield-Alloy crystalline boron showed that it is extremely hard and consists 

of large grains. A second phase with a rectangular appearance was observed which 

is probably B4C produced during arc-melting. The production methods of the Shield- 

Alloy boron were not available, and no further examination of this material was made, 

either. 

Debye-Scherrer patterns obtained from Gallery boron with Ni-filtered Cu radiation 

showed two broad maxima, one extending from 2.4 to 4.4A and the other from 1.3 
0 

to 1.45 A. The relevance of these data to the structure of vapor-deposited boron 

filaments is discussed in Section 4.3.1. 

3.5 STRUCTURE AND PROPERTIES OF PRODUCTION BORON FILAMENTS 

3.5.1 Material Examined 

This section is concerned with the general structure of production boron filaments. 

The materials examined in this section are the production boron filaments Texaco-1, 

-3, -6, -a, anda sample of United Aircraft Research production filament. The 



Fig. 2 Bulk/î-Boi.*on Showing Twinning, Grain Boundaries, and Ptossibly 
Dislocation Pits. Polished and Etched Simultaneously. P-890 and 
P-891; 3000 X. 
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material referred to as Texaco-3 was divided into 10-ft segments and examined for 

structural variations along its length. The Texaco-a filament segments were divided 

into three strength categories, as described below, and three samples in each category 

were examined to determine if general structural differences were responsible for the 

strength variations. The Texaco-1 and -3 and the United Aircraft filaments were 

examined for comparison. 

3*5,2 Pr°P€rt> Variations 

All boron filaments have a variation in strength along their length, the quality control 

data frequently giving the average strength with some coefficient of variation. One 

set of samples (Texaco-o) was supplied with tensile strength data at 18-in. intervals 

along the filament length. The tensile strength data for the 68 lengths of filament were 

plotted both as a frequency distribution and according to location in the original filament 

length. There was no correlation of high or low strength with position; the low strength 

values occurred at random along the entire filament length. Figure 3 shows the 

frequency distribution of strength. As may be seen, the strengths lie in three ranges: 

high (489 - 593 ksi), medium (387 - 489 ksi), and low (249 - 283 ksi) strength. This 

division of properties formed the basis of selecting samples from the Texaco-a material. 

The predominance of high breaking strengths is typical of boron filaments and similar 

results have been reported by other investigators (Refs. 13 and 14). Wawner (Refs. 14 

and 15) has shown that different defects are responsible for the different strength 

levels and he has characterized these different defects. 

3.5.3 Metallographie Observations 

The metallographic features of Texaco Experiment, Inc. and United Aircraft Research 

production filaments are described in this section. In addition, some examples of 

defects anu fracture modes are given. 
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Fig. 3 Frequency Distribution of Strength in Texaco-o Boron Filarae„t 
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3. S. 3.1 Texaco Experiment Production Boron Filaments

Figures 4 througb 7 are idiotograjAs of various Texaco production filaments. The 
f<inTn«.nta are labelled Texaco-6, -1, and -3 to indicate the number of chamber rings, 
and the -<r denotes that breaking strength data were supplied with this particular fila
ment length. The Texaco-6 and -1 filaments represent early efforts in the production 
of filaments.

The structure of Texaco-6, shown in Fig. 4, consists of relatively large major nodules 
with no minor nodules. The chamber rings in the cross section view show that the 
filament was produced in six deposition chambers. This cross section also shows 
cracks, which have been widened by etching, and the presence of radial lines, which 
correspond with the nodules in the surface photograph.

The Texaco-1 filament, shown in Fig. 5, differs considerably from the other fUamaits.
It has no chamber rings; however, the cross section shows a wavy etchii^ effect vhich 
is probably due to variations in structure which occurred because of variations in the 
local tompornfaire and pressure. The surface of Texaco-1 contains both major and 
minor nodules; in general, the surface is quite rou^.

The Texaco-3 filament was divided into 10-ft segments to determine the structural 
consistency along its length. Both surface and cross section examinations were made 
and no variations were noted along the entire 113-ft length. The surface and cross 
section views presraited in Fig. 6 are quite representative of the Texaco-3 filament, 
this fUament being representative of some of the production material made during 1965 
at Texaco E3q>eilment, Inc. The major nodules are readily apparent and there is a 
minor nodule structure with about six minor nodules in each major nodule. The cross 
section reveals differences in the chamber ring thicknesses with the thickness decreasing 
away from the center of the filament. The grainy texture in the outer ring probably 
indicates a greater degree of nucleation during its growth; the presence of a minor 
nodule structure may also indicate a hi^er nucleation rate.

-



Fig. 4(a) Surface of Texaco-6 Filament. M9005, 3000x

I
..3i

Fig. 4(b) Transverse Cross Section of Texaco-6 Filament. M9541. llSOx



Fig. 5(a) Surface of Texaco-1 Filament. M9013. 3000x

Fig. 5(b) Transverse Cross Section of Tc‘xaco-1 Filament. M9.'557. ll.■>(^



Fig. 6(a) Surface of Texaco-3 Filament. P1085 . 3000x

Fig. 6(b) Transverse Cross Section of Tcxaco-3 Filament. P1821. 2000x



Fig. 7(a) Surface of Texaco-cr Filament. P1166, 3000x

Fig. 7(b) Transverse Cross Section of Texaco-ff Filament. P1820, 2000x
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The Texaco-a filament was divided into groups according to the breaking strength 

observed in a 1-in. gage length every 18 inches along the filament length. Three 

strength categories were recognized: high (489 - 583 ksi), medium (387 - 489 ksi), 

and low (249 - 283 ksi) strength. Three samples from each of these strength categories 

were examined for structural variations which might be related to the variations in 

strength. There were no variations in the structure for any of the categories, and it 

was concluded that the strength variations were the result of random defects in the 

structure similar to those reported by Wawner (Refs. 14 and 15). The typical structure 

of the Texaco-a filament, also prepared during 1965, is shown in Fig. 7. There is no 

minor nodule structure in this filament and the cross section etches uniformly flat 

across all three chamber rings. As will be demonstrated in Section 3.5.3.3 and 3.6, 

the lack of minor nodules is at least partly the result of higher deposition temperatures. 

Figure 8 contains a high magnification view of the core of the Texaco-6 material; its 

structure is common to all production filament examined in this study. There are 

no sharp boundaries denoting different phases; however, all x-ray diffraction evidence 

indicates the presence of at least two phases, t-WB2(WB^) and Photomicro¬ 

graphs shown in later sections demonstrate that the core is formed by radial diffusion 

with an additional phase transformation during cooling. 

3.5.3.2 United Aircraft Research Production Boron Filament 

The structure of a United Aircraft Research boron filament is presented in Figs. 9 and 

10. The surface texture is typical of a higher temperature deposit in that it has no 

minor nodules. The unetched cross section shown in Fig. 9b contains two radial cracks 

which are straight for approximately three-fourths of the boron coating thickness before 

changing to curved cracks. The core is fully reacted, as is typical of production fila¬ 

ments. An etched cross section in Fig. 10 reveals that the United Aircraft Research 

filament differs considerably from the Texaco filament. Here, the United Aircraft 

filament is seen to consist of an Inner ring with a faint ring pattern and an outer sec¬ 

tion which is heavily ringed. The radial lines again correspond to the n.ajor nodules 



Fig. 8 Core Structure of Texaco-6 Boron Filam^t. 
M8425 , 3000X



Fig. 9a Surface of United Aircraft Research Boron Filament. P4544, SOOOx

Fig. 9b Unetched Iransverse Cross Section ol united
Aircraft Research Boron Filament. P2418, lOOOx

♦
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Fig. 10 Etched Cross Section of United Aircraft Research Boron Filament. 
P2614, 1550X



as is the case with the Texaco filament * 
t ri * inner ring structure is apparently due 
to deposition at a fairly uniform rate whil«> tho □<> a 

faster .nrf,. „ e Whlle ,he 8econd must be deposited at a mu^h 
as uniform rate. Gas pressure waves and local temperature variations 

probably account for the heavily ringed structure. 

~ ! aCiUOn °n UnÍted m*mmt 18 severe than for the Texaco 

filam a,18 C°mParahle 10 at the *** interfaces of the Texaco 

t“0"3-5-3-3-1,118 ^88^8^ ‘“d— - - -- r“'“r;r ”whichi8 - -— 
3.5.3.3 Defects and Fracture Modes 

several defects occur during the growth of boron filaments. Some of these defects are: 

• Areas where nucléation predominates over growth 

. Radial - longitudinal cracks which occur as the result of core expansion 

and differential thermal expansion during production 

• Solid iber T deV<>lop 88 8 r88ult °f dePosition in several chambers 
impuriUes which are picked up at the chamber ring interfaces from 

the mercury seals 

• Areas of excessive growth at one point due to the presence of a large 
nucléation site 

Fisire 1 shows a longitudinal tapered section in die Texaco-6 filament. The important 

entures to be noted here are the cell structure in each ring-layer and the difference in 

egree of etching at the chamber ring interfaces as compared with the central 
portions of the chamber rings. 

A large nodule which formed by excessive growth Is shown In Fig. « The nodule 

retains its continuity throng al, six chamber rings rod this continuity of „0“ 

common, as shown in th, cross section views of Figs, 4 - 7 and Fig 12. 
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Fig. 12 Longitudinal Cross Section of Texaco-6 Filament. Core 
Removed During Polishing. Note Growth Continuity From 
Center to Outside as Indicated by Arrows. P-1104; 800x.
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large nodule la shown ln Fig. 13. Here, the foreign particle Is visible in one photo¬ 

graph and has been removed by etching In the second photo. The method by which Ute 

nodule structure continues through the chamber rings is demonstrated quite clearly 

in ftese photographs. The original nodules occur as the result of surface roughness 

on the substrate, and Wawner (Hef. 14) has shown that a single scratch on a tungsten 

P ate will produce a row of nodules when boron is vapor deposited onto the plate As 

shown in Fig. 9, and elsewhere, the original tungsten wire is deeply scored with 
scratches from the wire drawing die and eanh nf „ * » 

aie- each these scratches results in a set of 
nodules by the mechanism described by Coffin (Hef. 16) and Dietendorf (Ref. 17) 

leation occurs at closely spaced points over the entire surface, with the initial 

grow eing microscopic and hemispherical. Interference of the microscopic spheres 

leads to a uniformly advancing surface which follows the contour of the substrate 

surface^ Growth on a surface protrusion or foreign particle, as described by Coffin 

(Ref. 6) and Dietendorf (Ref. 17), produces abnormal nodules which are the result 

o ra ial growth away from the surface protrusion impinging on the growth from the 

flat portion of the substrate. The major boundary separa,mg this abnormal nodule 

rom the rest ol the deposit is developed at the concavity surrounding the surface 
protrusion. 

The development of a normal major nodule boundary is depicted schematicaUy in 

Fig. 14. uniform growth occurs until tee thickness of tee deposit is eqmfl to tee 

radius of the concavity. Impingement occurs with increasing growte, a major nodule 

oun y emg formed at the center of the concavity. Uniform spacing and shape of 

tee surface irregularities wiU lead to uniform major nodule structure, and reducing 

the severity of irregularities will reduce the surface curvature of the major nodules. 

As will be shown in Section 3.6, minor nodules occur at tee lower temperatures and 

longer exposure tbnes. A. tee high temperatures, surface diftoslon is rapid and tee 

nodule Will seek a minimum surface area. At the lower temperatures, slight local 

fluctuations such as gas-phase nucléation (Ref. 18) can promote nucléation at a few 

points on tee major nodule surfaces and the lower surface diffusion rates will not 

permit these small protrusions to smooth out. The net result is a minor nodule 
structure within the major nodules. 
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Fig. 14 Development of Major Nodule Boundary. (Major boundary forms at the 
center of a surface concavity by growth impingement) 
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The growth mechanisms described here apply equally well to all vapor deposited 

materials with a small crystallite size. Some examples are pyrolytic graphite, 

some forms of pyrolytic boron nitride, and silicon carbide filaments. In systems 

where large grains are formed, such as boron deposits at high temperature (Ref. 21), 

or metal deposits (Ref. 17), other factors determine the growth morphology. 

Boron filaments do not seem to be capable of plastic deformation at room temperature; 

however, arelastic deformation near room temperature has been reported by Feingold 

et al. (Ref. 13) and at high temperatures by Hammond (Ref. 19). At least two modes 

of fracture at room temperature can be distinguished for boron filament: conchoidal 

fracture and apparent cleavage. Both of these modes are shown in Fig. 15, which is a 

fractograph of a sliver taken from a filament broken by hendw The broad, flat 

fracture plane intersecting the core and lying parallel to its axis has the appearance of 

a cleavuge fracture while the conchoidal fracture is evident from the specular reflec¬ 

tion of light from the curved surfaces just below the depth of focus. As will be demon¬ 

strated in Section 3.7, the apparent cleavage fracture is the result of a crack which 

forms at the beginning of the deposition process and grows radially during most of the 

deposition process. The conchoidal fracture is typical of many brittle materials, 

including crystalline 0-boron (see Section 3.4), and in boron filaments, it is generally 

nucleated by defects caused by foreign particles or by the boron-boride interface 

(Refs. 13, 14, 15, and 19). 

TTie two modes of fracture are again seen in Fig. 16, which is a cross section of the 

Texaco-6 filament. The radial crack is perfectly straight and passes through the 

geometric center of the filament while the other cracks are not straight and do not 

necessarily pass through the center. The six chamber rings of Texaco-6 are 

visible in Fig. 16 and the increased chemical attack at the beginnings of the chamber 

rings is clearly shown. Continued etching of the cross section in Fig. 16, shown in 

Fig. 17, further indicates the enhanced chemical attack at the chamber ring inter¬ 

faces and also reveals the presence of the radial line structure which corresponds to 

the major nodules. Finally, Fig. 18 demonstrates the effect of very heavy etching 
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: i M-7279 500x

Fig. 15 Fractograph of Boron Sliver from Boron Filament



M-yoii iioox

Fig. 16 Cross Section of Texaco-6 Treated to Show Growth Rings



;

LMSO894U0t<

!

M-'fOl:' lloOX

I V Fig. 17 Same Cross Section as Fig.l6 Treated to Show Radial IJnes 
Associated With Inner Noclules



M-9000 2500X

Fig,18a Same Fiber as in Fig. 17 Treated to Show Ntnlular 
Growth Ring Surface. Bright Field

fk.
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M-9001 2500X

Fig. 18b Same Field as Fig. 18a. Polarized Light 
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on the chamber ring interface. This figure also demonstrates that boron filamento do 

not show optical anisotropy even though there are no cubic polymorphs of boron (Ref. 

20). This lack of optical anisotropy is discussed further m Section 4.2,2. 

3.5.4 X-ray Diffraction Observations 

Debye-Scherrer films have been obtained from nine samples of the Texaco-a material 

(three each of high, medium, and low strength), from eight samples of Texaco-3, taken 

at 10-ft intervals along the 100-ft length, and from one sample each of the Texaco-6 and 

-1 material. All the patterns were obtained with Ni-fíltered Cu radiation in a 114.6 mm 

camera. Comparison of all the patterns showed that there are no significant differences 

among the samples and that the patterns are typical of boron filaments. Line widths 

of the boron halos were not measured, and the line widths of the boride lines were 

generally comparable to the instrumental broadening. The line breadths of the boride 

lines are thus commensurate with a boride crystallite size greater than 0. Ip, which 

compares favorably with the speckled structure in lightly etched cores observed at 

3000X. The diffraction patterns were consistent with a mixture of W, Br and r-WB_ 
4 D 6 

(WB^), as described in more detail in Sections 3.6 and 3.7. 

3.5.5 Electron Microscopy 

Electron microscope examinations were made on several production filaments; how¬ 

ever, the interpretation y.' the data obtained from this portion of the study is best 

discussed later, in Section 4.4. In brief, the conclusions of that section are that all 

production filaments consist primarily of defect a-rhombohedral boron having crys- 
o 

tallite sizes in the range 10 - 100 A. Occasional small regions of large crystallite 

size o- and /3-boron occur in the as-deposited filament, but their volume does not 

exceed a few percent of the total. The presence and distribution of the large crys¬ 

tallites is variable within a given filament, and no particular correlation was noted 

for the various filaments which were examined, It might be expected that the filaments 

deposited at higher temperatures would have a larger fraction of large crystallite size 

* 
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material as compared to filaments deposited at lower temperatures; however, no 

evidence of this was found. The nature of transmission electron microscopy is such 

that only extremely small volumes of material are analyzed and small differences in 

material structure are difficult to discern if there is a wide variation within a given 

material. Some experiments to study the possibility of variations related to gross 

deposition parameters are suggested in Section 5. 

3.5.6 Summary of Structure of Produeüon Filaments 

Samples of tungsten-core production filaments from Texaco Experiment, Inc. and 

United Aircraft Research were examined. In all cases, the tungsten core was fully 

reacted to form an intimately mixed two-phase region of r-WBJWB.) and W B_ with 
¿ rk ¿ O 

crystallite size greater than 0. ip. The morphology of the boron sheath depended 

upon the production method, but the crystallographic nature of the boron seemed to 

be independent of the manufacturing method. All of the vapor-deposited filaments 

examined in this section lacked optical anisotropy under polarized light, and all had 

straight radial cracks which are related to the production process. The dominant 

features of the Texaco production filaments were: 

• The high degree of uniformity of structure throughout a filament length 

• The variation in strength brought about by random defects in the filament 

• The wide range of morphologies produced under different conditions and in 

different production lengths 

• The presence of growth nodules with and without minor nodules 

• The presence of chamber rings caused by stopping and restarting the growth 

at mercury seals at the end of the deposition chambers 

• The continuity of growth nodules across the chamber ring interfaces 

• The cusped structure at the chamber ring interfaces anc the radial lines 

revealed by polish-etch-buffing which correspond to the major nodule structure 

• The strong chemical attack which occurs at the chamber ring interfaces 

• The flat, longitudinal mode and the conchoidal mode of fracture 
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The United Aircraft Research boron filament was similar to the Texaco filaments except 

as viewed in transverse cross section. Instead of several chamber rings, the structure 

consisted of two rings, the inner ring having a normal appearance and the outer ring 

having a wavy texture. The growth nodules continue from the substrate to the filament 

surface, but the resistance to chemical attack is comparable to that at the chamber ring 

interfaces of the Texaco filament. This increased chemical attack led to the hypothesis 

that gas-phase nucléation occurred in the United Aircraft process while surface 

nucléation dominated in the Texaco process. 

Electron microscopy demonstrated that boron deposited on W substrates in the vicinity 

of 1150*0 consists primarily of a-rhombohedral boron with a crystallite size range of 10- 

100 A. Occasional areas of large crystallite size a- and /?-boron are also present and 

are the result of random fluctuations in the deposition conditions. 

3’ 6 CONDITIONS °F FILAMENTS ^POSITED UNDER VARIOUS 

3.6.1 Material Examined 

The production filaments described in the previous section were prepared under con¬ 

ditions which were optimized by observing mechanical properties. To study the 

effects of deposition parameters on the structure of boron filaments, nineteen samples 

of B/W filaments were acquired from Astro Restarch, Inc. which had been prepared 

under various temperatures and exposure times. Several 6-in. lengths of each fila¬ 

ment type were supplied; Table 4 gives the sample designation and deposition condi¬ 

tions. The Astro sample number has been modified to include a number-letter 

combination which is related to the deposition parameters. The number increases 

with increasing temperature, the letter indicating the travel speed through the de¬ 

position chamber. This number-letter combination was used to identify the samples 
in the quarterly reports for this program. 

I# 
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Table 4 

DEPOSITION CONDITIONS FOR SPECIALLY PREPARED ASTRO FILAMENTS*3* 

Specimen 
Number 

Speed 
(ft/sec) 

Temperature 
CO 

A16~la 

15- 2a 

25- 3A 

16- 4a 

26- 5a 

17- 6a 

21- lb 

12-2b 

22- 3b 

33-4b 

23- 5b 

14-6b 

27- 1c 

18- 2C 

28- 3C 

19- 4c 

29- 5C 

20- 6C 

30**3* 

3l(c) 

No Specimen 

2/3 

2/3 

2/3 

2/3 

2/3 

2 

2 

2 

2 

2 

2 

6 

6 

6 

6 

6 

6 

2 

2 

980 

1040 

1090 

1200 

1260 

870 

980 

1040 

1090 

1200 

1260 

870 

980 

1040 

1090 

1200 

1260 

1090 

1090 

(ö) 3 
Gas flow 1000 cm /min in all cases, BC1 
concentration 40% except as noted 3 

*k* BCU concentration 30% 
(M 

BClg concentration 67% 

i 
4 

iW*» 
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3.6.2 Property Variations 

As expected, the properties of the Astro samples varied considerably from one set 

of conditions to another. In addition, there was some variation within batches A-16-12, 

-18, -19, -21, and -28, but other sets of these samples were supplied which were uni¬ 

form within each sample type. 

Mechanical properties were not available for the Astro samples; however, some 

indication of the mechanical properties can be inferred from the mechanical stability. 

Table 5 presents certain observations on the general mechanical integrity of the Astro 

filaments. More of each filament length was examined at Ar tro Research than at 

LMSC, and certain differences in the evaluation are reflected in the table. It is likely 

that these variations are due to the different lengths of filament examined in each case. 

Splitting occurred in all the Astro specially prepared filaments except for A16-2]-lb, 

-18-2C, -28-3c and -19-4c. These filaments are four of the five smallest filaments 

which w*>re prepared at the lowest values of temperature and exposure time. 

3.6.3 Metallographie Observations 

Specimens from each Astro Sample batch were studied optically. Surface textures 

were photographed at 3000X under oil immersion and transverse cross sections were 

photographed at 1000X and 3000X. Cross sections were prepared in the chromic acid 

polishing baih as described in Section 3.2 to preserve rhe core detail. 

3.6.3.1 Surface Textures 

The surface textures of the Astro samples are displayed in Fig. 19, together with their 

deposition parameters. Significant features to be noted are: 

• Lower temperatures and longer exposure times tend to produce a minor 

nodule structure 

• Higher temperatures tend to promote delineation of the major cone structure 



Table 5 

MECHANICAL STABILITY OF ASTRO SPECIAL! Y PREPARED FILAMENTS 

Specimen 
Number 

Broken 
As 

Received 

Straight 

Astro LMSC 

Splitting Observed 

Astro LMSC 

A16- 

24- la 

15- 2a 

25- 3a 

16- 4a 

26- 3a 

17- 6a 

21- lb 

12- 2b 

22- 3b 

13- 4b 

23- 5b 

14- 6b 

27- lc 

18- 2C 

28- 3c 

19- 4C 

29- Sc 

20- 66 

30 

31 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

no 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

no 

yes 

yes 

yes 

yes 

no 

no 

no 

no 

no 

no 

? 

no 

no 

no 

yes 

no 

? 

yes 

no 

no 

no 

no 

no - 

yes 

no 

no 

yes 

yes 

ro 

most 

most 

most 

most 

yes 

no 

yes 

yes 

most 

no 

no 

yes 

most 

yes 

no 

extreme 

extreme 

yes 

yes 

step 

no 

step 

yes 

yes 

step 

yes 

step 

no 

no 

no 

yes 

yes 

yes 

no 

extreme 

extreme 

no 

no 

step 

no 

no 

no? 

no? 

step 

yes 

? 

no 

no 

no 

oo 

yes 

no? 

yes 
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• Combinations of high temperature and short exposure time can lead to the 

elimination of the minor nodule structure 

• The minor nodules are nearly circular in shape while the ratio of the longi¬ 

tudinal to circumferential dimensions of the major nodules tends to be 
approximately 1:2. 

• The ratio of longitudinal to circumferential dimension of the major nodules 

decreases with increasing temperature, ranging from 1:1 to 1:3 

A method of describing boron filaments by their surface texture and other features is 
discussed in Section 3.6.3.4. 

3.6.3.2 Transverse Cross Sections 

Transverse cross sections of the Astro samples are shown :n Fig. 20 at 500X as dis¬ 

played; Table 6 contains the outer diameter and core diameters obtained from these and 

other photographs. Straight and curved cracks are present in nearly every cross sec¬ 

tion. and the cracks are of maximum width at the intermediate deposition temperatures. 

These cracks are not directly the result of sample preparation and It will be shown 

Inter that the straight, radial cracks are present In the filaments prior to handling 

The curved cracks are fractures which can exist In the material prior to handling, 

which can be formed when a sample Is broken off for mounting, or which can form 

during the mounting operation. The sources of the cracks are stresses due to volume 

changes during deposition, thermal expansion, volume changes occurring during cooling 

and the presence of foreign particles occluded during deposition. The severity of the 

cracks reaches a maximum at the intermediate temperatures for all deposition con¬ 

ditions. At highest temperature, the core probably reacts very quickly, thereby 

minimizing the effects of volume change during deposition while the deposits made at 

the lowest temperatures are not sufficiently thick nor is the cere sufficiently r-.ctet 

to cause stresses greater than the fracture strength. Intermediate conditions lead to 
maximum stresses and largest cracks. 
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Table 6 

METAL LOOR APHIC FEATURES OF SPECIALLY PREPARED ASTRO FILAMENTS 

* 

t 

àr 

ft. 

Specimen 
Number 

A16- 

Diameters 

Plate(a) Outer 
(V) 

Inner 
<M) 

Inner 
Inner 

(M) 

Crack 
Widths 

la 

15- 2a 

25- 3a 

16- 4a 

26- 5a 

17- 6a 

21- lb 

12- 2b 

22- 3b 

13- 4b 

23- 5b 

14- 6b 

22-lc 

18- 2c 

28- 3C 

19- 4C 

29- 3C 

20- 6C 

2520 

2371 

2038 

2130 

2363 

2043 

2036 

2128 

2417 

2154 

2361 

2044 

2155 

2181 

2040 

2180 

2368 

104 

134 

141 

137 

147 

35 

64 

90 

93 

107 

107 

18 

31 

5 

56 

72 

79 

16.7 

16.3 

16.7 

167 

15.3 

11.0 

14.7 

16.7 

16.7 

16.7 

15.3 

13.7 

14.4 

14.7 

16.7 

16.7 

16.7 

7.3 

6.7 

11.3 

9.7 

8.7 

4.3 

Fine 

Med 

Med 

Fine 

Fine 

Fine 

Med 

Med 

Med 

Fine 

Fine 

No 

Fine 

Med 

Big 

Big 

Fine 

Id.) 
Metallography Photo Number 
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Table 7 gives the ratios of the outer diameters,corrected for the presence of the core, 

at each temperature relative to that for the shortest exposure time. The ratio of 

exposure times stands as 9:3:1 which differs considerably from the corrected diam¬ 

eter ratios. The growth rate apparently decreases with increasing diameter for all 

temperatures; the thicker the filament and/or the higher the temperature, the more 

pronounced the effect becomes. 

3.6.3.3 Core Structure 

TV core structures of the Astro samples are shown in Fig. 21 at 1500X as displayed. 

The significant features of the core structure are: 

• The radial cracks present in every sample except Al6-27-lc 

• The uniformity of the core structures for the 2/3 ft/sec travel speed 

• The ringed structure for the lower temperature samples prepared at the 
faster travel times 

By combining the x-ray diffraction observations with the core structures depicted in 

ig. 21, a description of the core reaction process can be developed. All of the uniform 

cores gave diffraction patterns which could be explained by the presence of W B and 

tte Texaco WB2 phase, called r-WB., in this report, or its equivalent, WB, (Üef. u) 

This indexing is described in Section 3.6.4. 4 

For the 6 ft/sec travel speed, the core of the 870-C sample is mostly W with a thin 

outer core ring of h-WB, There was no x-ray indication of another phase, but the 

W r ™ef!S1*PP!ar‘ be tW° Ph“e- ^ COre 01 98»-C sample consists of 
. -WB2(WB4) and W^,., the evidence of Í-WB having been covered by the other 

cUffractlon peaks. A radia! crack has developed in the boron ring which extends into 

e core, he formation of this crack, which is a common occurrence in B/W filaments 
is discussed in more detail in Section 3.7.2.3. 

For the next higher temperature, 1040-c, some W still remain, but the diffraction 

pa ms of t-WB2(WB4) and «yî,. are stronger. At 1090- C, the W is completely 
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♦ 

* 

Table 7 

COMPARISON OF FILAMENT DIAMETERS FOR DIFFER FNT 
DEPOSITION TEMPERAI ÜRES AND EXpSSre'tISs 

Relative 
Exposure 

Time 

Corrected1 Ratio of Diameter at x ft/sec to Diameter at 6 ft/sec 

S70°C 980* C 1040°C 1090° C 1200* C 1260° C 

9 

3 

1 

5.2 

1 

5.3 

2.9 

1 

6.2 

2.8 

1 

3.3 

1.9 

1 

2.1 

1.4 

1 

1.9 

1.3 

1 

♦Corrected Ratio = gam. (* ft/sec) - Up 
Diam. (6 ft/sec) - 14/i 



J 

reacted and a columnar ßtructure of t-WB2(WB4) and W2B5 remain. Above 1090*C, 

the core structure at the shortest exposure time becomes more uniform, and approaches 

the uniformity of the cores developed at the longer exposure times. * 

Because the outer core ring is two phase in all but sample Al6-27-lc, the core devel¬ 

opment described above is not just a simple radial diffusion process. The W-B phase 

diagram, reported by Rudy and St. Windisch (Ref. €, shows that ,11 the boride phases 

have fairly narrow composition ranges with nearly vertical phase boundaries. Two 

solid state reactions are reported, a eutectoid reaction 0-WB — Ó-WB + W B at 

2100° C on cooling and a peritectoid reaction ó-WB -0-WB + W2B5 at 2170°C on heating. 

Although these solid state reactions occur at temperatures well above the maximum 

temperatures reached during the deposition process, they do show that solid state 
reactions occur in the W-B system. 

Because diffusion in a binary system at constant temperature and pressure cannot 

result in the formation of a two phase region, the intimate mixture of two phases pre¬ 

sent in every core, but one, must have been formed by the decomposition of a single 
high temperature phase during cooling. 

For this decomposition to occur without considerable mass transfer during cooling, 

the phase formed at temperature would have to lie between the compositions of the 

phases present at room temperature. This requirement rules out the reaction 

ó or 0-WB — t-WB2 + W2B5. The Rudy-St. Windisch phase diagram would suggest 

ó-WB ~ W2B + W2B5 in filament cores; however, there is no strong x-ray evidence 

to prove the presence of W2B in the filaments at room temperature. Two possibilities 
exist: 

V,-t-WB2 4 w2B5 

6 J 



where <p^ is the high temperature phase which decomposed on cooling. Since the 

WB4 phases have diffraction patterns which differ only in the position 

of one weak peak, it is not possible to conclude which of the phases is present at room 

temperature; the WB^ phase is favored however because of the excess of B present. 

Because there are no reported phases between t-WB„ and W„BC or between W„B, 
¿ ¿ 5 2 5 

and WB4, the possibilities suggested above require that (pl bo W0B5 with a solubility 

range which decreases rapidly with decreasing temperature. In that case, the two- 

phase appearance of the filament core can be explained by precipitation of either 

r-WBg or WB^ from the W<)Bg on cooling. 

3.6.3.4 Nomenclature for Boron Filament Structures 

A description of boron filaments can be developed based on the core structure, the boron 

sheath structure,and the surface texture. It is sometimes convenient to have a quantita¬ 

tive designation for the structure of materials and such a designation scheme is 

presented here. A very complete nomenclature is first given but the simplified version 

presented later in this section if, preferable because of its greater simplicity. 

Hie designation can be in the form: 

1(-)11(-)m(-)IV<~) 

in which 1(-) would given information on the core structure, 11(-) would indicate the 

boron sheath structure, III(—) would give the dominant nodule type and IV(—) would 

indicate the nodule features. Thus, 1(0.5 mil, WB , WB ) would indicate a boron 
X y 

filament which was prepared on a 0.5 mil tungsten wire and now contains two borides, 

WBx and WBy. 1(1.0 mil, SiC>2, Ni) would indicate a 1.0 mil SiC>2 core filament with 

a Ni coating for conductivity. 

n(—) would give information on the general nature of the boron sheath and the diameter 

of the filament. For example, 11(3 rings, micro-xtal, 4.0 mil) would indicate 



three chamber rings, microcystalline boron (sometimes referred to as amorphous 

boron), with a 4.0 mil outer filament diameter. 11(1, macro-xtal, 3.0) would indicate 

a single chamber ring with a well-defined grain structure such as occurs with deposi¬ 

tions exceeding about 1400° C (Ref. 21). 

111(--) describes the nodule type. Table 8 gives the various designations which might 

be used. 

Table 8 

NODULE TYPES USED TO DESIGNATE BORON FILAMENT STRUCTURE 

Type Number 

III(A-) 

HI(A1) 

m(A2) 

ni(A3) 

m(A4) 

m(B-) 

m(Bi) 

m(B2) 

m(c-) 

Finally, IV(—) would designate the nodule features such as 

• Uniformity: 

U - Dominant nodules are uniform 

NU - Dominant nodules are nonuniform 

• Ratio of longitudinal to circumferential dimensions of dominant nodules: 

>3/4 - high 

1/2 - 3/4 - medium 

<1/2 - low 

Description 

Major Nodules Dominant 

No Minor Nodules 

Light Minor Nodule Delineation 

Medium Minor Nodule Delineation 

Heavy Minor Nodule Delineation 

Minor Nodules Dominant 

Large Minor Nodules 

Small Minor Nodules 

Lack of Nodular Structure 



• Number of minor nodules per major nodule 

• Number of dominant nodules per cm in the longitudlnr1. direction 

Thus, IV(U , med., 7, 2000) indicates a uniform nodule size with a medium dimension 

ratio, 7 minor nodules per major undule, and 2000 major nodules per cm of filament 
length. 

Some samples of the Astro füaments, whose structures are given in Figs. 18-20, are 

described with this nomenclature in Table 9. 

The nomenclature described above gives a complete description of boron füaments 

but it is rather cumbersome. A shorter form, following the same basic format, 

might be preferable. Thus, the designation I(W)II(1 ring, micro-xtal, 3.2 mU) 

m(Al)IV(NU, 0, 4000) is sufficient to describe sample A16-20-6c for most purposes. 

Fur her abbreviations, e.g., using only the texture types given in Table 8, are also 

possible; the designations given in Table 8 are used frequently in this report. 

The above system of nomenclature is adaptable to other filament structures by the 

simple addition of the sheath composition at the beginning of the designation. Some 

minor changes in the system to account for crystallite size and preferred orientation 
might also be required. 

3.6.4 X-ray Diffraction 

Rotating Debye-Scherrer patterns were obtained from all the Astro samples. The 

halo patterns in these Debye-Scherrer films were all the same; variations in the 

patterns were due to the presence of different tungsten boride peaks. To show the 

method of indexing the tungsten boride peaks, Tables 10, 11, and 12 give the observed 

peaks for each Astro sample. The peak positions are staggered somewhat so the 

emergence of peaks will be apparent. These diffraction patterns were indexed using 

the data presented in Section 3.r. Phases which were identified in each sample are 

noted at the bottom of each sample column. The line widths were generally con¬ 

sistent with a crystallite size of 0.1 /i or greater. 
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Table 9 

NOMENCLATURE FOR SOME ASTRO FIL\MENTS WHOSE STRUCTURES ARE 
PRESENTED IN FIGS. 18 - 20 

Specimen 
Number Al6- 

27-lc 

18-2C 

28-3C 

19-4C 

29-5c 

20-6c 

Deposition 
Temp. (°C) 

870 

980 

1040 

1090 

1200 

1260 

Nomenclature 

I (0.5 mil, W, Ó-WB) n (1 ring, micro-xtal, 0.72 mil) 

HI (B2) IV (U, High, - , 15000) 

I (0.5 mil, W, T-WBg, WgBg) II (1 ring, micro-xtal, 1.2 

mils) IH (A2) IV (NU, High, 6, 4000) 

I (0.5 mil, W, t-WB2, WgBg) H (1 ring, micro-xtal, 1.4 

mils) El (A2) IV (NU, Med, 6, 4000) 

I (0.5 mil, W, T-WB?, WgBg) II (1 ring, micro-xtal, 2.2 

mils) IH (Al) IV (NU, Med, 0, 3000) 

I (0.5 mil, t-WB2, WgBg) H (1 ring, micro-xtal, 3.0 

mils) IH (Al) IV (NU, Med, 0, 3000) 

I (0.5 mil, t-WB2, WgBg) II (1 ring, micro-xtal, 3.2 

mils) IH (Al) IV (NU, Med, 0, 4000) 
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Table 10 

BORIDE DIFFRACTION LINES IN ASTRO SAMPLES - PART A 

d-Spacing in Â 
Specimen Number A16- 

-15-2a -25-3a -16-4a -26-5a -17-6a 

3.50 A,W 

2.58 S 

2.13 W 
2.00 M 

1.95 W 
1.90 W 

1.75 B,W 

* 

1.20 W 

1.01 W 

0.98 B,W 

0.94 RW 

0.87 B,W 

3.65 W 

3.40 W 
3.18 W 
2.60 VS 
2.45 VW 
2.23 W 

2.00 M 

1.94 B,W 

1.75 RW 
1.65 W 
1.53 VW 
1.50 M 

1.38 M 
1.36 M 
1.33 W 
1.30 W 
1.22 W 
1.20 W 

1.13 W 
1.09 W 
1.03 VW 

0.84 B,M 

0.80 RW 

3.60 A,W 

3.40 A,W 
3.20 VS 
2.56 VS 

2.20 W 
2.12 W 
2.00 M 

1.90 W 

1.65 VW 

1.50 M 

1.37 M 
1.37 B 

1.30 W 

1.20 W 

1.12 VW 

0.98 RW 

0.84 B,W 

0.79 B,W 

Phases Present 

r-m, 

Vs 
i-WB2 

WA 
^WB2 

W2B5 

S - Strong, M - Medium, W - Weak, A - Arced, B - Broad 



Table 11 

BORIDE DIFFRACTION LINES IN ASTRO SAMPLES - PART B 

d-Spacing in Â 
Specimen Number Al6- 

-21-lb -12-2b -22-3b -13-4b -23-5b -14-6b 

2.58 S 

2.22 W 

1.56 M 

1.33 M 

1.30 W 
1.27 W 

1.01 W 

0.98 W 

0.84 B,W 

0.79 B.W 

2.58 S 

2.23 A,M 

2.13 A,M 

1.98 W 

1.36 B,W 

1.28 B,W 

1.11 VW 

0.97 VW 

0.84 A 

0.79 B 

7.0 ? A 
3.6 A 

3.2 W 
2.58 S 

2, 13 W 
2.00 M 

1.96 W 

\ 

\1.90 W 
U. 70 B 

\ 

tf 50 M 
\ 

1.^7 B,M 

1.3<W 

\ 1 
» 

1.19 W 

1.08 W 

1.01 W 

0.98 M 

0.87 M 

0.84 B 

3.6 W 
3.4 W 
3.0 VW 
-.57 VS 

2.22 VW 

2.11 VW 
2.00 M 

1.94 W 

1.90 W 

1.50 W 

1.37 M 

1.29 W 

1.18 B,W 

0.98 VW 
0.94 VW 
0.87 VW 

3.80 A 
2.50 M 
3.10 W 
2. 60 VS 
2.30 W 

2.25 W 

2.10 W 
2.00 M 

1.96 W 
M 
B 

1.90 
1.75 W 
1.65 W 

1.50 M 

1.38 M 
1.36 M 
1.32 W 

1.29 W 

1.20 M 

1.17 W 
1.13 W 

1.02 W 
1.01 W 

0.98 M 

3.70 W 
3.50 W 
3.20 VW 
2.57 VS 
2.30 VW 

2.15 VW 

2.00 M 

1.94 B,W 

i.90 B,W 

1.64 VW 

1.50 M 

1.36 W 

1.30 W 

1.20 VW 

1.13 VW 
1.08 VW 

0.98 BW 
» 

—-- Phases denülied W 
W2B5 

- _ 

WB 
W2B5 
t-WB2 

WB 
t-WB2 
(W2B5) 

r-WB2 
w2b5 

t-WB2 
WSB5 

T-WB, 
w2b5 
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Table 12 

BORIDE DIFFRACTION PEAKS IN ASTRO SAMPLES - PART C 

d-Spacing in Â 
Specimen Number A16- 

-27-lc 

Aatorlam 

2.33 A 
3.10 A 

1.07 A 

1.34 A 

1.22 A 

-18-. 3c 

VW 
3.8 B 

3.20 VW 

2.09 6 

2.20 AW 

2.00 M 

1.9011 

1.94 M 

1.70 VW 

1.00 M 
1.38 II 
1.37 M 

1.30 W 

-28-3c 

2,00 A,M 

2.48 A.M 

2.22 A.W 
2.14 A 
2.00 W 

W 
W 
W 

1.90 W 

1.70 AW 
1.80 VW 
1.00 A 
1.00 M 
1 38 M 
1.30 M 

1.30 W 

-19-4C 

3.20 A 

2.08 S 

2.20 VW 
2.10M 

1.98 B.M 

1.78 W 

1.00 M 

1.38 II 

1.30 W 

-29-Oc 

3.0 W 

2.80 VS 

2.22 W 
2.10 W 
2.00M 

1.98 W 

1.91 VW 
1.88 W 

1.84 VW 

1.00 M 
1 38 M 
1.38 VW 

1.30 M 

20-8c 

S. 88 AW 

3.42 A.M 
3.10 VW 

2. 08 VS 

2.20 W 
2.12 W 
2.00 M 

1.90 VW 

1.89 M 

1.74 VW 
1.80 W 

1.00 M 
1.37 M 
1.38 W 
1.33 VW 
1.29 M 

1.12 A 

1.00 A 

0.912 A 

1.19 B.W 

1.13 BW 

0.98 B.W 

1.20 BW 

1.00 AW 

0.98 BW 0.98 BW 

1.20 M 
1.18 W 

1.13 W 
1.09 W 
1.02 W 
1.01 VW 

0.98 M 
0.94 W 
0.93 W 
0.97 M 

1.30 M 
1.18 VW 

1.13 W 
1.09 W 

1.02 W 

0.98 M 
0.94 M 
0.93 W 
0.87 M 

0.840 A 

0.790 A 

0.04 A 

0.79 VW 

0.84 B,W 0.84M 
W 

0.80 B 

0.84 B.M 

0.79 B.W 
Phu«a Identified 

W 

WB 

W 

r-WBj 
(WB) * 

<Vo> 

WB 
t-WB2 

W2B0 

r-WBj r-WB2 

W2B0 

t-wb2 

Vo 

S - Strong, M - Medium. W - Week. VW - Very Week, A - Arced 
B- Broed 
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Af may be seen, the presence of WB (ASTM cards 6-0635 and 6-0541) is difficult to 

establish, but the disappearance of W (ASTM card 4-0810) is quite evident. The phase 

W2B5 (AS™ card 6-0243) can be readily identified, but the structures and existence 

of W2B (ASTM card 6-0591), t-WB2 (Texaco Expt., Ref. 8), WB2 (Ref. 3), and 

WB4 (Ref. 11) are by no means definitely determined. The r-WB2 and WB4 phases 

have the same peak positions except for a 4.48 A line of WB4. The WB2 phase reported 

by Woods et al. might be distinguished by its 3. 05 À line, but this peak was not observed 

in the Astro Debye-Scherrer patterns. 

To specify the number of phases, the lines corresponding to t-WB2 and WB were 

treated as belonging to one phase, designated t-WB2 (WB4). Some preference might 

be given to WB4 because of the presence of excess boron but the chemistry is somewhat 

arbitrary with the present information. * The identification of core phases in the Astro 

samples is discussed further in Section 3.6.3, and other core structures are described 
in Section 3.7.3, 

3-6-5 Summary of Structure of Boron Filaments Deposited under Various Conditions 

Filaments prepared with tungsten wire substrates covering the temperature range 

870-1260° C for different exposure times were provided by Astro Research Corp. 

In all cases, the diffraction patterns of the boron were essentially the same, but the 

growth morphologies differed. The significant variations were: 

• Lower temperatures and longer exposure times tend to produce a minor 
nodule structure 

• Higher temperatures tend to promote delineation of the major cone structure 

• Combinations of high temperature and short exposure time can lead to the 

elimination of the minor nodule structure 

• The minor nodules are nearly circular in shape while the ratio of the longitudinal 

to circumferential dimensions of the major nodules tend to be approximately 1:2 

• The ratio of longitudinal to circumferential dimensions of the major nodules 

decreases with increasing temperature, ranging from 1:1 to 1:3 

♦See note added in proof, Section 3.3 



Nearly all the filaments were cracked or curved and the cracking was most severe at 

the intermediate temperatures. At a given temperature, the growth rate decreased 

with increasing filament diameter and this decrease was more pronounced the higher 

the temperature. The development of the core structure was followed fairly well, 

hut better samples were available as described in Section 3.7. The core develops by 

radial diffusion but the intimately mixed two-phase region in the core can only be 

explained by postulating a solid state transformation on cooling. 

A nomenclature system for filaments was devised which incorporates the core 

structure, the sheath structure, and the dominant morphological features of the sheath. 

3.7 DEVELOPMENT OF BORON FILAMENT STRUCTURE DURING DEPOSITION 

3.7.1 Material Examined 

Two samples, each of which consisted of the filament length in the deposition chamber 

at the end of a run, were supplied by Texaco Experiment. These samples, to be called 

"tailings, " were acquired to study the development of the boron filament structure during 

the deposition process. The samples came from Texaco Experiment Runs B5/3945 

and B5/3946. The B5/3945 sample had approximately 15 inches missing from the 

beginning of the first deposition chamber; therefore, it was not examined systematically. 

Run B5/3946 had approximately 3 inches missing from the segment in the first deposi¬ 

tion chamber, but there was sufficient material to systematically study the beginnings 

of the boron deposition process. 

Figure 22 is a plot of the temperature profile in each deposition chamber during run 

35/3946. The figure also shows the places where samples were taken for the study. 

Ten sections of the tailing were examined by light microscopy and by x-ray diffraction. 

In addition, theoretical considerations were given to the presence of a radial tempera¬ 

ture gradient and to the nature of volume changes which could occur during deposition. 
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3.7.2 Metallographie Observations 

Samples of the tailing of run B5/3946 were taken, as shown in Fig. 22. Th- surface 

of each sample was examined at high magnification, and transverse cross sections 

were prepared using the chromic acid polishing baths as described in Section 3. 2. 

Figures 23-38 contain selected photographs of the observed structures. 

Figure 23 shows typical cross sections of the 1/2 mil tungsten wire present at Station 

5312, at the beginning of the first deposition chamber. The temperature at this point 

is 1090° C, but no significant amount of B has been deposited. 

Figure 24 gives the structure of the boron filament at Station 5301, 8 inches into the 

first deposition chamber where the temperature is approximately 1120* C. The sur¬ 

face texture is typical, being covered with rows of small nodules which will form 

major nodules when the fUament is larger. The cross section reveals that the core 

is largely tungsten with a thick outer ring of borides identified in Section 3.7.3 as 

r"^ very thin, faint ring exists between the two-phase boride 

ring and the tungsten core which has been identified as Ó-WB. A crack has formed in 

the boron sheath and it extends into the two-phase boride ring. As will be seen in 

later photographs, this crack grows with the deposition of boron and is responsible for 

the apparent cleavage or longitudinal cracking which is frequently observed in boron 

filaments. The orgin of this crack is discussed in Section 3.7.5; more structural 

details are given in this and the following sections. 

The structure at Station 5302 is shown in Fig. 25. The surface texture consists of 

major nodules without a minor nodule structure [Type III(Al), see Section 3.6.3.4]. 

The longitudinal crack is apparent in the surface view; it passes through nodules in a 

straight line with a slight spiral about the filament axis. Close examination of the 

crack shows that it is narrower in the center of the larger nodules than elsewhere. 

The cross section in Fig. 25 contains a tungsten core, surrounded by a Ó-WB ring 

and a two-phase WgB^ - r-WBgiWB^) ring. The crack in the boron sheath persists 

and two more radial cracks have developed. 
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The structure at Statiou 5303 is given in Fig. 26. The surface texture is still of lie 

m(Al) type, but some pitting has occurred on the nodule surfaces. The tungsten 

core has completely reacted to form a grainy 5-WB in the center and a two-phase W B 
- t“WB9(WB4) ring. 2 5 

At Station 5304 (Fig. 27) the surface texture is essentially the same as at Station 5303 

The cross secón reveals that the 6-WB is almost completely consumed, leaving the 

two-phase region. One of the cracks in this cross section is no longer radial but 

instead, it has a curved Up at the outer edge of the filament. This curved Up is a 

crack which has propagated through a bridge which formed over the end of the straight 

ra al crack. He filament sectK» at Station 5304 was quenched in the mercury ^ ’ 
between the first and second deposition chambers but its structure is not different 
from that at Station 5303. The dark soerldw in „ • a 

aark 8Peckling in the core is etching stain and does not 
necessarily imply a significant difference in structure. The additional crack in this 

ct oss seetton could have been formed during quenching in the mercury .but a more 

ikely explanation is that it formed during mounting. A high magnification view of the 

au ace **x,UI'e «T Station 5304 in Fig. 28 shows a straight surface crack which passes 

through the major nodules. The slight curvature apparent at each nodule is the result 
of Viewing a straight line passing along a curved surface. 

The structure at Station 5305, at the beginning of the second deposition chamber is 

» *n in Fig. 29. The surface texture is still in(Al) with some pitting. In the cross 

section view, there is one radial crack which runs from near the filament axis out to 

a thT r "" WhlCh end8 "ear ^ °Uter 6UrfaCe ta a CUrved P°«°n. In addition 
a third crack exists which is not straight. This curved crack probably occurred when ' 

tae sample was broken away from the filament length while the straight cracks are 

due to filament growth and the lack of boron depositton inside the crack. 

Figure 30 shows the structure at Station 5306, the end of the second deposition chamber 

He surface texture is still ,n(Al, with pitting; the cross section shows a fairly uniform 

wo-phase core of )¾ and r-WB2,WB4). Two straight cracks are present which dc 

not go through to the filament surface, while a curved crack runs from the core to 
the surface. 
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Fig. 23 Boron Filumt ntatStation5.il2, Bt ginning of First lx ponilion Chamber,
4-1/2 in Lito Process, (a) P3:)63, 3000 ' (l>i l'3at>l, .itiOO
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Fig. 24 Boron Filament at Station 5301, Beginning of First Deposition Chamber, 
8 in. Into Process, (a) Cross section showing crack initiation. P3643, 
3000X. (b) Surface texture, P3686, 3000x
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Fig. 25 Boron Filament at Station 5302, Middle of First Deposition Chamber.
16 in. Into Process, (a) Cross section showing continued crack growth. 
P3652, 3000X. (b) Siurface texture showing longitudinal crack, P3689, lOOOx
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Fig. 26 Boron Filament at Station 5303, End of First Deposition Chamber,
50 in. Into Process, (a) Cross section showing continued crack growth. 
P3669, lOOOx. (b) Surface texture showing pitting, P3670, lOOOx



Fig. 27 Boron Filament at Station 5304, Mercury Seal Between First and Second 
Deposition Chambers, 57 in. Into Process, (a) Cross sections showing 
continued crack growth. P3671, lOOOx. (b) Surface texture showing 
pitting. P3762, lOOOx
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Fig. 28 Surface Texture With Longitudinal Crack at Boron Filament Station 5304, 
Mercury Seal Between First and Second Deposition Chambers, 57 in. Into 
Process. P3763, 3000x
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Fig 29 Boron Filament at Station 5305. Beginning of Second Deposition Chamter, 
60 in. Into Process, (a) Cross section showing continued crack growth. 
P3648, lOOOx. (b) Surface texture showing pitting. P3765, lOOOx



At Station 5307 (Fig. 31), in the mercury seal between the second and third deposition 

chambers, the structure is essentially the same as that at Station 5306. None of the 

cracks go through to the surface, and the dark speckling is a stain-etch effect. 

In Fig. 32, the structure at Station 5308, beginning of the third deposition chamber, 

consists of a pitted III(Al) surface texture, a two-phase core, and bridged radial cracks. 

In addition, a nonradial, curved crack is seen in the cross section view. 

At Station 5309, end of the third deposition chamber, Fig. 33, the surface texture is 

beginning to develop renucleated nodules in a ni(Al) surface texture, and the ends of 

the straight, radial cracks have long curved portions which have propagated to the 

filament surface. The core still contains a two-phase mixture of W2B5 and t-WB2(WB4). 

In the mercury seal at the end of the third deposition chamber, Station 5310, Fig. 34, 

the renucleated nodules persist in a III(Al) surface texture and the radial cracks have 

split ends near the filament surface. The core continues to be two-phase. 

The series of photographs in Figs. 23-34 shows the general development of the structure 

of boron filaments. The dominant features which occur in this process are as follows: 

• The core forms borides by radial diffusion with ó-WB,W2B5 and t-WB2(WB4) 

present in the initial stages after cooling. 

• The W2B5 and t-WB2(WB4) phases occur together in a two-phase ring which 

persists throughout the deposition process. This .wo-phase mixture can only 

form by a solid state transformation on cooling. 

• Radial cracks develop during the initial stages of the pro 'ess and their pres¬ 

ence is associated with the appearance of the Ô-WB phase. 

• The radial cracks continue to grow during the deposition process because the 

deposition rate inside the crack is negligible due to a lack of gas diffusion, 

while the deposition rates on each side of the crack are equal. 

• The radial cracks go through the nodules undisturbed because the initial 

crack was straight and it passed through the early formed nodules. Equal 

growth rates on each side of the crack allowed the boron structure to continue 

to grow just as it started. • 
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Fig 31 Boron Filament at Station 5307, Mercury Seal Between Second and Third 
Deposition Chambers, (a) Cross section showing healed cracks. P3644, 
lOOOx. (b) Surface texture. P3768, lOOOx



Fig. 32 Boron Filament at Station 5308, Beginning of Third Deposition Chamber, 
120 in. Into Process, (a) Cross section showing healed cracks, P3654, 
lOOOx. (b) Surface texture showing pits, P3809, lOOOx



w
■
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Fig. 33 Boron Filament at Station 5309, End of Third Deposition
Chamber, 170 in. Into Process, (a) Cross section showing 
healed cracks, P3646, lOOOx. (b) Surface texture showing 
renucleated growth nodules, P3812, lOOOx
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Fig, 34 Boron Filament at Station 5310, Mercury Seal at End of Third Deposition 
Chamber, 180 in. Into Process, (a) Cross section showing surface nodule 
and propagated crack. P3650, lOOOx. (b) Surface texture showing 
renucleated nodules, P3918, lOOOx
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• The core of the filaments continues to react to form an apparently stable con¬ 

figuration which is a two-phase mixture of W0BC and r-WB ÍWB 1 
2 5 2' 4** 

• The radial cracks are bridged near the end of the deposition process so that 

they are seldom seen in finished production filaments. 

• Renucleated nodules can occur and they are associated with the beginning 
of a chamber ring. 

The core development, displayed in Fig. 35, shows the process in more detail. 

Significam features are the ring formation, the consumption of W to make borides, 

the appearance of the faint 6-WB phase on the tungsten surface at Station 5301, and 

the two-phase character of the last region to form and persist in the core. 

3.7.2.1 Defects Developed During Deposition 

Straight, radial cracks were a common feature in Figs. 23 -34. These cracks 

are seldom seen in the surface of production filaments because they are bridged over 

near the end of the deposition process. Some details of the crack bridging in the 

second chamber ring are shown in Fig. 36. The cracks have been enlarged by the 

etch used to reveal the chamber ring interfaces. At Station 5308, beginning of the 

third deposition chamber, the crack is bridged about halfway through the second 

chamber ring. At Station 5309, end of the third deposition chamber, the crack extends 

into the third chamber ring and ends in a series of chemically attacked regions. These 

regions of increased chemical attack are similar to those at the interface between 

the second and third chamber rings and they probaMy indicate the presence of foreign 
particles. 

More details of crack healing are shown in Fig. 37, Station 5310, the last mercury 

seal in the process. Foreign particles are present at the crack bridge as well as 

between the .second and third chamber rings. 
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Fig. 36 Detail of Crack Healing (Crack Widened by Etchii^). (a) Filament
at station 5308, beginning at third deposition chamber. P4140 3000x. 
(b) Filament at station 5309, end of third deposition chamber.
P4142, 3000X
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Fig. 37 DetaU of Crack Healing at Statiim 5310, Last Mercury Seal in Process 
(a) Two cracks and defects between the second and third chamber rings, 
P4145, lOOOx. (b) Crack tip detail. P4144, 3000x
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It is evident that the straight, radial cracks present in Figs. 23 - 37 would result 

in the apparent cleavage fracture such as that shown in Fig. 15. Further evidence 

correlating this fracture mode with the radial cracks is presented in Fig. 38. The 

flat, cleavage appearance of the crack is evident in Fig. 38a and b, and the fracture 

lacróse the crack bridge is particularly apparent in Fig. 38c. Figure 38 also demon¬ 

strates that foreign particles are responsible for the renucleated nodules shown in 

Fig. 33 and 34, and that these particles reside at the interface between the second 

and third chamber rings. These foreign particles were very likely picked up from 

thl mercury seals between the second and third deposition chambers. Constantly 

replenishing with fresh, clean mercury would presumably alleviate this problem. 
■Vs . • »? \ V • . ..* i», f ■■<■', * , 9%. * • ' • * t . * 

' t, . , . • •. • ', fj, Jr „ ' • 

Some.discussion has been .made about the presence of mercury in boron filaments. 

It is certainly possible that mercury could be trapped in radial cracks described 

above or on the surface of th% fòreign particles present between the chamber rings. 

The identifieatidn of these foreign particles has not been made, but they are probably 

mercurv impounds formed on'the surface of the mercury where the hot filament 

enters the seal or where arcing occurs. 

-V • . * •• ’ ’ » 

Severe longitudinal splitting of boron filaments was mentioned in Table 5 and the 

radial cracks are responsible for this splitting. The fractographs in Fig. 38 were 

taken from a longitudinal split several inches long. 
je.*" %. ^ 

. * 

3.7.3 X-raÿ Diffraction Observations 

Debye-Scherrer patterns were obtained at Stations 5301, 5303, 5304, 5306, and 5309 

of Texaco run B5/3946. The positions of these samples in the filament tailing are 

shown in Fig. 22.- Ni-filtered Cu radiation was used in a 57.3 mm camera. The 

films were read to 0.2° 26; Tables 13 and 14 lists the observed d-spacings and their 

intensities with a designation giving the number of arcs in the nonuniform Debye rings. 

The boron halos are not included in this table; generally, only the first two halos at 
o 

4.4 and 2.5 A were observed. 

As noted previously, there is little to distinguish the diffraction patterns of all the 

reported borides taken together. Table 3 in Section 3.3 lists all the d-spacings of 

of ihe various borides and the difficulty of interpreting a Debye-Scherrer pattern 

from a partially reacted tungsten core is readily apparent. 
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Fig. 38 Fractbgraphs of Longitudinal Crack at Station 5310. (a) Surface Ujxture, 
P3883, lOOOx. (b) Crack plane showing substrate and renucleated cone 
structure, P3878, 500x. (c) Detail of sites for renucleation and crack 
morphology. P3877, 3000x

m

f



Table 13 

TUNGSTEN BORIDE DIFFRACTION PEAKS FROM FILAMENT TAILING, PART 1 

% 

Station 

d-Spacing V 
5301 

Intensity 
Number 

of 
Arcs 

5303 

(A) 
Intensity 

Number 
of 

Arcs 

5304 

d-Spacing 
(A) Intensity 

Number 
of 

Arcs 

3.64 
3.40 
3.10 

2.74 
2.58 

2.25 
2.13 

2.00 
1.93 

1.74 

1.58 

1.50 
1.37 
1.34 

1.29 
1.26 

1.11 

VW 
W 
VW 

VW 
& 

arc 
M 

W 
arc 

VW 

arc 

M 
M 
M 

arc 
VW 

arc 

2-Br<B) 
4-Br 

e-sh^ 
2-Br. 

2-Br 
10-Sf! 

2-Br 

2-Sh 

6-Sh 

6-Sh 

3.67 
3.45 
3.16 
2.85 
2.74 
2.58 

2.25 
2.14 

2.00 
1.96 
1.89 
1.74 
1.64 
1.57 

1.49 
1.37 
1.34 
1.32 
1.29 
1.25 
1.22 
1.20 
1.17 
1.13 
1.10 

M 
M 
W 
VW 
vs 
s 

VW 
M 

w 
M 
W 
w 
w 

M 
s 
M 
W 
M 
VW 
VW 
w 
VW 
w 
VW 

2-Br 
4-Br 
2-Br 

2-Br 

10-Sh 

3.70 
3.45 
3.16 

2.76 
2.58 

2.26 
2.14 

2.01 
1.92 

1.74 
1.64 
1.57 

1.50 
1.37 
1.35 

1.29 
1.26 
1.22 
1.20 
1.1’ 
1.13 
1.10 

M 
M 
W 

VW 
s 

w 
M 

s 
M 

VW 
VW 
VW 

s 
s 
w 

M 
VW 
VW 
w 
VW 
w 
VW 

2-Br 
4-Br 
2-Br 

2-Br 

Phases Identified 

W 

Ó-WB 

W2B5 
t-WB2(WB4) 

6-WB 

W2B5 
r-WB2(WB4) 

5-WB 

W2B5 
t-WB2(WB4) 

S - Strong, M - Medium, W - Weak, VW - Very Weak, 
t 

<n>4-Br = Four Broad Arcs 

(b)6-«h * Si* Sharp Arcs 
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Table 14 

TUNGSTEN BORJJJE DIFFRACTION PEAKS FROM FILAMENT TAILING, PART 2 

Station 5306 

d-Spjicing >aci 
(A) 

3.64 
3.45 
3.14 

2.56 
2.41 
2.25 

2.11 
2.065 
2.00 
1.92 
1.89 
1.73 
1.835 
1.57 
1.52 
1.49 
1.37 
X.35 
1.32 
1.29 
1.25 
1.22 
1.20 
1.17 
1.125 
1.08 
1.07 

Intensity 

Ó-WB 

W2B5 
t-WB2(WB4) 

M 
M 
M 

S 
vw 
w 
w 
vw 
s 

M 
VW 
w 
vw 
vw 
s 
s 
M 
w 
M 
VW 
vw 
w 
vw 
w 
w 
vw 

Number of 
Arcs 

2-Br 
4-Br 

2-Br 

4-Sh 

Station 5309 

d-Spacing 
(A) 

3.70 
3.48 
3.16 

2.60 
2.39 
2.25 

2.12 
2.00 

1.89 
1.74 
1.64 

1.54 
1.50 
1.37 
1.35 
1.32 
1.29 
1.26 
1.22 
1.20 
1.17 
1.13 
1.08 
1.07 

Intensity 

S 
S 
S 

M 
VW 
W 

M 
S 

M 
VW 
w 

vw 
s 
s 
M 
w 
M 
VW 
vw 
M 
w 
M 
M 
VW 

Phases Identified 

W2B5 
t-WB2(WB4) 
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2-Br 
4-B 
2-VBr 
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Sample 5301 yields definite evidence of W, W2B5 and either t-WB2 or WB4. Because 

there is virtually nothing in the diffraction patterns to distinguish t-WB2 from WB4> 

the phase is designated t-WB2(WB4). The transverse cross section in Fig. 23 reveals 

the presence of a very faint ring next to the tungsten core which could be responsible 

for the 10 or so spots at 1.93 Á in the Station 5301 diffraction pattern. These specks 

cannot belong to WgB^ or t-WB2(WB4) because the rest of their lines are continuous; 

thus, the choice lies between >W2B and WB(Ó or/3). Many of the strong lines of 

>-W2B are missing from the 5301 pattern; these missing lines are the 2.37, 1.80, 
O 

1.41, 1.33, 1.31, and 1.30 A s.rong peaks. On the other hand, the 2.74, 2.29, 2.13, 

and 1.91 Â strong peaks of ¿-WB are possibly present in the 5301 pattern and the 10 
o 

specks observed in the 1.93 A line correspond to strong line for ó-WB and a very weak 

line for y-W2B. The absence of the strong 2.48 À line of /3-WB leads to the conclusion 

that the minute ring next to the tungsten core in Fig. 22 consists of ô-WB. If that is 

the case, then the ring next to the boron sheath must contain two phases: W2B5 and 

either r-WB- or WB.. 2 4 

The W is consumed in sample 5303 and the ó-WB is nearly gone in sample 5304. In 

sample 5306, the 2.74 A line of Ó-WB has disappeared and only a few specks remain 

of the 1.92 A line of ó-WB. In sample 5309, both Ó-WB lines have disappeared, 

leaving a pattern which can be easily attributed to W Bq and either r-WB0 or WB 

3.7.4 Temperature Gradient in Boron Filaments 

Because boron filaments are prepared by resistively heating a tungsten wire substrate, 

there exists the possibility of a radial temperature gradient in the filament which 

could result in a structure gradient. An analysis of the problem of radial heat flow in 

composite cylinder by Dolton and Schneider (Ref. 22) is given in Appendix A and their 

results form the basis of the following discussion. 



Assuming steady state with thermal properties not a function of temperature, the 

temperature drop across the mantle, AT , is related to the thermal and geometrical 

properties of the system (Appendix A) by 

4K AT m 

il r2 Hm m 
(1) 

where 

Km = thermal conductivity of the mantle 

Qm = rate °f heat generation per unit volume in the mantle 

qc = rate of heat generation per unit volume in the core 

r = radius of the mantle m 

r = radius of the core 
c 

For boron filaments, rc/rm is approximately 0.1; substituting this ratio into Eq. (1) 

yields 

AT a 

• 2 
q r Hm m 

•IK " 
m 

The ratio qc/qm for boron filaments at temperature should be between 0.01 and 1. 

For this range of qc/qm 



Taking 

rm = 2,5 X 10"3in- = 6.3 X l(f3cm 

» 10 W/linear in. = 0.5x 106 W/in.3 

= 8 X io3 cal/cm3 sec 

Km = 0.01 - 0.001 cal/cm sec °C 

then 

AT = 8 x 1q3 (6.3 X 1Q~3)2 = 8 X iq~2 
4K K 

m m 

For 

and for 

Km = 0.01 cal/cxn3 sec, AT a 8°C 

Km = 0,001 cal/cnr sec, AT s 80° C 

If the above values are correct, this analysis demonstrates that the radial temperature 

gradient is not as important as might be supposed. However, the radial tempera¬ 

ture gradient,, thermal fluctuations due to local high deposition rates, and hot spots due 

to inclusions in the mantle and inhomogeneities in the substrate all lead to local tem¬ 

perature increases which can result in the small areas of large crystallite boron 

which are observed. 

8.7.5 Volume Changes During Lx^osition 

During the formation of boron filaments with a tungsten wire substrate, the tungsten 

wire reacts with the boron to form tungsten borides by a radial diffusion process. 

Although the phases present at temperature are not well known (see Section 3.3), it 



is of benefit to consider the possibility of volume change occurring during the boriding 

of the tungsten core. The simple case of one compound forming can be treated by 

simple geometrical arguments and Karlak (Eef. 2Z) has treated the general case. 

The general treatment is given in Appendix B. 

Consider first the simóle case, in which a deposit oí boron of radius rß is deposited 

around a cylinder of tungsten of radius rw , and the system then reacts to form a 

core with one compound of stoichiometric formula WB^ with radius rc. The 

number of tungsten atoms remains constant; therefore 

Yw * rw * = Yc * rc * 

Q 

where £ is unit length, yh. is the molar density of W (xnols/cm ) found by dividing 
3 ^ 

the density p (gm/cm ) by the atomic weight M (gm/mol), is the molar density 

of the compound WB^ and rc is the radius of the compound formed. Similarly for 

the boron atoms 

y¿ ir £ (rc - rw) - k y^ tt £ (rc) 

The stoichiometry of the compound, assuming no volume changes, is given by the ratio 

V - 
NB<VC> yB (rC " rw) 

NW<VC> Yw4 

2 2 
Using the constant volume condition r^ = y^ rw/rc 

V - 
^ 2b 
yc Yw 

(2) 
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foir k ' COrnPOUnd reqUlre8 feWH t«ro" *•»”» than ware consumad in its 
formation so an expll„sion of the boron Shaath must occur. For r<k. mora boron 
atoms are needed than are available «mH tKo k 

* * aiiable, and the boron sheath must contract to maintain 
contact around the interface between die compound and the boron. 

B) 18 ba8ed °" ^ r‘U° <R> volume consumed 
the volume of new compound formed. Thus, for a reaction of the form 

aA + bB — cC 

R = 
V* + V. B 

(3) 

and 

where V is the total volume of chemical species i and v is thp m i 
of SDeeies i ^ . i , and y is the molar volume 
of species i times the number of moles of i involved in the reaction. 

For the reaction 

A + kB — ABk 

Karlak’s simple expression (Eq. 3) becomes 

R = 
i/n + 

k/yB 

i 



An increase in volume will correspond to R > 1 , no change to R = 1, and a shrinkage 

corresponds to R < 1. 

Calculations based on Eqs. (2) and (4) are given in Table 15. The compounds WBQ 5, 

Ô-WB and WB^ all cause a volume expansion, if they occur between the W and B phases, 

and this expansion could easily account for the radial cracking which propagates by 

the growth mechanism discussed in Section 3.7.2. The density of ó-WB has not been 

determined and the value of 14 gm/cc was estimated from the values for WgB and 

/3-WB. 

The situation is more complex than presented in the above analyses. First, the 

precursor to the WgBg - t-WB2(WB4) mixture is not known, nor are its molar volume 

and nature of phase transformation known. Second, the formation of the borides pro¬ 

ceeds first with tHo formation of the precursor phase, followed by the appearance 

of Ô-WB. Assuming that the precursor is W2B5, the reaction to form Ô-WB is 

WB2 5 + 1.5 W - 2.5 Ó-WB 

and 

% + yWB 
R = ---M 

yWB 

l*5/yW + 1/7WB2 s 

R = ^nvB 

R * 0.60 < 1.0 

The result of this reaction is a net expansion which also could be responsible for the 

radial crack which is present near the be,?inning of the deposition and seems to be 

associated with the appearance of Ó-WB. 





In summary, there are several phases which would cause a net expansion of the fila¬ 

ment and produce the radial cracking and longitudinal splitting which is common to 

B/W filaments. Also, there are several secondary reactions between phases which 

could also produce the radial cracking. There are not sufficient density nor phase 

equilibrium data to adequately treat this problem, but there is sufficient evidence to 

suspect that volume changes occurring during the formation of tungsten borides are 

responsible for the straight radial cracks which form. Observing the tlexure of a 

flat tungsten sheet reacting with boron on one side would indicate the nature of the 
volume changes. 

3•7•6 ^raroary of Development of Boron Filament Structure During Deposition 

The tailings of filament production runs were examined systematically to observe the 

development of the filament structure. The temperature profile, provided by Texauu 

Experiment, Inc., showed a fairly uniform central temperature with a decrease of 

several hundred degrees F in about 6 inches at the end of each deposition chamber 

where the filament passes through mercury seals. 

Initially, boron is deposited on the tungsten wire. Next, a boride phase is formed 

which is the precursor of the intimate two-phase mixture of W^B^ and r-WBgfWB ) 

This two-phase mixture persists throughout the deposition process and eventually 

occupies the entire core volume. The phase Ó-WB forms between the precursor phase 

and the tungsten core, and its formation is probably the source of the radial cracks 

which are responsible for the flat fracture mode and longitudinal splitting. The crack 

developed at this early stage continues to grow during deposition because the growth 

rate on each side is equal and Umited gas diffusion prevents growth inside the crack. 

This crack is bridged late in the deposition process and it then can fracture conchoi- 

dally through the bridge. Because of the bridging, these radial cracks are seldom 

seen in finished production filaments. These processes are depicted in Figs. 24-39. 

In the samples examined, the nodule structure was type III(Al), a large major nodule 

structure with no minor nodules (see Section 3.6.3.4). Quenching in the mercury 
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seals does not cause obvious changes in the morphology but the areas of restarted 

growth have a much lower resistance to chemical attack. Renucleated nodules grow 

on foreign particles picked up at the mercury seals between the deposition chambers. 

Bridging of the radial cracks can be promoted by foreign particles and the regions 

around the particles also have a lower resistance to chemical attack. 

A radial temperature gradient was considered as a potential source of structural 

variations but the maximum temperature decrease from the core surface to the fila¬ 

ment surface was estimated to be less than 80“C for 0.005-in. B/W filaments. 

Simple and general analyses of the volume changes brought about by compound forma¬ 

tion were made but the lack of information on phase equilibria at temperature and 

uncertainties in the densities of tungsten borides made it difficult to apply the analyses 

with certainty. Nonetheless, the formation of a phase between the tungsten core and 

the two-phase ring next to the boron is likely to require a net circumferential expan¬ 

sion which will crack the boron deposit and initiate the straight radial cracks frequently 
observed. 

3. 8 DISCUSSION AND SUMMARY OF GENERAL STRUCTURE OF BORON 
FILAMENTS 

This portion of the program was concerned with characterizing the gross structural 

features of boron filaments such as the grain and nodule structure, the nature of the 

core, and the kinds of defects present. Production filaments from Texaco Experiment, 

Inc., and United Aircraft Research were examined, as were filaments prepared by 

Astro Research under a variety of conditions. In addition, the development of the 

boron filament structure was studied by examining a production tailing. Several boron 

aggregates were examined for comparison with the boron filament structure. 

Boron filaments were found to consist of a two-phase core of tungsten borides 

approximately 0.0007-in. in diameter with a sheath of vapor deposited boron 0.002-in. 

thick. The core structure could not be resolved by the light microscope, but the 

x-ray diffraction lines from the borides were consistent with a crystallite size of 0. 1m 

or greater. The boron sheath consists of a nodular structure with major and minor 
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nodules typical of surface nucleated, vapor deposited materials. All the boron 

deposited between 870 and 1260° C has essentially the same crystallographic structure, 

regardless of substrate, and variations of the deposition parameters within a broad 

range only vary the morphology. 

Metallographie techniques were developed to reveal the core and sheath structure, and 

standard x-ray methods were employed to observe the boron and boride diffraction 

patterns. Boron filaments were thinned for transmission electron microscopy studies. 

As described in the second half of this report, careful indexing was required to identify 

the various spot patterns. Special techniques were utilized to demonstrate that vapor 

deposited boron is not a liquid-like amorphous solid, but rather, it consists of a micro¬ 

crystalline aggregate of ot-rhombohedral and tetragonal boron. 

The tungsten boride crystal structures were reviewed; their diffraction patterns are 

similar and it is quite difficult to distinguish between certain borides. The identifica¬ 

tion and existence of some borides is not well established and there are some uncer¬ 

tainties about the reported phase equilibria in the vicinity of 1150°C. 

Boron aggregates prepared by different methods were examined. Boron prepared by 

growth from the melt consists of the /3-rhombohedral structure; 0-boron is optically 

active, twins readily, and does not exhibit cleavage fracture. A high purity poly¬ 

crystalline sample fractured conchoidally when struck with a hammer. Boron pre¬ 

pared by gas pyrolysis has a diffraction pattern consisting of only two very diffuse 

halos indicative of a liquid-like amorphous structure. 

Production filaments prepared by Texaco Experiment, Inc., are characterized by: 

• A strongly delineated major nodule structure with some filament lengths 

having a minor nodule structure as well 



• A cusped ring structure; the cusps correspond to the major nodule structure 

and the chamber rings are the result of deposition in several chambers 

• A lower resistance to chemical attack at the chamber ring interfaces which 

is related to the dominant growth mechanism 

The surface texture of the United Aircraft Research filament is similar to the Texaco 

material but there are two chamber rings with different morphologies. The United 

Aircraft filament is apparently built up in small waves and the entire structure has a 

chemical reactivity comparable to the chamber ring interfaces of the Texaco material. 

All filaments exhibit two fracture modes: the flat longitudinal mode which has the 

appearance of a cleavage fracture and the conchoidal mode. The flat fracture mode is 

caused by straight radial cracks which form near the beginning of the deposition process 

and grow with the filament. These flat, radial cracks are responsible for the longitu¬ 

dinal splitting observed in B/W filaments. The conchoidal mode is simply a typical 

brittle fracture nucleated by defects such as foreign particles and the core-sheath 

interface. 

Filaments deposited at lower temperatures and shorter times tend to have a minor 

nodule structure while high temperatures tend to eliminate the minor nodules. The 

ratio of longitudinal to circumferential dimensions of the major nodules decreases 

with increasing deposition temperature, ranging from 1:1 to 1:3. This and other features 

can be incorporated into a nomenclature system for filaments which includes descriptions 

of the core structure, the sheath structure, and the dominant morphological features 

of the sheath. 

The cores of all B/W filaments react to form various borides, depending upon the time 

and temperature of deposition. Expansions due to boride formation are probably respon¬ 

sible for the longitudinal cracking described earlier. The borides form by radial diffusion 

and the expansion reaction probably occurs when the first boride phase to form reacts 

with the tungsten core to form another boride. Phase identification of the first boride has 

not been made because a solid state phase transformation must occur on cooling to 

provide the intimate two-phase mixture of W2B5 and t-WB9(WB4) which is observed. 
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This mixture is present in all the fully reacted B/W filaments examined in this study. 

The formula t-WB2(WB4) only indicates that the phases r-WBg and WB4 have essentially 

the same diffraction patterns and cannot readily be distinguished by x-ray diffraction. 

A radial temperature decrease of 80* C from the core-sheath interface to the filament 

surface was estimated for 0.005-in. filaments. Thus, no structural gradient is 

likely to exist because of a large temperature difference; however, fluctuations in 

local temperature can cause the variations in crystallite size and crystal structure 

which are observed. 

During the deposition process, the filaments pass through several mercury seals. 

Quenching the filament in these seals does not appear to affect the structure of the 

filament but the area of re-started growth is more susceptible to chemical attack. 

The radial crack responsible for the flat fracture mode could be initiated by quenching 

in these seals rather than by expansion due to the formation of borides. Foreign 

particles are picked up in the radial cracks and can contribute to crack healing and 

forming renucleated nodules which occur in filaments. 

The crystallographic structure of boron filaments deposited under a wide variety of 

conditions appears to be essentially the same; this structure is discussed in detail 

in the second half of the report. The morphology of boron filaments is closely related 

to the deposition conditions and this morphology has been described in the preceding 

sections. 



Section 4 - CRYSTALLOGRAPHIC STRUCTURE OF BORON FILAMENTS 

4.1 INTRODUCTION AND REVIEW OF PREVIOUS WORK 

4-1-1 Review of Boron Crystal Structure Analyses 

Many polymorphs of boron have been reported, and these structures have been reviewed 

by several authors (Refs. 20, 24, and 25). The boron polymorphs which have been 

generally accepted are the o-rhombohedral structure (Ref. 26), the tetragonal struc¬ 

ture (Ref. 20), and the /3-rhombohedral structure; x-ray diffraction studies of these 

and other structures have been reviewed by Hoard and Newkirk (Ref. 20). /3-boron 

always forms on fusion or by deposition processes which occur above about 1500° C, 

while the tetragonal structure occurs in the vicinity of 1000 - 1500»C. The a-boron 

structure is generally found below about 1100° C. Hoard (Refs. 20, 28, and 29) has 

suggested that only the ß-boron form is thermodynamically stable and that all the other 

forms are the result of variations brought about by kinetic, epitaxial, or impurity fac¬ 

tors. These factors have also been suggested by Newkirk to explain the polymorphism 

of boron (Ref. 28). Peters and Potter (Ref. 30) have shown that vapor deposited o- 

boron can have an epitaxial relationship with Si single crystals. 

Several authors (Refs. 24, 27, and 29) have demonstrated that the boron structure 

can be described using structural gioups of B12 icosahedra as can the structure of 

many of the borides. This concept is of considerable benefit in understanding \oron 

and boride structures and is also useful in discussing the structure of boron filamenta 

The a-boron structure consists of a rhombohedral arrangement of B12 icosahedra 

(a » 5.067 Â, a = 58.06°)(Ref. 26) and the tetragonal structure consists of a face- 

centered tetragonal arrangement of B12 units with two interstitial atoms in each unit 

cell (a * 8.75 A, c * 5.08 A)(Ref. 24). The j9-boron structure (a * 10.12 Â, a = 65°28') 

has been described as an icosahedral arrangement (Refs. 24 and 27) of B12 icosahedra 

with two B10 units and a single B atom within the large rhombohedral unit cell. It must 

be emphasized that in all these structures the B12 structural units do not behave as 



close packed metal atoms, but rather, have definite orientation relationships and 

are separated from each other by bond lengths comparable to one-half the B 

icosahedron diameter (Refs. 24, 26, and 27). 

Because well-defined diffraction evidence is available only for the a-rhombohedral, 

tetragonal, and 0-rhombohedral forms of boron, and because the existence and means 

of production of the other forms is in some question, the interpretation of the broad 

diffraction maxima observed from boron filaments was restricted to the well-defined 

forms. The d-spacings and intensities for the a-rhombohedral from have been 

published by Decker and Kasper (Ref. 26 - ASTM card 12-377) while Hoard, Sands, 

and Newkirk (Refs. 20 and 27) have published data on. the tetragonal form (ASTM card 

12-469) and 0-rhombohedral form (ASTM card 11-618). The densities of the various 

forms of boron are discussed in Appendix C. 

4,;l*2 Review of 0ther Investigations on the Structure of Vapor-Deposited Boron 

There have been several hypotheses concerning the crystallographic nature of boron 

filaments. Because early x-ray diffraction data showed two or three broad maxima 

or halos, the first investigators assumed that boron vapor-deposited at low tempera¬ 

ture was "amorphous." Subsequently, as many as seven halos have been observed 

having intensities which do not decrease monotonically with increasing diffraction 

angle, proving that vapor-deposited boron cannot have a liquid-like amorphous struc¬ 

ture. Lipsitt and co-workers (Ref. 10) at the Aerospace Research Laboratories 

(ARL) postulated that the halos could result from a highly distorted /3-rhombohedrnl 

structure but this model was shown to be inconsistent with the positions of the halo 

maxima as described in Section 4.3. 

Later work at ARL (Ref. 31) showed large rel-rod effects in an hexagonal spot pattern 

obtained from isolated areas of large crystallite size found in ground boron filaments. 

The same observations were made during this study in thinned as well as ground fila¬ 

ments, and rel-rod effects were noted in other spot patterns as well (see Section 4.4). 

Otte and Lipsitt (Ref. 31) indexed the hexagonal pattern on the basis of an hexagonal 



crystal structure and obtained the same translation vector (5.3 A) as that obtained 

from the diffuse maxima indexed on an fee lattice. From these observations, they 

postulated an fcc-hcp structure with an ideal c/a ratio and profuse faulting for the „ 

structure of vapor deposited boron. The faulting hypothesis was supported by their 

observation that filament fragments heated by the electron beam recrystallize to a 

large crystallite size with striations in the image and rel-rod effects in the diffrac¬ 

tion patterns. 

The Otte-Lipsitt model has been critized for several reasons (Ref. 32), the principal 

ones being: 

• The existence of an fee structure for elemental boron has not been 

established 

• The postulated corresi>ondence between the halo pattern and the hexagonal 

pattern was based on rhombohedral cell parameters which are very different 

from those of the known rhombohedral polymorphs of boron and imply a sub¬ 

unit in the 0-rhombohedral structural which, in fact, does not exist (Ref. 33). 

• Line broadening due to crystallite size was not considered even though a 

grain boundary structure with a large crystallite size was not demonstrated 

• No image evidence such as stacking fault fringes was presented to demon¬ 

strate the existence of stacking faults in the unheated matrix material 

In addition to the ARL studies, Wawner has studied the structure of boron filaments 

(Refs. 8, 14). In a very long exposure Debye-Scherrer pattern of a split and etched 

filament Wawner found a six halos, as noted in Table 16 (Ref. 14). A tentative indexing 
0 

scheme showed that the six halos could be indexed on a bcc lattice with a = 6.2A, but 

Wawner noted that this scheme has a 25% density discrepancy. Also, the diffraction 

maxima are very broad, and the calculated lines for various indexing schemes are 

easily matched to the observed broad peaks. In the same report (Ref. 14), some heat 

treatment studies were described in which 0-boron crystals grew on the surface of 

boron filaments heated above 1650* C in vacuum. Inert gas suppressed the surface 

reaction, and the general conclusion was that the transformation was grain growth 

of a microcrystalline aggregate. Several different substrates were used and no epitaxial 
# 

effects were noted in the as-deposited or heat treated filaments. 

108 



» 

h 

Table 16 

X-RAY DIFFRACTION DATA FROM SPLIT AND ETCHED BORON FILAMENT 

Observed 
d(A) 

Calculated ^ 
d(A) Intensity hkf 

4.3 

2.5 

1.7 

1.38 

1.1 

0.9 

4.4 

2.5 

1.7 

1.4 

1.1 

0.9 

S 
M 

VW 

W 

WW 

VVW 

no 
211 

321 

420 

440 

631 

^Dfita taken from Ref. 14, Indexing based on bcc lattice 
with a = 6.2Â 

i 
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Galossó and co-workers (Ref. 21) have studied the structure of boron filaments deposited 

between 700 and 1700° C. Wire substrates of Ta, W, and Mo were used and the boride 

reactions were examined in all the systems. Boron deposited below about 1400° C was , 

uniform in structure and considered to be amorphous,while deposits above about 1500° C 

developed a columnar grain structure of /3-rhombohedral boron which could be discerned 

under polarized light. Between 1400 and 1500° C various structures occurred containing 

both equiaxed and columnar grains of both tetragonal and rhombohedral boron. Heat 

treatments of 30 seconds duralion caused tetragonal boron to form at about 1300° C and 

/3-rhombohedral boron to form above about 1500 C. 

4.2 METALLOGRAPHY 

4.2.1 Summary of General Observations 

In the previous sections, extensive metallographlc observations were reported for 

boron vapor deposited under a variety of conditions. In all the cases examined, the 

boron had essentially the same appearance except fcr the macroscopic growth details. 

The significant features observed were: 

• The growth nodules which occur in three general types: major nodules, minor 

nodules, and renucleated nodules 

• The continuity of nodules from one chamber ring to the next 

• The increased chemical reactivity at regions of new growth or nucléation 

• The complete lack of optical activity under polarized light 

• The apparent cleavage and conchoidal modes of fracture 

All of the above observations are consistent with a model of vapor-deposited boron in 

which the boron is either "amorphous" or has a crystallite size smaller than ~ 1.0m. 

Some further observations on the structure of vapor deposited boron are given in the 

following sections. 
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4.2,2 Optical Anisotropy 

The microstructure of large grain size 0-rhombohedral boron was presented in 

Section 3.4 ard the structure of the same material observed under polarized light is 

presented in this section in Fig. 39 where the optical activity of /3-boron is clearly 

demonstrated. 

Polarized light photographs of two boron filaments are shown in Fig. 40. The filament 

in Fig. 40a was deposited by a low temperature electric discharge process (Ref. 34); 

it exhibits a definite cone structure and strong optical anisotropy. Figures 39 and 40 

demonstrate that optical activity can be observed at high magnification if it is present. 

The filament in Fig. 40b is a production filament, Texaco-a. Its cone structure can 

be deduced from the cusps at the chamber ring interfaces, but there is no indication of 

cone structure revealed by polarized light nor is there any other evidence for optical 

anisotropy. The variations in brightness around the chamber ring interfaces and across 

the samples are due to surface roughness and do not indicate true optical activity. 

Optical activity has been observed in low temperature deposits (Fig 40a) and very high 

temperature deposits (Ref. 21) but polarized light examinations of various production 

filaments, the Astro material, and the Texaco tailings all showed that normally 

deposited boron filaments do not show optical anisotropy. 

The nodular structure typical of small crystallite size or small grain size pyrolyticully 

deposited materials has been shown to be the result of surface irregularities in the 

substrate (Section 3. &). This nodular structure is revealed very clearly in pyrolytic 

graphite and pyrolytic boron nitride because there is a mutual alignment of crystallites 

as evidenced by preferred orientation studies in these materials (Rtfs. 35 and 36). 

The strong preferred orientation permits large regions to act very much like large 

single crystals. Vapor deposited boron, on the other hand, has the nodular structure 

but it is revealed only by etch-relief; therefore, the crystallites in boron must have 

very little mutual alignment and the crystallite size must be below the resolution of 

the light microscope; i. e., less than ~ 1. 0m. 
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Fig.40(a) Polarized Light Photomicrograph of Boron Filament Deposited at 
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4,2.3 Heat-Treated Filaimntß 
. 

The effect of heat treatment on the structure of boron filaments was examined briefly 

by heat treating at ~ 1000° C. The heat treatments were done in quartz ampoules 

evacuated and back filled with high purity argon. To prevent reaction of the filament 

with the quartz, the ampoules were first lined with Ta foil. Filaments heat treated 

with this arrangement lost some boron, were kinked into a spiral shape, and demon¬ 

strated optical activity under polarized light. Photographs of some filaments heated 

to 990" C for 48 hours with Ta foil are shown in Fig. 41. At first, the kinking was 

attributed to stress relief and recrystallization of the filament; however, it was found 

that boron powder of an unknown purity forms a eutectic with Ta foil at 1000° C, in 

contradiction to a reported phase diagram (Ref. 37). Changing to a Mo liner resulted 

in relatively straight filaments after heat treatments as high as 1050° C for 15 hours; 

but other effects were noted. 

Figures 42 and 43 show the structure of some Texaco-3 filaments after a 1050° C-15 hr 

heat treatment. The filaments were polished on 1^ diamond paste. The filaments are 

slightly smaller than their original diameter and there are several holes in the boron 

sheath ard at the core-sheath interface. The holes are about 18m in diameter, are 

covered inside with a shiny, granular texture, and occur most frequently in the vicinity 

of the second chamber ring. Longitudinal cross sections of the filaments are shown in 

Fig. 43. Figure 43a is a section near the outer filament surface while Fig. 43b was 

taken further inte the specimen. The proximity of the holes to the region of the second 

chamber ring is evident in Fig. 43b. In addition to the holes developing in the heat 

treated filament, the hardness or abrasion resistance was increased considerably and 

and sample preparation techniques had to be altered somewhat to cope with the increased 

hardness. Several days of automatic diamond polishing were required. 

Data from two Debye-Scherrer patterns taken from heat treated filaments are given in 

Table 17. The information is of little use because the borides and boron lines overlap 

in nearly all cases. The high d-spacing lines of /3-boron were not observed, so 
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Fig.41a Boron Filament Annealed 990°C for 48 hr. 20x. 

Fig.41b Boron Filament. (1) Annealel 990°C for 48 hr, 
(2) As-Received. 24x. 
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Fig. 42 Transverse Cross Sections of Boron Filaments Heat Treated at 1050*C 
for 15 hr. (a) P4528, 500x. (b) P4529, lOOOx
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Fig 43 Longitudinal Sections of Boron Filaments Heat Treated at 1050'C for
15 hr. (a) Near outer surface, P4572 , 500x, (b) Further into filament. 
P4573, 500X
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Table 17 

DEBYE-SCHERRER PATTERNS OF HEAT-TREATED BORON FILAMENTS 

1000° C (24 hr) 980* C (46 hr) 

d(A) Intensity d(A) Intensity 

4.25 

3.25 

3.01 

2.70 

2.55 

2.30 

2.25 

2.12 

2.08 

1.90 

1.73 

1.55 

VW 

M 

W 

M-Br 

W 

W 

VW 

s 
s 
w 
w 
w 

4.20 

3.25 

3.10 

2.70 

2.28 

VW 

M 

VW 

s 
M 

2.13 

2.05 

1.93 

1.73 

1.60 

1.55 

MS 

M 

W 

VW 

vvw 
M 

1.40 

1.38 

1.34 

W 

W 

M 

-* 

t 

r 
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ß-boron is probably not present. The 4.4Ã boron halo was always evident,provided that 

sufficient boron remained on the filament. Diffraction data obtained in the electron 

microscope is better than x-ray data in this case because of the high degree of sample 

selectivity in the electron microscope. Electron microscopy of heat treated filaments 

is discussed in Section 4.4.5. 

4.3 X-RAY DIFFRACTION 

4.3,1 X-Ray Diffraction - Experimental 

Diffraction patterns of boron vapor-deposited between 870 and 1260* C were obtained 

in Debye-Scherrer cameras, in focusing x-ray diffractometers, and by transmission 

electron diffraction. The Debye-Scherrer patterns, from whole filaments and fila¬ 

ments ground 30 - 60 minutes in a B4C mortar and pestle, were obtained with crystal 

monochromatized and Ni-filtered radiation in both 114.6 and 57.3 mm cameras; the 

sample for the diffractometer consisted of filaments three layers thick, and the trans¬ 

mission electron diffraction patterns were obtained from thin pieces of boron prepared 

by grinding or chemical thinning. In all the diffraction geometries and sample prepara¬ 

tions, the diffraction patterns of the vapor-deposited boron consisted of broad maxima 

or halos, whose widths are given by the d-spacing ranges shown in Table 18. Of these 

halos, the first, second and fifth halos are nearly always seen in the diffraction pat¬ 

tern while the fourth and seventh are frequently seen. The third and sixth halos are 

very difficult to record and are only rarely observed. Electron and x-ray diffraction 

relative intensities differ due to differences in the Lorentz factors; the data reported 

in this section are for x-ray diffraction. 

The information in Table 18 is nearly sufficient to indicate the kind of boron present 

in vapor deposited boron filaments. The ß-boron diffraction pattern is very complex 
0 

with many medium-to-strong lines in the d-apacing range 4.6-7.95 A. (ASTM card 

11-618). Because the halos do not extend into this range, it is likely that the amount 

of ß-boron present is rather small. Table 19 lists the major peaks of tetragonal 
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Table 18 

POSITIONS OF HALO MAXIMA IN VAPOR-DEPOSITED BORON 

Halo 
d-Spacing 
Spread A 

IntensityO3) Halo 
Number 

4.20-4.76 

2.40-2.68 

-2.13- 

1.68-1.80 

1.36-1.45 

- l.l(a) - 

- 0. 94 - 

S 

M 

VVW 

VW 

M 

VW 

vw 

1 

2 

3 

4 

5 

6 

7 

(ä) 
'Halo observed by Wawner (Ref. 14) 

^X-ray data 
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Table 19 
» 

?1FRA^TI0N PEAKS F°R tetragonal 
and ;x rhombohedral boron 
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(Ref. 20) and a-rhombohedral boron (Ref. 26). Comparing Table 19 with Table 18, 

there is very little in the broad diffraction maxima of the vapor-deposited boron to 

distinguish tetragonal from a-rhombohedrai boron, but it is evident that the vapor- « 

deposited boron consists of one or the other form. In fact, the final determination of 

the crystal structure of the as-deposited boron must be inferred from the electron 

diffraction patterns of vapor-deposited boron filaments which have been beam heated 

to produce a-boron (see Section 4.4.4). For further discussion of the structure of 

vapor deposited boron see Section 4.3.2. 

The diffraction pattern from a th;ee-filament-thick flat bundle, obtained with Ou Ko 

radiation at a very slow scanning speed (25 min/deg), is given in Fig. 44 together with 

some of the o- and /3-boron peak positions reported in the ASTM card file and the 

boron halo patterns as summarized in Table 18. Items to be noted in this figure 

include: 

• The absence of diffracted intensity near 10 deg 26 where strong 0-boron 

lines would occur , 

• The discrepancy between the first halo maximum and the position of the 

most intense 0-boron line 

• The proximity of halos 1, 2, 3, ö, and 7 to the peak positions of a-boron 

• The variation of intensity with increasing angle which corresponds with the 

data given in Table 18. 

Halos 3, 4, and 6 are not evident in this scan and they are very very weak when 

recorded on x-ray films. As demonstrated in this and the next section, the data 

given in Fig. 44 are consistent with a model of very small crystallite size tetragonal 

or a-rhombohedrul boron. 

To test the distorted 0-boron hypothesis (see Section 4.1.2) and to obtain the most 

reliable data, the diffraction patterns of ground 0-boron and whole filaments were A 
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accurately determined in the vicinity of the first boron halo by point counting. To 

insure maximum resolution of the profiles, chromium radiation was used to determine 

the pattern. Figure 45 contains the uncorrected boron halo data as well as the halo 

corrected for background. Also shown are the reported peak positions of a- and 

tetragonal boron, and the peak positions and observed relative intensities from ground 

13-boron. The /3-boron peaks were 0.1 - 0.2 deg 20 wide. As may be seen, it would 

be difficult to conceive of a distortion of the /3-boron structure tint would result in the 

first boron halo. However, only a moderate distortion of the two peaks of o-boron or 

tetragonal boron could produce the observed halo. If the tungsten boride peaks are 

substracted from the halo, as shown in Fig. 45, then the halo seems asymmetric, with 

a tail extending away to higher values of 20 . The shape of this curve is similar to the 

"hk bands" observed in poorly graphitized carbon and suggests a two-dimensional 

structure. 

The first boron halo can be decomposed into two peaks; a symmetric peak near the 

(00-3) peak of a-boron and an asymmetric peak near the (10-1). The pairs of curves 

numbered I, n, HI represent different attempts to decompose the halo. Case III gives 

consistent results for the particle size parameters shown in Fig. 45, as calculated 

from the theory of diffraction from two-dimensional crystals (Ref. 38, p. 516). In 

this theory, hk profiles are broadened asymmetrically with a long tail oward high 20, 

and the peak is shifted toward high 20 values; a crystallite diameter (L ) can be com- 

puted from the line broadening and the peak shift. In addition the (OOf) peaks are 

broadened symmetrically and shifted to lower 20 values, .md a crystallite thickness 

(Lc) can be computed from the line broadening. Although this interpretation is 

internally consistent, it is by no means proven. The (200) and (111) peaks of tetragonal 

boron can be resolved from the halo in the same fashion, and the relative intensities 

are closer to the reported values than in the case of a-boron. Crystallite sizes com¬ 

puted from the curves in Case II of Fig. 45 - assuming them to be (200) and (111) of 

tetragonal boron - are presented in Fig. 45. Both curves give a 30 Â crystallite size, 

which agrees with the data presented in Section 4.4 on electron microscopy. No 
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evidence of a two-dimensional structure has been given, and the crystal structures of 

tiie various forms of boron do not strongly suggest a layer structure as do those of 

carbon and some forms of. boron nitride. Thus the x-ray diffraction evidence from 

vapor-deposntd boron found in boron filaments is consistent with a mixture of small 

crystallite size a-rhombohedral and tetragonal boron. This hypothesis for the 

structure of boron filaments is discussed further in Section 4.3.2. 

The diffraction pattern of Gallery boron described in Section 3.4 consists of a very 

broad halo between 2.4 and 4.4 A and another halo between 1.35 and 1.45 A. The first 

broad maximum corresponds to a merging of the first and second halos listed in Table 

18, while the other maximum correspond to the fifth halo listed in that table. Thus, 

gas pyrolyzed boron powder apparently has the same or similar structure as boron 

deposited on a hot filament, but it has a smaller crystallite size and may have a 

higher percentage of misplaced atoms. To account for the line broadening, the 

crystallite size must approach the unit cell size of a-boron. Crystallite sizes of 

about 10 Â are consistent with some observations in vapor-deposited boron described 
Section 4.4. 2. 

4.3.2 X-Ray Diffraction - Theoretical 

The basic structural unit of elemental boron and of many boron compounds is the B 

group, which consists of boron atoms located at the vertices of a nearly regular 

icoshedron. In o-rhombohedral boron, one such icosahedron is located at each lattice 

point, which gives 12 atoms in the rhombohedral unit cell. The more complex /3- 

rhombohedral form, with 105 atoms in the unit cell, consists of a rhombohedral 

arrangement of groups. In addition, two B^ groups and a single boron atom 

are located along the main diagonal of the rhombohedron (Ref. 27). A Bg4 group is 

composed of a central B12 icosahedron, with 12 half-icosahedra positioned radially on 

the extended lines through the vertices of the central icosahedron. These half- 

icosahedra bond to corresponding half-icosahedra from neighboring Bg4 groups along 

the rhombohedral axes to form complete B groups. 



The "simple" tetragonal polymorph of boron is a face-centered tetragonal arrangement 

®2.2 KrouPs» two single boron atoms per unit cell which occupy tetrahedral 
interstices (Ref. 39). 

In all three of these boron structurée, the icosahedra have definite orientations with 

respect to each other in the ideal case. The structure factor for a given "ideal" boron 

structure is written as 

n 

where the sum is taken over the individual boron atoms in the unit cell. This computa¬ 

tion has been carried out for the a-rhombohedral form by Decker and Kasper (Ref. 26) 

and for the "simple" tetragonal form by Hoard et al. (Ref. 39). 

There is another approach to the structure factor calculation for boron structures which 

is useful in the discussion of vapor-deposited boron. It seems reasonable that the ran¬ 

dom nature of the deposition process might result in an imperfect or "non-ideal" 

arrangement of icosahedra, in which the B12 groups within a given crystallite are 

oriented randomly with respect to one another, with slight distortions of the inter- 

icosahedron bonds. If a large number of randomly oriented structural groups are 

distributed on a lattice, then a simple statistical argument shows that the average 

diffracted intensity from this structure is the same as if each lattice point had associated 

with it a structural group averaged over all possible orientations. The intensity 1(0) 

for a particular random arrangement 0 of structural groups on N lattice sites is 
given by 

(6) 



i 7 = 2 sin 0Q £* 

Fig. 46 Geometrical Configuration Used for Calculation of 
Structure Amplitude of Icosahedron of Boron Atoms 



and the intensity averaged over all the possible arrangements ß is 

<■> ' /-/ 
1 N 

1(0) P(0) dw 
1 

du> 
N (7) 

In Eq. (6), and denote the structure amplitudes for the particular orientations 

of the structural groups located at lattice sites m and n , respectively, and the other 

symbols have their usual meaning (see, for example, Ref. 40). In Eq. (7), P(O) is 

the joint probability for the particular configuration 0 , and the integrations are 

performed over all lattice sites. The end result is that (l) can be expressed as 

<I> <F> 
R H 

m n 

“T* (s-s ' (R -R ) a • ' o m n 
(8) 

where 

<F> = f 

m 
Fmp(m)d“m (9) 

and P(m) is the probability of a given orientation on one lattice site. 

To obtain (f) , the ’'orientation-averaged" structure amplitude, it is necessary to 

write a general expression for the structure amplitude of the structural group in an 

arbitrary orientation, and then to average this expression over all orientations. The 

derivation of (f) for the case of a regular icosahedron of boron atoms (Fig. 46) 

was performed as indicated in the following summary (see, also, Appendix IV): 

(1) The regular icosahedron,of edge-length a , is described by a set of 12 

vectors {Rj} from the geometric center to the 12 vertices. The vectors 

{Rj} are written in terms of Cartesian basis vectors T, ]*, k . 
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(2) A new Cartesian basis V , F, k* ^ introduced, having the same origin 

but oriented arbitrarily with respect io the basis vectors i , j , k . 

(3) The set of vectors {^} is expressed in terms of the "primed" system, 

i.e., 

r; = T R 
J 3 

where T is the 3 x 3 matrix of direction cosines which relates i' , j' , k' 

to T, T, k, and has the property TT = T 1 

(4) The set of vectors {Rj} = {Î describes an arbitrary orientation of the 

icosahedron with respect to the basis vectors i' , j' , k' . 

(5) The diffraction vector is chosen as 

IT - 's = 2 sin O k' 
o o 

This means that the icosahedron is oriented arbitrarily with respect to the 

plane formed by the directions of propagation of incident and scattered radiation. 

(6) The structure amplitude is given by 



(7) The íinal result is 

F'(icos.) = 2f(B) cos (xA cos Yz) + cos 
/cos a 

’'(ãlidõ + B 008 rz) 

+ cos IX cot 36 cos nz - 2 C0B ® C0S Yz) 

xfl—^cosa - 9SW 7L cos ß + B cos Y \ A \ 2 sm 36 z 2 sin 36 z z J + cos 

+ cos 

+ cos 

* (#Sr%008 “z+/¾¾ 008 ‘‘z+ B 008 vz) 

(i cot 36 cos Qí,+õ cos Z3, ~ B cos T, Z w z z (11) 

where 

4ira sin 0, 
X = —*- 

A = Tv5 1 - cot2 36 + cot 36 (1 + cot2 36) 
1/2 -,1/2 

+ 5 <3 
1/2 

cot 36) 

0.9510 

B 1 
2v5 1 - cot2 36 + cot 36 (1 + cot2 36) 

1/2' 
,1/2 

0.4253 

and a ,/3 , and Y are the angles between k' and i , j , and k , z z z 
Respectively, and f(B) is the atomic scattering factor of boron for x-rays. 



If we consider the particular orientation a = 0 = tt/2 , y = 0 , as illustrated in z z z 
Fig. 46, the above expression simplifies to 

F^icos.) = 2f(B)[cos xA + 5 cos xB] (12) 

This function is plotted vs. (sin 0oA) in Fig. 47, using a = 1.76 Â (Ref. 26). 

Note that Eq. (11) gives Fm in Eq. (9). The task now is to perform the averaging. 

At this point it is convenient to make a change of variables from the direction cosines 

cos az , cos ßz , and cos rz as given in Eq. (11) to Euler angles (0 , ¢) (Ref. 41). 

The transformation is given by 

' 

cos az = sin 0 sin ip 

cos ß = sin 0 cos ip > z 

cos y = cos 0 
Z 

With this substitution, the proper expression for the structure amplitude 

"smeared-out" icosahedron becomes 

~ ¿ / / F*0 ’ ^ 8in 9 d0 <14) 
0 = 0 <p~ 0 

where F(0,$ is F'(icos.) of Eq. (11), written in terms of Euler angles. When the 

integration is performed, the final result is 

(f) = 12f(B)^ (15) 

where 





f(B) is the atomic scattering factor for boron, r is the radius of the icosahedron 

(distance from the center to a vertex), and dQ is the Bragg angle. It may be noted 

that the result in Eq. (15) is derivable very simply by considering a spherical shell 

of diffracting material of radius r and scattering power 12 f(B)/4irr2 per unit area. 

Hiis, in fact, is all that the averaging process means. 

Equation (15) is plotted in Fig. 48, using the atomic scattering factor of boron for 

x-rays. (The result for election scattering is similar, except that f(B) falls off more 

rapidly with increasing sin eQ/\.) Also shown in Fig. 48 are the positions of all the 

halo maxima observed in electron and x-ray diffraction studies of boron filaments. 

Using the function (f) in Eq. (15), the structure factors for the various boron structures 

can now be written in a manner in which the B12 groups are treated as large individual 

"atoms''. The results for a-rhombohedral boron and the "simple" tetragonal form of 
boron are given below. 

a^rhombohedral boron. The a-rhombohedral unit cell consists of one B12 groupât 

each lattice point. Thus, the only "atomic" coordinate in the unit cell is (000), and 

therefore, 

(16) 

Tetragonal boron. The unit cell of "simple" tetragonal boron (Ref. 39) contains: 

The structure factor is, therefore, 

+ <F>[ 

F(T) = f(B) [e7^ + 

§ (h+k-tf) f (3h+3k-4) f (3h+k+3t) £ (h+3k+3f)' 



<
F

>
/<

F
0

>
 

Fig. 48 Normalized, Averaged Structure Amplitude, Showing Positions of Halo 
Maxima 
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Figure 49 shows the relative integrated intensities of reflections of a-rhombohedral 

boron, calculated using Eq. (16), plotted against 26 (Cu Kr*). The boundaries of 

halos 1, 2, 4, and 5 are indicated. These boundaries were obtained from an electron 

diffraction pattern, and the measured d-spacings were converted to 26 (CuKa). The 

third halo was so weak that the boundaries could not be measured accurately on the 

electron diffraction pattern, and thus only the mean position is indicated. The inten¬ 

sities were calculated as (f)2p, where p is the multiplicity. The Lorentz- 

polarization factor was not included, so that the intensity distribution shown is essentially 

that which would be observed on an electron diffraction pattern, in which the Bragg 

angle, and therefore the L-P factor, is approximately constant. The rapid decrease 

of the Lorentz -polarization factor with increasing 20 is the reason why only the 

strongest halos, 1, 2, and 5 are usually observed on x-ray films (see Table 22, 

Section 4.4.1) while the weaker halos are more easily recorded in the electron diffrac¬ 

tion case. Note that Fig. 49 is for a-boron with randomly oriented icosahedra. 

Figure 50 shows the relative integrated intensities of a-boron reflections, for the case 

of ideally oriented icosahedra. The values shown were obtained from the intensities 

given in ASTM card 12-377, dividing through by the Lorentz-polarization factor and 

re-normalizing. The ASTM data are well-founded on single crystal diffraction studies. 

Figure 51 shows the calculated intensities for tetragonal boron using I = {F(T)}2 p 

and F(T) in Eq. (17). This figure is also for randomly oriented icosahedra. 

Figure 52 gives the relative integrated intensities for tetragonal boron, for the case 

of ideally oriented icosahedra. The values were obtained from ASTM card 12-469 by 

dividing each listed intensity by the Lorentz-polarization factor and re-normalizing. 

Again, these ASTM data are based on single crystal diffraction studies. 

A study of Figs. 49, 50, 51, and 52, together with certain other observations made in 

connection with the halo diffraction pattern, gives some insight into the probable struc¬ 

ture responsible for the halos. Referring to Section 4.3. l,Fig. 45, the first halo 
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o 

profile can be decomposed into two peaks, one corresponding to abou 4.35 A and the 

other to 3.97 Ã. The 3.97 A peak is of approximately half the intensity of the 4.35 Â 

peak and these values are in excellent agreement with the data for tetragonal boron - 

(ASTM card 12-469) d(200) = 4.37 Â, I = 100; d(lll) = 3.92 Â , I = 75. The a-boron 

(00-3) and (10 1) reflections are close, except for the intensity reversal (Figs. 49 and 

50). The second halo, d = 2.68 — 2.40 A , can be interpreted equally well in terms 

of a:(10- 4) +(11-0) or tetragonal: (002) + (131). The third halo, in the vicinity of 

2.13 Â, is not so easily explained. This halo is extremely weak as recorded in electron 

diffraction studies of as-deposited filaments, and has not been observed by x-rays be¬ 

cause of the Lorentz-polarization factor and the presence of tungsten boride lines. 

From Figs. 49 - 52, it is seen that the (11-3) and (02-1) reflections of a-rhombohedral 

boron are very close to 2.13 A, whereas the nearest reflections cf tetragonal boron 

are somewhat further away. On the basis of the a-boron structure factor, which is 

just (f) for the random-icosahedron case, one would expect this halo to be about as 

intense as the second halo (refer to Fig. 48, noting that the intensity goes as <F>2>. 
o 

The 2.13 A halo has been observed to increase in intensity after a 15 hour heat treatment 

at 1050° C, as discussed in Section 4.4.5. The fourth halo, d = 1.80 - 1.68 A, is 

generally observed to be of weak to medium intensity in electron diffraction patterns. 

No tetragonal boron lines are found in this range, but the a-boron (220) = (02 *4) 
o 

occurs at d = 1.77 A. This line is so weak, however, that it does not appear on ASTM 

card 12-377 for a-boron with ideally oriented icosahedra. The intensity is only very 

slightly increased in the random icosahedron treatment (Fig. 49). The fifth halo, 
o 

d = 1,45 - 1.36 A, occurs in the vicinity of five a-boron reflections (Fig. 50) and six 

tetragonal boron reflections (Fig. 52). In either case, n strong halo could be con¬ 

structed, as observed. The 1.1 Â halo reported by Wawner (Ref. 14) would appear 

to agree better with tetragonal boron because its (362) reflection, d = 1.16 Â, is 

fairly strong (see ASTM card 12-469, and Fig. 52). The a (12-8) is also a possibility 

(see Fig. 50). The halo at 0.94 Â, observed by Wawner (Ref. 14) and also in this 

investigation, agrees well with the a-boron (411, 542) (ASTM card 12-377), which is 

the only strong line in this vicinity. 
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Comparing the ideal-orientation and random-orientation cases for the two boron 

structures, Figs. 49, 50, 51, and 52, it is seen that the calculated intensities using 

the random-orientation structure amplitude decrease more rapidly with increasing 

20 than those for the ideal orientation. In some cases, the relative intensities of 

adjacent reflections are reversed, as in the case of the a (11-3) and (02-1) reflec¬ 

tions in Figs. 49 and 50. Also, calculations using the randomized structure amplitude 

occasionally result in the complete cancellation of reflections which are present in 

the ideal-orientation case. For example, the (362) reflection oi tetragonal boron is 

quite prominent, as seen from ASTM card 12-469. However, when these indices 

are substituted into Eq. (17), the result is identically zero. Although the physical 

reality of the random-orientation model for structures involving the B12 groups has 

not been established, the model appears reasonable in view of the nature of the vapor 

deposition process. Intensities calculated from the random model usually agree 

sufficiently well with those obtained from the rigorous, ideal-orientation expression, 

so the random-orientation method is useful for quick computation in the case of com¬ 

plex structures. 

Table 20 below summarizes the analysis of the halo diffraction pattem as discussed 

in this section. 

Table 20 

d-SPAGINGS OF HALO MAXIMA AND PROBABLE IDENTIFICATION 

Halo d, A I Probable Identification 

1 

2 

3 

4 

5 

6 

7 

4.43 

2.55 

2.13 

1.74 

1.42 

1.1 

0.94 

S 

S 

VW 

M 

2 

VW 

VW 

Tet. (200)+(111) or a (00-3)+(10-1) 

a (10-4)+(11-0) or Tet. (002)+(131) 

a (02-1) or (11-3) 

a (02-4) 

a (21-4)+(30-0)+(00-9)+(02-7)+(12 5) 
or Tet. (133)+(342)+(152)+(260)+(161)+(252) 

Tet. (362) or a (01-11, 13-4) 

a (32-4, 12-11) 



If halos 3 and 4 are a-boron reflections, as indicated in the table, then an explana¬ 

tion for the intensity reversal must be found. From Fig. 49, the (02.1) and (11- 3) 

reflections are much stronger than the (02-4), and the same holds true in Fig. 50 

for the ideal orientation of B12 groups. An intensity reversal of this sort must be 

due to a defect structure, if in fact the choice of ideal structure is the correct one in 

the first place. For a-rhombohedral boron, such a defect structure might involve 

interstitial boron atoms or groups of atoms, even though these are not present in the 

"ideal" a-rhombohedral structure. The structure factor would be modified due to 

the presence of these interstitials, and the relative intensities of the a-boron lines 

would be changed. 

The only alternative explanation for the halo intensity distribution would be a new 

structure based on a completely different arrangement of icosahedra. The bcc 

and fee arrangements of icosahedra proposed by other investigators (Refs. 14 and 

31) do not adequately explain the relative halo intensities, however, even though they 

approximately predict the proper d-spacings. As discussed in Appendix C, the cubic 

packing arrangements also do not agree with the observed densities. 

From the above discussion, it is seen that the choice lies between explaining the 

observed diffraction data on the basis of defects in the established structures of boron 

or devising new structures which will explain the observations. The major structural 

units in boron polymorphs are the Bl2 icosahedra, the Bl0 units in /3-boron, and 

isolated atoms which occur in some of the structures. None ot these structural units 

will behave as single metal atoms having no directionality, so simple packing models, 

without regard for the established packing arrangements, will be unsatisfactory. The 

/3-rhombohedral structure has been eliminated as an explanation of the halo pattern 

because of the lack of intensity from 5.0 - 8.0 Â where the strong /3-boron lines 

occur. On the other hand, the halo maxima cannot be adequately explained by a simple 

mixture of a- and tetragonal-boron because 1) the relative intensities are not correct, 

as in the case of the a (02-4) compared to the a(02-1) and(ll- 3), and 2) certain 

medium-intensity reflections such as the tetragonal (231), (331), (451), and (333) are not 

observed in the halo pattern (see Figs. 50 and 52). Variations in the relative intensi¬ 

ties of diffraction peaks with variations in the degree of order are well known (Ref. 38, 

p. 380), particularly for layer structures such as partially ordered carbons, and 

”F 
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defects in the a- or tetragonal-boron structure could account for the differences in 

relative intensity. 

The correspondence of the a-boron reflections and the halo positions strongly indi¬ 

cates that the vapor deposited boron examined in this study consists primarily of 

defective a-boron, but the high intensities of halos 1, 2, and 5 and the easy decom¬ 

position of the first halo into the tetragonal (002) and (ill) peaks indicates that some 

tetragonal boron may be present. The variations in relative intensity are likely due 

to consistently occurrmg defects in both lattices, and several such defects can be 

readily conceived. Atoms, atom clusters, or vacancies occurring interstitially 

between the icosahedra, twinning, imperfect icosahedra consisting possibly of 

groups, and mismatch at crystallite boundaries are some obvious defects which could 

consistently occur and could affect the relative intensities of the diffraction peaks. 

The effects of some of these defects can be computed, and suggestions for further 

studies are made in Section 5. 

Structure Factor Calculation for ß Rhombohedral Boron. An approximate structure 

factor for the complex /3-rhombohedral form of boron was derived, using the "ran¬ 

domized" structural group approach discussed earlier. The motivation for this cal¬ 

culation was the necessity of explaining the "missing" reflections which arise as a 

result of the indexing of the 0(00-1] spot pattern (see Section 4.4. 3, Fig. 85). It 

was noted that many of the reflections which are missing in the electron diffraction 

pattern (Fig. 85) are also absent from the x-ray powder pattern (ASTM card 11-618). 

This suggests the possibility of systematic extinctions due to the two B1Q groups 

and the single boron atom which lie along the principal diagonal of the rhombohedral 

cell of /3-boron, as described by Hughes et al. (Ref. 27). 

Table 21 shows the first eight "missing" /3-bom reflections, obtained from Fig. 85(d), 

Section 4.4.3, and indicates which of these are also absent from the x-ray powder 

pattern. 



Table 21 

COMPARISON OF "MISSING" 0-BORON REFLECTIONS FOR THE ELECTRON 
AND X-RAY CASES 

Reflection 
Number (HK-L) d, A 

Missing, 
Electron Case 

Missing, 
X-ray Case 

1 

2 

3 

4 

5 

6 

7 

8 

(10-1) 

(11*0) 

(2M) 

(30-0) 

(13-1) 

(32-1) 

(14-0)(15-0) 

(33-0) 

8.80 

5.47 

3.54 

3.16 

2.61 

2.16 

2.07 

1.82 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

Yes 

No 

Yes 

Yes 

No 

It should be possible to show from the 0-boron crystal structure that the (10-1), (30- 0), 

(32-1) and (14- 0) reflections vanish due to destructive interference between waves 

scattered from the Bg4 groups which reside at the corners of the rhombohedral 

cell, and those scattered by the B1Q groups and single boron atom within the cell. 

Using Hughes' values for the coordinates and dimensions of the Bg4 and B^ groups 

(Ref. 27), the following structure factor for 0-boron was derived: 

F(0) = A(Bg4) + A(B 2iri(0. 385(h+k+£)] 
10* 6 

+ A(B10) ^[0.815(1,^,] 

♦ A(B) e,i<h+k*> (18, 

where h, k, I are rhombohedral indices, and 

A(Bg4) = l2f(B) 
sin a. sin at- 

i +-= + 5 
sin a. 

a. a. Oí, 
(19) 



A(B) = f(B) 
(21) 

The expression for A(B0.) in Eq ng) treats thP r ^ 
. ' 84^ 1 treats the B group as three concentric 

spherical shells of scattering material. 

Calculation of F@) for the (30- 0)H = (2ïï)r reflection using Eq. (18) gives a non¬ 

zero value. However, this value may be small In comparison to the values for other 

reflections. Time did not permit extensive calculations using Eq. (18). 

Equation (18) should be compared with the rigorous expression for the structure factor 

involving the atomic coordinates of all 105 atoms in the unit cell. This expression 

was not computed due to time limitations. 

A question still remains regarding the reflections which are present In the x-ray case 

but missing In electron diffraction for the Indexing scheme used in Fig. 85(d). Because 

the indexing in Fig. 85(d) appears to be the only one consistent with the published param¬ 

eters for (l-rhombohedral boron, the missing reflections must be caused by a defect 

structure involving additional boron atoms In tne unit cell or distorted arrangements of 

the interstitial groups already present. Such deviations from the Ideal structure might 

occur in the case of extremely thin crystals such as those which typically yield the 

hexagonal spot pattern shown in Fig. 85. 

"- 

» 
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4.4 ELECTRON MICROSCOPY 

4.4.1 Characteristic Structure of Boron Filaments Observed by Transmission Electron 
Microscopy 

This section discusses typical images and diffraction patterns obtained by transmission 

electron microscopy of production boron filaments prepared either by electropolishing 

or by chemical thinning, as described in Section 3.2.3. 

4.4.1.1 General Observations 

Figure 53 shows one of the first specimens prepared by electropolishing. The image 

contains a number of dark particles 100 - 200 Â in diameter, the matrix in which these 

particles are embedded having a fine texture. The irregular boundaries between light 

and dark regions are indicative of thickness variations. There is no evidence of 

dislocations, grain boundaries, stacking faults, or other structural features commonly 

observed in *he case of metallic specimens. 

The selected area diffraction pattern shown in Fig. 53(b) consists of a pattern of 

diffuse halos plus some isolated spots; the spots may originate from the embedded 

particles. In all, six distinct halos were observed on the original plate, although only 

four are readily distinguished on the print. The average d-spacings of these halos are 

listed in Table 22 together with those for a-rhombohedral boron shown on card 

12-377 in the ASTM x-ray data file. 

Table 22 

d-SPACINGS OF HALO MAXIMA FROM PLATE 750 (FIG. 53) COMPARED TO 
a-RHOMBOHEDRAL BORON 

^Not indicated on ASTM card 
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.■ i ■
Fig, 53a Electron Transmission Micrograph of Structure of Electro- 

polished Boron Filament. 140,000x, P750-lla

Fig. 53b Characteristic Halo Diffraction Pattern Corresponding to Image 
in Fig. 53a. 2x, P750-llb
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Table 22 shows that the halo maxima lie very close to strong powder pattern reflections 

of o-rhombohedral boron. A more striking comparison is shown in Section 4.3.2, 

Fig. 49, which gives the positions of the halo boundaries (at approximately half 

maximum intensity) in relation to the positions of all the a-rhombohedral boron 

reflections taken from the ASTM card plus the a(220) = (02-4) which is not listed on 

the card. 

A careful examination of the halo pattern of Fig. 53(b) reveals two isolated spots 

lying just outside the fifth halo, which correspond to a d-spacing of 1.1 Â. A complete 

halo of this d-spacing has been reported by Wawner (Ref. 14), using a Debye-Scherrer 

x-ray camera. A halo of very nearly this spacing has oeen observed in this laboratory 

in the case of filaments heat treated for long times at ’low" temperatures (see Section 

4.4.5). 

It is of interest to establish quantitatively the correspondence between the halos as 

observed in electron diffraction and in x-ray diffraction. In a Debye-Scherrer film 

of whole boron filaments, only the three strongest halos, i.e., numbers 1, 2, and 5 

in Table 22, can be easily observed. In Table 23, below, the d-spacings corresponding 

to the low and high angle boundaries of each of the three halos are shown, along with 
. A A 

the quantity A20/tan 0 for each halo, where 0 is the average value of the Bragg 

angle of the halo. This quantity, derived by differentiating Bragg's law, permits a 

direct comparison of the breadths of the halos in the x-ray and the electron cases. 

(The halo boundaries were determined by eye on both the x-ray film and the electron 

diffraction plate. It was established that the boundaries observed by eye correspond 

very nearly to the half-height line breadth determined from densitometer traces of 

the halos on a Debye-Scherrer film. ) 

The results in Table 23 compare very well and they definitely establish the similarity 

of the x-ray and electron diffraction patterns. 



Table 23 

fil 

COMPARISON OF POSITIONS AND BREADTHS OF DIFFRACTION HALOS OBTAINED 
FROM WHOLE PRODUCTION-RUN BORON FILAMENTS MEASURED BY X-RAY 

AND ELECTRON DIFFRACTION 

Measured 
Quantity 

Halo 1 Halo 2 Halo 5 

X-ray ED X-ray ED X-ray ED 

d(low 0), A 

d(high 0), A 

A20/tan 0 , deg 

4.576 

4.077 

13.22 

4.755 

4.201 

14.32 

2.674 

2.385 

13.12 

2.679 

2.400 

12.62 

1.427 

1.306 

10.18 

1.449 

1.355 

7.68 

Figure 54 contains several examples of the structure and characteristic halo diffrac¬ 

tion patterns from a chemically thinned filament specimen. The halo patterns are 

identical to those shown in Fig. 53(b), except that no isolated spots are present. The 

structure shown in the images is somewhat different from that shown in Fig. 53(a), 

even taking into account the lower magnification in Fig. 54. The images do not show 

the light-to-dark variations present in Fig. 53(a), nor do they show the high density 

of embedded particles. Rather, the surface appears very smooth, and, again, no 

evidence of dislocations, boundaries, or stacking faults is apparent. Figure 51(a) 

shows that near the edge there are several overlapping layers, while in Fig. 54(c), 

the projection has a pleated appearance which also is frequently observed in filament 

grindings (see Section 4.4.3). In all three images, isolated small inclusions can be 

seen, which, when corrected for magnification differences, are considerably larger 

than the particles shown in Fig. 53(a). However, no effect of these inclusions is 

evident in the diffraction patterns shown. 

A close inspection of the images of Fig. 54 shows that the thinned boron has a very 

fine, grainy texture. This structure is indicative of a very small crystallite size 

which is qualitatively consistent with the broad halo diffraction pattern. Tais question 

is discussed quantitatively in Section 4.4.2. 
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4.4.1.2 "Inclusions" in Boron Filaments 

Figure 55 shows another specimen of chemically thinned boron filament at 49,500 x. 

This structure resembles more closely the one shown in Fig. 53(a); numerous "in¬ 

clusions" are present, and the light-to-dark transitions are also observed. 

The unusual boundary seen in Fig. 55(a) (top) is shown at lower magnification in 

Fig. 56(a). The selected area diffraction pattern from this region has some interest¬ 

ing features: the usual diffuse halo pattern is present, but in addition, there are some 

spots and arcs. The four spots inside the first halo, as well as several of the spots 

just outside the second halo, correspond to reflections of potassium ferricyanide, 

indicating incomplete rinsing of the specimen. Just outside the first halo, six arcs 
o 

can be seen, which correspond to a d-spacing of 3.63 A. If lines are drawn through 

opposed arcs and extended, it is found that the extended lines pass through arcs lo¬ 

cated just inside the fourth halo listed in Table 22. The d-spacing of these arcs is 
0 0 

1.81 A, just half of 3.63 A. Thus, the outer arcs are the second order of the first 

arcs. The ASTM cards for a- and /3-rhombohedral boron give the following infor¬ 

mation: 

or. d(01-2) = 3.544 A, d(02-4) = 1.77 A 

ß: d(02-4) = 3.71 Ã, d(04-8) = 1.86 A 

Because the uncertainty in the camera constant of the microscope is sufficiently large 

to encompass both these values, the identification cannot be positive on the basis of 

this pattern alone and more information is required. 

Figure 56(b) shows another selected area diffraction pattern from the same specimen, 

this time with the aperture more completely filled by one of the large, spotty areas as 

indicated in the accompanying image. A large number of diffraction spots and arcs 

are present in this pattern. Attention is drawn to two sets of paired arcs. One set 

consists of the pair just inside the first halo and the pair exactly on the second halo; 

these arcs lie on a nearly horizontal line in the figure. The other set consists of the 

pair just outside the first halo and the pair just inside the fourth halo listed in Table 22 



#
0

1

A
U

<4-1 C^O ^
m ^IE
W ^•

(Ain

s
153



r*'

#■

.V

33
0 m 
rt ^ u n
IgA
rt S'

rt ^
1 ^

Is
Is
s I s|
-s-g
on X
fli o

'“ o 
.-£

o
bi5
Si

ft
So
S O 43 o o c 
o o 
a oQ

CQ 0)

o a

e

CO
lO



i 

(the third and fourth halos are invisible In Fig. 56). This set lies on a line approxi¬ 

mately 30 deg from the horizontal, proceeding from upper left to lower right The 

first set of arcs has d-spacings of 5.15 À and 2.576 À , whUe the second set has 

d-spacmgs of 3.65 A and 1.825 A . This second set Is identical to that described in 

the discussion of Fig. 56(a) in the preceding paragraph. Because there is no o- 

rhombohedral boron reflection with d-spaclng of 5 Ã or higher, the first set of arcs 

must be the (10-4) and (20-8) reflections of d-rhombohedral boron. If the second 

set is also due to the same ß crystal or small group of crystals, it must be the 

(02J) and (04.8) reflections. This indexing Is easily proved by checking the angle 

“Igltr —-calculamdlgle 

The angle measured from the plate Is 45 deg. Hie agreement is within 3 deg showin 
that the arcs arise from a small cluster of ^-rhombohedral boron crystals near the 

orientation (20-11. from the accompanying Image showing the area corres¬ 
ponding to this diffraction pattern, it would appear that the large spotty areas are 

pro ably crystalline /3-rhombohedral boron lying on the surface and giving rise to 

e numerous diffractions spots and arcs. The underlying smooth area gives the 
usual continuous halo pattern. 

Figure 56(e) contains anoiher example of the presence of (i-rhombohedral boron 

indicated by the paired arcs. Calculation of interplanar angles shows that the two 

pairs of arcs Just outside th, first halo must correspond to two different groups of ß 

crystals, even though no such division is apparent in the image. The two pairs of 

arcs lie 60 deg apart, and no two permutations of (02-4) give this interplanar angle 

Thus, from Fig. 56 It is apparent that the presence of 0-rhombohedral boron can mak. 

a contribution to the halo pattern Intensity: the (20- 8) type reflections contribute to 

the second halo, and the (04- 8) type reflections contribute to the third halo. 
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Figure 57 gives more evidence for the presence of /3-rhombohedral boron in as- 

produced boron filaments. This specimen, which was electropolished, has a number 

of precipitate-like particles in a textured matrix [Fig. 57(a)]. The measured d- 

spacings of the spotty rings shown in the diffraction pattern, Fig. 57(b), are given 
in Table 24. 

Figure 58 shows another example of the structure of a chemically thinned filament. 

Numerous angular particles are embedded in a smooth (at this magnification) matrix. 

The diffraction pattern shows the four strongest halos, as usual, but in addition, two 

discontinuous, sharp rings can be observed between the first and second halos, and 

two opposed spots can be seen just inside the first halo. Table 25 gives the d-spacings 

obtained from this pattern. ("H" indicates'-halo---compare with halo d-spacings 

given in Table 22.) The sharp lines, presumably originating from the angular particles, 

are clearly identified as /3-rhombohedral boron. 

To study these particles further, attention was focused on a single particle. Figure 59 

shows the selected area aperture outlining a single particle, along with the resulting 

diffraction pattern; this pattern has considerable spottiness. The outlined particle 

is evidently composed of a number of crystallites which give rise to the spots, where¬ 

as the surrounding matrix material produces the usual h Jos. Table 26 lists the 

various d-spacings obtained from this pattern and compares the ones not indicated 

by "H" (for halo) with reflections of/3-rhombohedral boron. 

Figure 60 shows a selected area diffraction pattern from another particle. In this 

case even less of the matrix material is included within the boundaries of the selected 

area aperture; consequently, the halo pattern is weaker and the contributions from 

the polycrystalline particle are more intense. Table 27 lists tie measured d-spacings 
and their identification. 

The fourth halo (numbering according to Table 22) is completely broken up in this 

pattern and three orders of the /3(10-4) reflection are visible. 
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Vicr -iTa Electron Transmission Micrograph of Electropolished Boron 
Filament Showing Clusters of Crystalline Material. 75,000x.
P818-7a

Fig. 57b Diffraction Pattern From Area Shown in Fig. 57a. Note 
decomposition of halos into spotty rings. 2x. P818-7b
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Table 24 

d-SPACINGS FROM DIFFRACTION PATTERN SHOWN IN FIG. 57(b) 

Number Measvj 
d, J 

red 0-boron 

d, A (HK-L) 

1 

2 

3 

4 

5 

6 

7 

4.95 

4.36 

2.87 

2.43 

2.14 

1.91 

1.58 

5.06 

4.41 

2.86 

2.41 

(10*4) 

(20 >2) 

(12-5) 

(13-4) 

Table 25 

d-SPACINGS FROM DIFFRACTION PATTERN SHOWN IN FIG. 58 

Number Measured 
d. A 

/3-boron 

d, À (HK-L) 

1 

2(H) 

3 

4 

5(H) 

6(H) 

7(H) 

5.15 

4.37 

3.58 

2.93 

2.53 

1.72 

1.38 

5.06 

3.55 

2.94 

(10-4) 

(21*1) 

(30-3) 



Table 26 

d-SPAGINGS FROM DIFFRACTION PATTERN SHOWN IN FIG. 59 

Number Measured 
d,k 

/3-boron 

d, Â (HK- L) 

1 

2(H) 

3 

4 

5 

5.15 

4.37 

3.58 

2.93 

2.59 

2.55 

5.06 

3.55 

2.94 

2.52 

(10« 4) 

(21-1) 

(30-3) 

(20-8) 

7 (H) 

8 

9 

10(H) 

11 

12 (H) 

13 (H) 

2.53 

2.06 

1.98 

1.72 

1.62 

1.39 

0.925 

2.06 
Ja) 

(23-5) 

^ASTM card 11-618 for ft-rhombohedral boron 
does not go below 2.02 A 



Fig. 60a Same specimen as in Figs. 58 and 59. Note outline of selected area 
aperture over one of the crystalline regions. 25,000x. P1467-14b

Fig. 60b Selected Area Diffraction Pattern From Regior Shown in Fig. 60a.
Three orders of the (10-4) reflection of ^-rhombohedral boron car. 
be distinguished. 2x. Pl467-14a
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Table 27 

d-SPACINGS FROM DIFFRACTION PATTERN SHOWN IN FIG. 60 

Number 
Measured 

d, Â Identification 

1 

2 (H) 

3 

4 

5 

6 (H) 

7 

8 

9 (H) 

10 

H (H) 

12 (H) 

5.10 

4.37 

3.63 

3.06 

2.93 

2.53 

2.09 

1.80 

1.70 

1.60 

1.30 

0.925 

/3 (10*4) 

/3 (02*4) or (21*1) 

ß (21-4) 

/3 (30-3) 

ß (20* 8) (2nd order) 

a (02-1) (?) 

a (02*4) (?) 

/3 (30* 12) (3rd order) 

a (21*1) or (11*6) 

In the examples considered thus far, the preferred orientation of the polycrystalline 

particles of /3-rhombohedral boron has been such that the second halo has had super¬ 

imposed upon it the /3(20- 8) reflection and the fourth halo the /3(30-12). No examples 

have been found in which the first halo has been broken up, even though there are some 

strong ß reflections in this range (4.2 - 4 8 A). If the /3-rhombohedral boron is 

present in any significant proportion, the /3(10*4) reflections, which fall inside the 

first halo, will be seen. For example, compare the increasing intensity of these 

reflections with the increasing proportion of the field of diffraction occupied by the /3 

particles in the sequence of Figs. 58, 59, and 60. 

Figure 61 shows yet another example of crystalline /3-rhombohedral boron embedded 

in the filament material. The position of the arcs again identifies ß positively, as in 

the previous cases. Note how the individual particles appear to blend into the "matrix." 

The diffraction pattern contains a number of parallel streaks which indicate a planar 

defect in certain of the crystallites. 
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Fig. 61a High Mollification View of Crystalline Regions in Chemically 
Thinned Boron Filament. 92,000x. Pl459-6a

Fig. 61b Diffraction Pattern Obtained From Area Shown in Fig. 61a.
Crystalline regions are identified as 0-rhombohedrai boron. 
Streaks in the diffraction pattern indicate that the crystalline 
regions contain planar defects. 2x. Pl459-6b
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Up to this point, the examples of isolated crystalline regions embedded in the boron 

"matrix" have all been polycrystalline. On occasion, single-crystal regions yielding 

well-defined spot patterns are observed Figure 62 shows one such spot pattern 

obtained from the crystallite outlined by the edges of the selected area aperture; the 

diagram in Fig. 62(c) shows the indexing of the pattern. By a careful check of d- 

spacings and interplanar angles, the pattern was identified as /3-rhombohedral boron 

in the [ 74 • 4] orientation. 

One might be tempted to assign two permutations of the same indices to the spots 

indexed as (32- 8) and (24- 6), since the measured d-spacings are very nearly the 

same; however, trial and error computation shows that this is impossible and that 

two different reflections with nearly the same d-spacings are involved. The correct¬ 

ness of the assigned indices can be verified only by checking the interplanar angles. 

The d-spacings alone are unreliable for indexing a spot pattern of a substance with 

many closely spaced lines as in the case of /3-boron, since slight variations in the 

camera constant and derivations from exact pattern orientation can result in slight 

errors in the observed d-spacings. Table 28 compares measured and calculated d- 

spacings and angles for this pattern. 

An interesting feature of the pattern in Fig. 62 is the fact that certain reflections are 

missing. For example, referring to Figs. 62(b) and (c), the (20-5) is present but 

the (12* 3) and the (04* ï) do not appear. Other examples of this phenomenon of 

missing reflections will be presented and discussed in later sections. 

Figure 63 shows another /3-boron single crystal spot pattern observed in a specimen of 

chemically thinned boron filament. The diagram in Fig. 63(c) shows the indexed 

pattern. This pattern also shows missing reflections, e.g., (II* 1), (02-1), (13.1) 

etc. Note also that the intensities of the (11-0) and (33*0) reflections are very low. 

This point is important to the interpretation of the /3 (00-1] spot pattern (see 

Sections 4.3.2 and 4.4.3). 

Measured and calculated d-spacings and angles for the pattern in Fig. 63(c) are pre¬ 

sented in Table 29. 
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Table 28 

COMPARISON OF MEASURED AND CALCULATED d-SPACINGS AND ANGLES 
FOR DIFFRACTION PATTERN SHOWN IN FIG. 62(c) 

Quantity 
Measured 

Value 
Calculated 

Value (a) 

ß d (32-8) 

ß d (24- 6) 

ß d (12-2) 

/3 d (40-10) 

ß d (16-4) 

4 (32-8), (24*6) 

4 (12-2), (32-8) 

4 (12-2), (24-6) 

4 (40-10), (24-6) 

2.09 Â 

2.07 A 

3.65 A 

1. 63 A 

1.60 A 

39.5° 

73.0“ 

74.0“ 

58.0“ 

2.28 Á 

2.25 A 

3.43 A 

1.67 A 

1 64 Ã 

38“ 34' 

71“ 56' 

69° 30' 

66° 15» 

fa) ° ° 
'Using a0 = 10.^44 A, c0 = 23.715 A, corresponding 
to ap = 10.12 A, a = 65° 28' 

Table 29 

COMPARISON OF MEASURED AND CALCULATED d-SPACINGS AND ANGLES 
FOR DIFFRACTION PATTERN SHOWN IN FIG. 63(c) 
— 

Quantity Measured 
Value 

Calculated 
Value 

ß d (22-2) 

ß d (22-0) 

ß d (3Î- 2) 

ß d (04*2) 

4 (22-2), (Ï3- 2) 

4 (Ï3- 2), (40-§) 

4 (31-2), (35.4) 

4 (04-2), (51-2) 

4.46 A 

2.81 Â 

3.49 A 
O 

2.38 A 

38.5“ 

84.0“ 

60.0“ 

56.0“ 

4.40 A 

2.74 A 

3.43 A 

2.32 A 

38“ 48' 

83“ 4' 

60“ 42' 

54° 23' 
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Figure 64, a complete eingle-crystal spot pattern of a-rhombohedral boron obtained 

from a specimen of electropolished filament, is another example of the necessity of 

measuring interplanar angles. On the basis of d-spacings alone, the pattern would 

appear to be ß-rhomobohedral boron. Figure 64(c) gives the complete indexing of the 

pattern, and Table 30 compares the measured and calculated d-spacings and angles. 

There are no missing reflections in this pattern. 

Table 30 

COMPARISON OF MEASURED AND CALCUJ^ED d-SPACINGS AND ANGLES 
VOR DIFFRACTION PA i TERN SHOWN IN FIG. 64(c) 

Quantity 
Measured 

Value 
Calculated 

Value 

a d (01-2) 

a d (1Î-2) 

a d (10-4) 

a d (12-0) 

a d (13-2) 

4 (01-2), (11 • 2) 

4 (01-2), (13-2) 

4 (10-4), (12-0) 

4 (10-4), (23-2) 

4 (01-2), (23-2) 

3.39 Ã 

3.44 A 

2.53 A 

2.31 Ã 
1.47 A 

94.0° 

26.0° 

90.0° 

106.0e 

59.0° 

3.52 Ã 
3.52 A 

2.53 Â 
2.45 A 

1.56 Ã 
91* 40' 

26° 14' 

90* 0' 

107* 57' 

62* 6' 

4.4. i. 3 Summary of Characteristic Structure of Boron Filaments Observed by 
Transmission Electron Microscopy 

The observations of thinned, production on boron filaments by transmission electron 

microscopy may be summarised as follows: Overall, the bulk of the thinned material 

has a fine-textured surface with gradual thickness variations (Fig. 54). No contrast 

due to dislocations, subgrain boundaries, stacking faults, or other defects can be 

observed. This structure produces a diffraction pattern consisting of six diffuse halos 

which correspond closely to reflections of o-rhombohedral boron. The images and 

halo diffraction pattern of this material suggest that it is composed primarily of a- 

rhombohedral boron of extremely small crystaUite size with possibly some tetragonal 
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boron present. Isolated regions consisting of polvcrvatollm» „r , , 

0-rhombohedral boron can treqoentlv be LrlTZZ * or 
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deposited in the vicinity of 1150°C. eXamlned 111 this study were 



4.4.2 Crystallite Size Determination by Electron Microscopy 

In the previous section, the structure of thinned boron filaments was shown to consist 

of a matrix of very finely textured material in which numerous particles of crystalline 

or- or /3-rhombohedral boron are embedded. The matrix material gives rise to the 

halo diffraction pattern which is characteristic of vapor deposited boron. In this 

section, experiments are described and evidence is presented which show that the 

textured matrix consists mainly of a-rhombohedral boron of extremely small crystallite 

size. Moreover, the small crystallite size adequately accounts for the broadening 

of the a-boron lines to produce the halo pattern. 

4.4.2.1 Textural Observations and Line Broadening Experiments 

Figures 65 - 68 show high-magnification electron micrographs of the matrix structure, 

in a region relatively free from crystalline inclusions. The textured appearance is 

very obvious in these photographs, all of which were obtained from the same specimen. 

The mean dimension of the texture as measured from the photographs in Figs. 65 to 

68 is approximately 70 A. This texture effect could be due either to thickness varia¬ 

tions on a very small scale, perhaps produced by chemical thinning, or to diffraction 

contrast. If the latter is the case, then the texture is indeed due to individual crystal¬ 

lites oriented more or less at random, the dark areas arising from those crystallites 

which are oriented properly for diffraction. For diffraction contrast to be sharp, the 

specimen must be no more than several crystallite diameters in thickness; otherwise, 

contrast is lost due to multiple diffraction. Indeed, Fig. 65 shows a distinct diminu¬ 

tion of contrast with increasing distance from the edge. 

Other features to note in examining Figs. 65 to 68 are the extremely jagged edges and 

the absence of thickness contours near the edges. These effects are also indications 

of a small crystallite size material. 
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Fig. 67 Another Example of the Textured Appearance of Thinned Boron Filament. 
183.000X. Pl493-4a
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Fig. 68 Another Area of the Same Specimen, Near That of Fig. 67. 183,000x. 
P1493-4b
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To establish that the texture represents true diffraction contrast, two approaches are 

possible: 

(1) Study and compare the granular detail in the image at different tilt angles 

(2) Study the broadening of the halo diffraction pattern to ascertain whether a 

consistent result is obtained between the directly measured texture dimen¬ 

sions and the crystallite size required to produce the observed broadening. 

These two approaches are discussed below: 

(1) Tilting Experiment 

If an image in the electron microscope shows a granular texture, it is possible to 

establish whether the texture is produced by diffraction contrast by tilting a selected 

region through 5* or more and comparing the granular detail in the two micrographs. 

If crystalline regions are responsible for the texture, the tilt will change the diffrac¬ 

tion conditions for many of the crystallites, and a change in granular detail will be 

produced (Ref. 42). If the texture is due to thickness variations, there will be essen¬ 

tially no change in appearance. 

This experiment was performed several times by preparing a suitably thin boron fila¬ 

ment specimen, locating an area with some distinguishing feature, and photographing 

it at two different angles of tilt at least 5* apart. Figures 69 to 71 show three pairs 

of images at different tilts. It is apparent that there is some change in granular detail 

at the different tilts, but these micrographs are not considered to be conclusive evi¬ 

dence by themselves. Specimen motion and vibration during the exposures as well as 

slight differences in focusing conditions could also have been factors contributing to 

the slight differences in appearance. It was found that a comparable difference in 

detail was sometimes obtained with two different exposure times at the same tilt (Fig. 72). 

(2) Aralysis of Line Broadening 

The characteristic halo pattern arising from the textured material shown in Figs. 65 to 

68 provides the most insight into the nature of the structure of vapor-deposited boron. 
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Fig. 72 Illustration of Change in Granular Detail With Exposure Time at Constant
Tilt (+2°). 183.000X. (a) Long exposure, (b) Short exposure. P1590 *

178



If one considers the intensity variation of successive halos (Table 22, Section 4.4.1) it 

becomes immediately apparent that the material is not "liquid-like" amorphous. If it 

were, each successive halo would, of necessity, be less intense then the preceding one. 

and in any event six well-developed halos would never be observed (Ref. 43). The 

presence of several maxima is a clear indication that the material is actually crystal¬ 

line. with its diffraction lines broadened by one or another of several causes which 

will now be discussed. 

In general, the broadening of a diffraction line may be due to any or all of the following 

causes: 

(a) Non-uniform strain 

(b) Stacking faults 

(c) Small size of the diffracting crystallites 

The probable magnitudes of each of these contributions are considered below for the 

case of the boron filament halo pattern. 

(a) strain. Strain broadening can be estimated from the maximum residual strain 

(IR 
e = “pr max E 

(23) 

where ov, is the maximum residual stress, tensile or compressive, and E is 
R 

Young's modulus. 

For boron filaments, aR * 3 x 105 psi (Ref. 13) and E « 6 x io' psi. These values 

yield 

e « 5 x 10-3 
max 

The strain broadening of a diffraction line, in radians, is given by 

ß (strain) *= A(20) = -2 tan 0 (24) 
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where Ad/d is the strain expressed as a f factional change in interplanar spacing. 

To obtain the maximum tensile (or compressive) strain alone, the value of Ad/d 

must be divided by two. Thus 

ß (strain) = 4 e tan 0 (25) 
ill ctA 

where 0 is the Bragg angle (Ref. 44). 

Referring to Fig. 49, 0 » 10° for the first halo, measured with CuKu radiation. 

Because tan 10° - 0.176, 

ß (strain) = A(20) = 4 x (5 x i(f3) x (0.176) x 57.3 

* 0. 2°(20) 

From Fig. 49, the measured breadth is approximately 2.5° 20, much larger than 

that due to strain alone. It should be noted that the halo boundaries indicated in 

Fig. 49 were determined by eye from the electron microscope plate, and the d-spacings 

corresponding to the boundaries were converted to 20 (CuKo;). These measurements 

agree well with the half-maximum line breadth determined from a densitometer trace 

of the halos on a Debye-Scherrer x-ray film; thus, the halo boundaries shown may be 

considered to give the breadth of the halos at half maximum intensity. The above 

analysis clearly 'jhows that strain alone cannot account for the observed broadening. 

Even if the first halo consists of more than one reflection, the breadth of each individual 

line would still have to be much larger than 0.2° to result in the continuous distribution 

of intensity observed in the halos. 

(b) Faulting. Stacking fault contrast or stacking fault fringes have never been observed 

in thinned filament material which gives the characteristic halo pattern. Light micro¬ 

scopy and x-ray diffraction studies have shown that vapor-deposited boron has no 

preferred orientation; therefore, evidence of stacking faults should be apparent in the 
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electron m.croecope imanen if the crystallite size is considerably lamer than 100 

and if stacking faults are a common occurrence in vapor-deposited boron 

crystallite size is smaller than 100 A, the line broadening will be dominated by the 

crystallite size contribution. Slacking faults could contribute to tue line breadths but 

there must be some independent evidence of their existence. 

(c) Crystallite Size Determination. To calculate the broadening due to small crystallite 

size, an estimate of the average dimensions of the crystallites must be obtained. 

One estimate can be made on the basis of the texture shown in Figs. 65 - 68 i. e., 

the 70 A value reported previously. The broadening due to crystallites of this size 

may be emulated from the Scherrer equation 

ß = A b'#) = D co8~0 
(26) 

where D is the mean crystallite size, k Is the wavelength of the radiation used, and 

„ is the Bragg angie. Referring to Fig. 49, die firs, halo, measured with CuKa 

radiation, has 8 » 10*, cos 0 = 0.985. Using k (CuKu, - 1.548 A and D - 70 A, 

we obtain 

1.542 X 57.3 
70 X 0.985 

= 1.3° 

Thus a 70 A crystallite size is too large to account for the observed broadening 

(2 m. Again referring to Fig. 49, it may be argued that the first halo is actually a 

doublet, consisting of either the ,00.3) and ,10-1) reflections of n-horon, or the ,300) 

and (111) reflections of "simple" tetragonal boron. If a composite peak ,s constructed 

from the two n peaks, each taken with its maximum at the theoretical Bragg ang e 
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and each broadened by a 70 A crystallite size, i. e., each broadened by 1.3% then 

the composite breadth is actually only 1.7*. If a composite peak is constructed using 

instead the two tetragonal peaks, the peak separation is so great that the doublet is 

well-resolved for 1.3° broadening. 

If all the observed broadening is due to small crystallite size, the above analysis may 

be inverted so as to calculate the crystallite size necessary to produce :he observed 

broadening. In the x-ray case, using CuKa radiation, the breadth of the first halo is 

approximately 2.5°. Thus, neglecting the effect of the doublet, 

n = x x 57-3 - 1.542 X 57.3 « 
ß cob 6 ~ 2.5 * 0.985 ~ A 

Using CrKa radiation, the breadth of the (00-3) component of the first halo is about 

4° (see Fig. 4' Ignoring any two-dimensional lattice effects and taking X(CrKo) = 

2.28 Â, 0 = 15° , cos 0 = 0.966 , 

2.29 x 57.3 
4 x 0.966 34 A 

[If the halo is considered to be due to the (200) and (111) reflections of tetragonal 

boron, as discussed in Section 4.3.2, similar results are obtained. J 

The same calculation can be made in the electron diffraction case. By measuring 
o 

the width AD of the second halo (d = 2.55 A) on the diffraction plate, and using 

the value of the microscope effective camera length L (see Fig. 76), the breadth of 

the second halo is found to be 

^ _ AD 1.5 mm 
^ ~ L 928 mm 

1.6 x 10-3 rad 



Taking X = 0.037 Â for 100 kV electrons and cos Ö = 1.0, 

< 

= —9:937 
^ 1.6 X 10 

= 23 Â 

This value is slightly small because the second halo is also a doublet, consisting of 

either the a-boron (10-4) and (11-0) reflections (see Fig. 49), or the (002) ana (131) 

reflections of tetragonal boron (Fig. 51). 

As a final check, refer to the fourth halo in Fig. 49. This is a singlet, consisting of 

the a-boron (02-4) reflection (d = 1.77 Â). The measured breadth is 4*. and the 

Bragg angle 0 = 26. Io, cos 6 = 0.898. Thus 

n _ 1-542 X 57.3 
4.0 X 0.898 

= 25 Ã 

The results of these measurements are summarized in Table 31. 

Table 31 

CRYSTALLITE SIZE VALUES CALCULATED FROM HALO LINE BREADTHS 

Halo Doublet Method 
Calcu\pted 

D,A 

1 

1 

2 

4 

Yes 

Yes (resolved) 

Yes 

No 

ED converted to CuKa 

XRD CrKa 

ED 

ED converted to CuKa 

36 

34 

23 

25 
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Thus an average crystallite size of about 30 A is necessary to produce the observed 

broadening, if it is assumed that in fact all the broadening is due to small crystallite 
size. 

4.4.2.2 Small Beam Diffraction Experiments 

To obtain a more direct measure of the size of the diffracting crystallites, the following 

experiment was performed. A suitably thin region of a specimen of chemically thinned 

boron filament was located in the electron microscope, and a series of halo patterns 

were photographed using smaller and smaller openings of the selected area aperture 

and exposing for long times (0.5 - 1 hour). When the projected aperture dimensions 

were reduced to give a diffracting area of about 250 Â x 250 Â, a diffraction pattern 

was obtained which showed distinct arcing of the second halo: three distinct arcs were 

observed, superimposed on a laint continuous halo background (Fig. 73). The halo 

appeared to be as broad as the same halo photographed under normal conditions; how¬ 

ever, the breadths of weak, broad lines are very difficult to measure accurately. 

At a somewhat larger projected aperture opening, approximately 600 A x 600 Â, only 

continuous halos were observed (Fig. 71). For comparison, a diffraction pattern from 

a specimen of vapor deposited gold is shown in Fig. 75. In this case, the projected 

aperture size is 0. 5m x 0. 5m, and the diffraction rings are discontinuous, indicating 

a much larger crystallite size. (The large crystallite size is also indicated by the 

very small size of the individual dif ruction spots. ) 

Figure 76 shows the measurements made on the discontinuous halo pattern of 

Fig. 73. Each of the three distinct arcs found on the second halo had a breadth ß 

equal to that of the halo itself i. e., about 0.09°, and an angular width of about 12°. 

Because the circumferential width of each arc was approximately twice its radial 

breadth, it is possible that each arc was due to diffraction from two or more crystallites 

having very nearly the same orientation. 

1 
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Fig. 76 Measurements Taken From Halo Pattern With Maxima, Shown in Fig. 73 
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An estimate oí the size of the crystallites producing the discrete diffraction spots can 

be made as follows. Consider a diffracting volume of area A, bounded by the projected 

edges of the selected area aperture, and specimen thickness T. The number of 

crystallites in this volume, assuming uniform size and isotropy, is simply 

KT AT N = -7 (27) 
Dó 

Now consider diffraction from one isolated crystallite. The probability P(0g) A0 that 

this crystallite is oriented properly for diffraction at Bragg angle is given (Ref. 

44, p. 127) by 

P(ôg) = I cos 0g \e (28) 

The term A0 involves the beam divergence, c*o , and also the breadth ß associated 

with the reflection itself; thus, we can write, approximately, 

A0 = oío + ß (29) 

Then, the number, n , of crystallites oriented properly for diffraction at Bragg angle 

0B is given by 

n NP(0g) A0 = 
cos 0p. 

2 (% + » (30) 

Now, n is exactly the number of diffraction spots observable on a particular ring of 

the diffraction pattern. Solving Eq. (30) for the crystallite size D yields 

D 
AT cos 0g 

2n (31) 
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For the case ehown in Fig. 73, n - 3 , aiming each arc ie due to only one 

crystallite. Typically, ao * 4 x i(f3 radian for a 500p condenser aperture (Ref. 45). 

^4^^ 1.6x io 3 rad. A « 250 x 250 = 6.25 X 
10 (A) . Then, assuming T = 500 A, cos 0g » ] , one obtains 

D » 30 A 

ITiis is the correct magnitude to give the observed broadening. However, if the 

crystallites are of uniform size, dm foil is 500/30 « 17 crystallites thick which is 

certainly too many layers to permit good diffraction contrast. Also, the above analysis 

provides no explanation for the continuous, faint halo background. 

Suppose, instead, that the crystallites are not of uniform size, but vary from unit cell 

dimensions (~5 A) up to about 100 Á. Then the larger crystallites, in the range 50- 

100 A, are the ones which produce the textured appearance of the images. With this 

assumption, consider again the same diffracting volume, i.e., 

A = 250 X 250 (Â)2 = 6.25 x io4 (A)2 

T - 500 Â 

For this thickness, crystallites of the order of 100 A should be distinguishable by 

diffraction contrast, since only 5 layers of this size crystallite are involved. In this 

diffracting volume, the maximum number of 100 Â crystallites would be 

XT _ at _ 6.25 x 5 X 106 XM * ___ * - -iv_ K gg 

Now, since 

P(0g) A0 « A x 5. 6 x io-3 , 

188 



it is obvious that 

n = NP{0p) A0 « 1 

Physically, this means that the probability is very small that any of the 30 or so large 

crystaUites are oriented correctly for diffraction. This small probability of diffrac¬ 

tion by the larger crystaUites explains the fact that, although the experiment m F.g. 73 

was dupUcated many times, only occasionally was any arcing observed in the halos 

(see Figs. 77, 78, and 79). In all cases, however, a continuous halo pattern was 

observed, even for the smallest selected area aperture size. To obtain a continuous 

halo complete overlapping of Individual diffraction spots must occur. U we assume 

•hat each diffraction spot is symmetrical, i. e. , its radial and circumferential dimen¬ 

sions are equal, then the minimum number required to form a completely continuous 

ring (assuming no preferred oitentation) can be estimated as 

no = /3L = LX 

where R is the radius of the diffraction ring, L is the camera length, and ßL is 

the mean dimension of a diffraction spot (equal to the breadth of the ring). Suppose that 

the continuous faint halos originate from very small crystaUites, say D = 10 A. _ 

Then, from Eq. (32), taking R » 13.5 mm as in Fig. 76 (second helo), AL = 35 A-mm 

and cos Ö« = 1 « 

n _ 27T X 13.5 X 10 R 25 

° 35 

From Eq, (29), 

A0 = ao + ß 
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Fig. 77 Thirty Minute Exposure, Projected Aperture Size 200 A x 200 A. Only 
continuous halos are visible. Diffraction pattern shown at 2x, image of 
aperture (circled)at 24,000x. P1502
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Fig 78 Seventy Minute Exposure, Projected Aperture Size 500 A x 500 A Some
maxima are visible on second halo. Diffraction pattern shown at 2x, image 
of aperture (circled) at 24,500x. P1394

i



Fig. 79 Thirty-Five Minute Exposure, Projected Aperture Size 300 A x 300 A. 
Only continuous halos are visible. Diffraction pattern shovra at 2x, 
image of aperture (circled) at 24,000x. P1464

192 k



• -3 
Using X = 0.037 A for 100 kV electrons and ao = 4 x 10 as before, 

A0 = 4 X io'3 + 3.7 x i(f3 

« 8 x 10 3 rad 

Now note that if a halo consists of M different, closely spaced reflections, then the 

total probability of scattering into the halo is just the sum of the probabilities for 

scattering by each component reflection. Thus 

M 

p <W ¿e = ¿e ^ P «V 
i= 1 

(33) 

In the electron diffraction case, all the Bragg angles are very small and nearly equal. 

P <Shalo> “ f 

Taking M = 2 , which is exact for the first two halos (see Fig. 49), 

P (Shalo> * ¿0 = 8 * l»'3 

Thus from Eq. (30), the total number of lOA crystallites required to produce a single 

continuous diffraction ring must be 

N 
25 

P ^halo* 8 x 10”3 
» 3 x IO" 
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Because approximately the same number would be required for each halo, the total 

number of crystallites for the entire pattern of 5 or so halos is 

NT = 5 * 3 X io3 * 104 

The smallest diffracting volume used in these experiments was estimated to be 

AT = 200 X 200 X 500 (Â)3 

7 0 3 
= 2 X 10 (A) 

4 ° 
The volume occupied by 10 crystallites of mean dimension 10 A is about half of this, 

7 6 ** 
which would leave room for about 10 /10 = 10 crystallites of 100 A dimensions, and 

these crystallites account for the texture visible in the images. 

The fact that extensive broadening of the faint continuous halo pattern is not observed 

for very small diffracting volumes, as would be expected if the pattern is due to 

extremely small crystallites, may be explained by the following: the halo pattern 

in the small aperture experiments is so weak that it is completely invisible on the 

fluorescent screen. The 1-hour exposures used were probably only sufficient to 

produce blackening of the plate near the maxima of the halos, so the entire breadth 

was not recorded. 

4.4.2.3 Summary of Crystallite Size Determinations 

In this section, evidence has been presented to show that the structure of vapor- 

deposited boron, exclusive of the large crystalline inclusions, consists of extremely 
o 

small crystallites with a size distribution in the range 10-100 A. The main points 

may be summaried as follows: 

(1) High magnification images of the matrix structure consistently show a uniform 
o 

texture having a mean dimension of about 70 A. Tilting experiments suggest 
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that the texture is possibly due to diffraction contrast, indicating that 

actual crystallites of this dimension are being imaged. 
0 

(2) An average crystallite size of about 30A accounts adequately for the observed 

broadening of the halos. 

(3) Diffraction patterns obtained from extremely small volumes show occasional 

isolated spots superimposed on a continuous halo pattern. For the small- 

aperture case, the appearance of continuous halos requires that the majority 

of the diffracting crystallites have dimensions on the order of 10A. The 

larger crystallites have much smaller probabilities of being oriented 

correctly for diffraction. 

(4) The structure cannot be liquid-like amorphous because of the numerous well- 

defined halos and their intensity distribution. 

(5) A size distribution of crystallites from 10 - 100 A explains all the experi¬ 

mental observations: 
o 

(a) The large crystallites, near 100 A, are imaged directly. 

(b) The average crystallite size, integrating over the entire distribution, 
o 

is about 30 A. 

(c) The diffraction pattern obtained for "large" (micron-size) selected areas 

arises from a random sampling of the entire distribution. Thus, the 

broadening can be calculated exactly from the average crystallite size. 

(d) The diffraction pattern obtained for small (~100 A size) selected areas 

arises from a preferential sampling of the small (~10 A) crystallites. 
O 

Occasional, favorably oriented, larger crystallites (~100 A) can 

produce isolated arcs on the halo pattern. 

I 
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4.4.3 Grinding Experimenta 

A number oí uumplee of ground boron filamente and crystalline fl-rhombohedral boron 

»ere examined In the electron microscope. The samples were ground in a boron carbide 

mor r and pestle. The grindings were suspended in ethanol and picked up on evaporated 

carbon substrates for examination. These experiments were Initially motivated by 

observations of investigators at Aerospace Research Laboratories ,Ref. 10, who noted 

that grindings of filaments and /¡-rhombohedral boron gave similar single crystal spot 

patterns, especially the IOC 1). These investigators postulated that the diffuse halos 

observed in x-ray diffraction studies whole filament, were caused by groups of 

strain-broadened reflections of fl-rhombohedral boron, and that grinding the filaments 

relieved the residual stresses, causing single-crystal spot patterns of crystalline 

d-boron to be observed in the microscope. In Section 4.3, this hypothesis is shown to 
be incorrect. 

The electron microscope observations of grindings made during the course of this 

work are presented in the following sections. 

4.4.3.1 Ground ^-rhombohedral Boron 

A number of different crystallographic orientations were observed in addition to the 

[00-1], which was actually observed very infrequently. Figures 80 -84 show samples 

of five indexed patterns. It will be noted that the patterns in Figs. 80, 82, and 83 are 

missing certain reflections. TTius, in Fig. 80, the (21-0) and (21-0) reflections, as 

we as all those obtained by adding the (02-1), (04- 2), (06- 3), etc. to these reflections 

aremissmg. figure 82 is the same as Fig. 85, to be discussed presenfly. I„ Fig 83’ 

the (01.1) and (01.1) reflections, as well as all those obtained by adding the (00- 3), 

(00-6), etc. to these reflections, are missing. Table 32 shows some of the measured 

and calculated d-spacb gs and angles for the pattern of Fig. 83; the good agreement 

indicates the correctness of the indexing. 
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Table 32 

COMPARLSON OF MEASURED AND CALCULATED d-SPACINGS AND ANGLES FOR 
DIFFRACTION PATTERN SHOWN IN FIG. 83 (c ) 

Quantity Measured 
Value 

Calculated 
Value 

ßd (00-3) 

ßd (02-2) 

ßd (02-1) 

ß d (02-4) 

ßd (00-6) 

4 (00-3), (02-2) 

4 (00-3), (02-5) 

4 (02* 1), (02*8) 

4 (02*4), (00-3) 

4 (02*5), (02*4) 

7.66 A 

4.68Á 

4.82Á 

3.66Â 

3.83 A 

69. 5# 

45.0° 

104.5° 

46.5° 

89.5° 

7.90 A 

4.40 A 

4.65 A 

3.70 A 

3.95 A 

68^121 

45°0’ 

110#42' 

51°20» 

83#40' 



Figure 85(a) shows another example of the [00-1] /3-boron spot pattern, this time in 

more nearly exact orientation. Although this particular pattern was obtained from a 

sample of pure /3-rhombohedral boron (ground for 30 minutes in a B4C mortar), the 

same pattern has been observed in filament grindings (see Fig. 92). However, in 

both situations, this pattern is observed infrequently. It is of interest to discuss this 

pattern in some detail, since it has been the source of considerable controversy in 

the interpretation of the structure of boron filaments. A paper was recently published 

in which this pattern, observed in a sample of ground filament, was offered as the 

principal evidence for the existence of profuse faulting in the boron filament structure 

(Ref. 31). The authors of this paper observed that the hexagonal pattern remained 

essentially unchanged when the specimen was tilted through ±30° in the microscope, 

indicating long rel-rods normal to the plane of the pattern. They indexed the pattern 

as fee [111] , with rel-rods through certain reflections from neighboring planes of 

the reciprocal lattice. These rel-rods intersect the central plane at points which can 

be indexed on a hexagonal axis system. Although the authors presented a self-consistent 

indexing scheme, several difficulties were found to exist in their overall 

interpretation and a paper has since been written discussing these points (Ref. 32). 

Because this hexagonal pattern has been observed in grindings of pure /3-rhombohedral 

boron, it must be indexed using the known /3-boron parameters. 

Figure 85(c) presents the proper indexing which accounts for all the observed diffrac¬ 

tion spots in terms of d-spacings and interplanar angles of /3-rhombohedral boron. 

The pattern includes contributions from three adjacent reciprocal lattice planes. 

Figure 85(b) indicates the d-spacing measurements made on the diffraction pattern 

shown in Fig. 85(a), and Table 33 shows the measured d-spacings, the assigned 

indices, and the spacings calculated from these indices using the published (rhombo- 

hedral) parameters for /3-boron, i.e., = 10.12A, a = 65*28»(Ref. 33). The 

corresponding hexagonal parameters are 

aQ = a^ V 2 ( 1 - cos a ) = 10.944 A 

co = a^ V 3 ( 1 + 2 cos a ) = 23.715 A 
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Fig. 85a Hexagonal Spot Pattern From 
Grindings of ^-Rhombohedral 
Boron. /3[00-1], exact 
orientation; P879

Fig. 85b Diagram of Diffraction Pattern Shown in (a), 
inHienting Succession of d-Spacing Measure
ments. Outlined hexagon is formed by six 
(22‘0) type reflections.
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A REFLECTION FROM PLANE ABOVE 

□ REFLECTION FROM PLANE BELOW 

Fig. 85c Complete Indexing of Hexagonal Spot Pattern. [Contributions from three 
layers of reciprocal lattice are observed; inner hexagon, formed by long 

V rel-rods from reciprocal lattice points above and below central plane, 
gives projected d-spacings which correspond to "forbidden" reflections 
of the form (20*0)] 
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Fig. 85d One Complete Reciprocal Lattice Plane of /3-Rhombohedral Boron, Normal 
to Main Diagonal. [Only reflections observed in pattern are those wnose 
indices are even multiples of basis vectors (11*0) and (12-0)] 
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Note that the spots nearest the center of the pattern give d-spacings which correspond 

to reflections of the form (20-0). These reflections are "forbidden, " since they do not 

correspond to integral indices in the rhombohedral system. If we consider the adjacent 

reciprocal lattice planes positioned l/co above and below the plane containing recipro¬ 

cal lattice vectors of the form ( HK- 0 ), i. e., planes having vectors of the form ( HK* 1 ) 

and (HK* 1), it becomes apparent that the innermost hexagon is formed by extensions 

of the reciprocal lattice points (02-1), (22*1), and (20-1) from the plane above, and 

(20-1), (02-ï), and (22-1) from the plane below. It is easily verified that 

With the innermost hexagon indexed in this manner and the (HK- 0) reflections as in 

Table 33, the pattern is completely indexed [ Fig. 85 (c)]. (The fact that the measured 

d-spacings shown in Table 33 are all slightly smaller than the corresponding calculated 

values is attributed to a slight error in the camera constant. ) 

The observed pattern thus consists of contributions from three planes of the reciprocal 

lattice superimposed, indicating very long rel-rods parallel to the cq axis, as stated 

by the other investigators (Ref. 31). This indexing scheme is the only one possible 

using the parameters of /3-rhombohedral boron; however, with this indexing, there 

exist a number of "missing" reflections. Examples of this have been cited earlier 

(Section 4.4.1, Figs. 62 and 63; Section 4.4.3, Figs. 80, 82,and 83), but the phenomenon 

was first noted in connection with the ß [00*1]. The fact that this phenomenon has been 

observed in a number of different single crystal spot patterns of both a-and ß- 

rhombohedral boron, all properly indexed, proves that the effect is a real one, not 

previously encountered. Figure 85(d) shows that if just one of the three reciprocal 

lattice planes contributing to the hexagonal pattern is considered, e.g., the (HK-0), 

the only reflections observed are those which correspond to even multiples of the basis 

vectors (11-0) and (12*0). In Fig. 85(d), the complete reciprocal lattice plane (HK*0) 

is shown, with "he reflections actually observed indicated by circles. For further 

examples and discussion of the missing reflections problem, the reader should refer 

to Sections 4.3.2 and 4.4.4. 
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Table 33 

MEASURED AND CALCULATED d-SPACINGS FROM 
HEXAGONAL SPOT PATTERN, FIG. 85(b) 

Number Measured 
d, A 

/3-Bo ron 
(HK-L) 

Calculated^ 
d, A 

1 

2 

3 

4 

5 

6 

7 

8 

4.68 

2.69 

2.34 

1.75 

1.56 

1.29 

1.33 

1.06 

(20*0) 

(22-0) 

(44-0) 

(64-0) 

(06-0 ) 

(28-0) 

(48*0) 

(6,10-0) 

4.74 

2.74 

2.37 

1.79 

1.58 

1.32 

1.37 

1.09 

« O } 0 

Using a = ¿0.944A, c « 23.715Â , corresponding to a_, = 10.12A, 
a - 65*28'. ” 



Another problem associated with the pattern of Fig. 85 is the origin of the rel-rods. 

At first it was thought that they were produced by extreme thinness of the ground boron 

particles. This idea seemed to be in agreement with the ARL observation that the hexa¬ 

gonal spot pattern waa most frequently observed in the case of extremely thin particles 

which could scarcely be distinguished from the carbon substrate. To obtain a direct 

measurement of the particle thickness, a sample of /3-boron grindings (grinding time 

approximately 1 hour) was placed on a carbon substrate and shadowed with chromium. 

The shadowed particles were then examined in the microscope and their thicknesses 

were calculated from the measured lengths of the shadows. The measurements were 

complicated by the fact that the boron particles tended to agglomerate. The calculated 
• • o 

thicknesses ranged from 100 to 1000A, with most near 1000A. However, even 100A 

is too thick to produce rel-rods of the required length. Figure 86 shows three examples 

of the shadowed particles of /3-boron; note the pleated appearance of the particle in 

Fig. 86(c). 

With crystal thickness apparently eliminated as a possible cause of the long rel-rods, 

attempts were made to obtain evidence for planar defects in the small /3-boron crystal¬ 

lites. Figure 87(a) shows a particle with a set of parallel striations, which become 

strongly illuminated in dark field [ Fig. 87 (b)]. The corresponding diffraction pattern 

is shown in Fig. 87 (c) and indexed in Fig. 87 (d). The dark field image in (b) was 

taken with the objective aperture over the (14*4) reflection. Although several Kikuchi 

lines are visible in the diffraction pattern, no streaking of the diffraction spots can be 

seen to aid in identifying the crystallographic plane of the defects responsible for the 

striations. It is known that /3-boron twins readily (see Section 3.4); thus, the striations 

are probably due to thin twins. 

Figure 88 is an extremely thin particle of 0-boron. The diffraction pattern shows 

fine structure in the diffraction spots, as discussed by Amelinckx (Ref. 46). By 

measuring the reciprocal distance AS between two successive minima in the fine 

structure, an estimate of the crystal thickness can be obtained. The result for the 

case shown is approximately 20A. This dimension is much thinner tl^m the shadow¬ 

ing experiments indicated, and a crystal this thin could result in long rel-rods normal 
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Fig. 87a Bright Field Image of Edge of Particle of Ground ^-Rhombohedral 
Boron, Slowing Faint Parallel Striations. 31,500x. P923

Fig. 87b Dark Field Image of Same Area, Showing Illuminated Striations. 
31,500x. P923



Fig. 87c Diffraction Pattern From Area 
Shown in (a) and (b). Objective 
aperture is placed over the reflec- 
ti<m operating in (b), P924

Fig. 87d Indexed Diffraction Pattern: /J[20-ij
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Fig. b8a Extremely Thin Particle of Ground ^-Rhombohedral Boron. 
31.500X, P862

Fig. 88b Diffraction Pattern From Thin Particle Shown in (a). Showing 
Fine Structure of Diffraction Spots. 2x, P862
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lo the plane of the crystal. The very close spacing of the spots In the diffraction 

pattern indicates a rel-rod effect because the d-spaclng calculated from two adjacent 

spots Is much larger than the highest spacing for /1-boron, nius the crystal thickness 

explanation for the long rel-rods probably has some validity, but twinning is also a 
possible explanation. 

4.4.3.2 Ground Production Boron Filaments 

The electron microscope observations of ground borou filaments were essentially the 

same as those of thinned filaments, discussed in Section 4.4.1. The characteristic 

diffraction pattern is again the halo pattern, an example of which is shown in Fig 89 

which may be compared to Fig. 53, Section 4.4.1. As in the case of the thinned fila¬ 

ments , occasional single crystal spot patterns are observed. Figures 90 and 91 show 

two indexed «-boron spot patterns, and Figs. 92 and 93 show two 0-boron spot patterns. 

Figure 92 is the same pattern as that in Fig. 85, and Fig. 93 is the same pattern as 
that shown in Fig. 84. 

4*4-4 Beam Heating Experiments 

A number of experimente were performed In which specimens of chemically thinned 

boron filaments were heated In the electron microscope for various time periods by 

removing the condenser aperture and converging the electron beam on the specimen 

with the second condenser lens. Beam heating experiments of this type were first 
done on boron filaments at ARL (Ref. 31). 

Figure 94 shows a beam heating sequence. The structure before heating is smooth 

and gives the typical halo diffraction pattern, Fig. 94(a). After heating in the electron 

beam for several seconds, Fig. 94(b), the structure coarsens near the edge, and the 

halo pattern begins to decompose into spotty rings. Very little change is observed in 

either the image or the diffraction pattern with additional heating [Figs. 94(c) and (d)]. 
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Fig. 89a Particles of Ground I»roduction-Run Boron Filament. 31,500x, 
P811

1

Fig. 89b Halo Pattern Obtained From Area Shown in (a). 2x. P811
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This stability is typical of the behavior observed for relatively thick , 

as the one shown. Table 34 gives an analysis of the diff .■ P601"1«™ 8ueh 
Fie 94(d) Thp nhopv ¿a V e diffraction pattern shown in 

crystalline fo ^ COmpared ^ «* four known 
s of boron, a-rhombohedral (ASTM card 12 377) r n 

(ASTM card n fiisi a cara 12-377rhombohedral 
11-618), and the two tetragonal forms (ASTM cards 11-617 and 12-469). 

On first examination, the observé h 
d-boron which mieh. h " ^ aPPear ,0 best ™th 'hose of 

first fiv¡ lines of lhe d-LT^VlZ ^ T” ^ the 

a' 5.06 k. Also, major lines of the two tetra^l forms a''“Í ^ ^ 
«ions led to the consideration of a elieh., 17 ' ThMe obse™- 

spaclng increased from the theoretical 4^6 the<00'3) 

the diffraction pattern reveals two parallel streaks ludió d , m8PCCt‘°n 

is twice as far from the center of tL pat.! alte' Zl ZT0"- 7 " WhlCh 
ared d-spacings are 4.04 and 2 02 Â The a ’ h corresPOndlrg meas- 

same reflection. Because the 2.02 Í JflLTiot ^ T ^ °f the 

of tetragonal boron are not second-otder-type reflectioTT 7 '' ^ A refleCti0" 
the two streaks are the (10-1) and ,20-2) r“ 

terms of rhombohedral indicesl Thi. „k ., IdOO) md (200) in 

^r„ does in fact ^ ^ 

'7« m Si.Ze' A C0mparl80" °f^ ,x,8“‘ons ““ wp-iticoTFig^d™!1 Fig. 49 illustrates this very well. g‘ ( ' ^th 

Figure 05 gives another example of the effects of beam heatimr The . , 

which are thinner than the surrounding areas were oh a circular regions, 
electron beam heating The diff, ,7 observed to grow rapidly during 

earn neating. The diffraction pattern shown in Fig 95(a) wa« oh..- a , 

one of Atese thin regions (note outline o, selected are. aperture, tI“^ 

essentially identical to that o, Fig. 94(d), showing the Jakup f 7 7 

o-boron reflections. The numéreos streaks in the patteTTre re 7. 77" 7 
that the growing partides contam planar defects fTToZ t 

diffraction pattern taken from an adjacent thick region 1 th " “k*6“ are“ —18 - “ - -- of rir rc“ r ■ ^ 

» 
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Table 34 

X-ray .Hm 

(Ref. 10). 
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Figure 96 shows the structure of a thinned filament subjected to 8 seconds of beam 

heating and Table 35 gives an analysis of the diffraction pattern. The measurements 

arc grouped according to successive orders of streaked spots, which helped to identify 

the pattern as a-rhombohedral boron. The two arced rings in the position of the 

second halo are the (10 • 4) and (11 • 0) reflections of a-boron. Note that these two 

reflections are spread apart, the (10 4) being shifted to a higher d-spacing and the 

(11 • 0) to a lower d-spacing. The 4.66 Ã d-spacing was obtained from two diametrically 

opposed area of very weak intensity just inside the first halo position; these weak arcs 

indicate the presence of a small amount of 0-rhombohedral boron. 

Figure 97 gives an example of the structure produced by heating a thinned filament for 

a very short time (~ 1 sec) in the electron beam, and Fig. 98 (a different specimen) 

shows the structure at some distance away from an intensely heated area. These 

structures are identical, and consist of 1500Â crystallites in a matrix of small 

(<100Ä) crystallites as described in Section 4.4.2. Table 36 presents a number of d- 

spacings corresponding to the spots on the diffraction pattern in Fig. 98; the table 

identifies the large crystallites as either or-rhombohedral or tetragonal boron. Although 

certain of the d-spacings can also be identified with reflections of jJ-rhombobedral 

boron, the absence of any spots of d-spacing greater than 4Â tends to eliminate this 

possibility. 

Figure 99 shows the structure produced as a result of strong beam heating. Note the 

holes in the structure (cf. Fig. 95) and the clustering of the crystallites. Measurements 

of the d-spacings for a number of the spots in the diffraction pattern indicate the 

presence of a and possibly some tetragonal boron. 

Figure 100 is another example of the beam heated structure at some distance away 

from the strongly heated area. As in Figs. 97 ano 98, numerous crystallites of 

about 1000 A size are embedded in the matrix of small-crystallite material. Careful 

examination of the selected-area diftraction pattern revealed the single-crystal spot 

pattern, shown in Fig. 100(c), superimposed upon the halos. This pattern was 



■ifl

Fig. 96 The Effect of Beam Heating for 8 Seconds. The diffraction pattern shows 
the transformation from halos to discrete reflections of o-rhombohedral 
boron. Im^e at 27,OOOx. pattern at 2x. P1108
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Table 35 

MEASURED d-SPACINGS FROM DIFFRACTION PATTERN SHOWN IN FIG. 96 

Number Measured 
d, Ã 

d, Ä 
a-Boron 

(hki) 
(HK-L) 

1 ( 1st order) 

2 (2nd order) 

3 (3rd order) 

4 (1st order) 

5 (2nd order) 

C 

7 

8 ( 1st order) 

9 (2nd order) 

10 

11 

4.32 

2.16 

1.44 

2.68 

1.34 

1.77 

1.68 

2.46 

1.23 

1.49 

4.66 

4.25 

2.086 

1.403 

2.545 

1.268 

1.77 

1.666 

2.479 

1.230 

1.482 

(111) 

(222) 

(333) 

(211) 

(422) 

(220) 

(322) 

(10Ï) 

(202) 

(332) 

(00-3) 

(00- 6) 

(00-9) 

(10-4) 

(20-8) 

(02-4) 

(10-7) 

(11-0) 

(22*0) 

(01*8) 

ß (02* 1) 
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Table 3G 

MEASURED d-SPACINGS FROM DIFFRACTION PATTERN SHOWN IN FIG. 98 

Number Measured 
d, A 

a-Boron (a) 

d, A (hki) (HK- L) 

Tetragonal Boron (b) 

d, A (hk£) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

3.97 

2.50 

2.37 

1.90 

1.69 

1.61 

1.45 

1.41 

1.34 

1.29 

1.22 

1.175 

1.048 

0.932 

0.814 

4.07 

2.545 

1.666 

1.603 

1.438 

1.403 

1.346 

1.268 

1.230 

1.178 

1.048 

0.932 

(100) 

(211) 

(322) 

(201) 

(310) 

(333) 

(300) 

(422) 

(202) 

(31Ï) 

(222) 

(411) 

(10-1) 

(10-4) 

(10-7) 

(21-1) 

(21-4) 

(00*9) 

(30*3) 

(20‘8) 

(22*0) 

(22-3) 

(04-2) 

(32-4) 

3.92 

2.526 

2.426 

1.908 

1.655 

1.624 

1.457 

1.420 

1.321 

1.306 

1.217 

1.172 

(111) 

(031) 

(131) 

(331) 

(042) 

(151) 

(600) 

(152) 

(143) 

(333) 

(024) 

(224) 

¡“¡ASTM Card 12-377. 
'b'ASTM Card 12-469. 
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Fig. 99 Structure Produced by Intense Beam Heating. 25,000x. P1243
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Table 37 

COMPARISON OF MEASURED AND CALCULATED d-SPACINGS AND ANGLES 
FOR DIFFRACTION PATTERN SHOWN IN FIG. 100(c) 

Quantity 
Measured 

Value 
Calculated 
Valued 

a d (00-3) 

a d (10-1) 

a d (10-4) 

*(00-3), (10-4) 

*(00*3), (10-1) 

*(00- 3), (10-5) 

ï (10' 4), (10-2) 

* (10-1), (10-5) 

4.60Â 

3.86Â 

2.50Â 

34.5' 

67.0° 

145.5° 

81.0° 

78.0° 

4.25 A 

4.07 A 

2.545 À 

36°28' 

71°19' 

149°25' 

87*36’ 

78°5’ 

^Using aQ * 4.908Á, Co = 12.567 Ã (ASTM Card 12-377). 



lÜT, H rb0r0n ln ,he 112'01 0rle“a“0n- Table 37 some measured and 
alculated d-spaein.s and angles for .his pattern. The four prominent streaks in the 

pattern shown in Fig, 100(c) are in the rnn-Qi hí *• • j 
f , ; 016 [00 3] direction, indicating possible growth 
a ts on the basal planes of the large a crystallites. 

Figure 101 shows a specimen subjected to intense heating in the electron beam A 

s ngle erystal spot pattern can be distinguished, superimposed upon the decomposed 

o pattern. This spot pattern has been indexed as d-rhombohedral boron in the 

In . ' °nenta,i0“- There are rel-r<>d 8tre^ «-rough the spots in the direetion (25-1] 
nthe diagram, which corresponds to the (023) type planes in the rhombohedral axis 

Figure 102 is another example of strong beam heating. Very faint striations can be 

seen witMn the boundaries of Urn selected area apernare, parallel to the short edges 

tese" rr ^ ^ lmage Wlth re8Pe0t t0 ^ d“fraCti°n P““6™ ia ‘"‘o secount irr: ar 10 ^ ^ s»«,™ ta ^ dmracio„ ■ 
^ttern The last vestiges of the halo pattern can still be seen. Careful examination 

(l o, ‘T/“1“ a Slnii'e-Crï8tal ^ indexed as 3-boron 

mr ol'th n,"t ar-^ d‘reCtl°n 'l2'11 re0lpr0Cal apace’ ‘"««-.ting fault- 
e )H (102)r planes. The faulted structure is probably due to the 

incomplete transformation from o- to d-boron, i.e.. the Individual B„ groups have 

no, completely oriented themselves to form toe constituent B unite of toe ß structure 

to view of toe complex structoral groups of boron, and toe unusual crystallographic 

Planes Showing rel-rod effects, toe faultto* is undoubtedly mueh more difficult to 
describe than in the case of metals. 

Figure 103 shows another specimen subjected to intense beam heating, striations can 

^s.« to toe .„dividual erystal,Ites; these striations are shown a, high magnification 

to Kg. 104 The single-crystal spot pattern shown to Fig. 103(b) was obtained from 

toe f ngerlike projection encircled in Fig. 103(,,. The pattern, Identified as «-boron 
U2*0J, is indexed in Fig. 103(c) This u 

*• rms may be compareo with that shown in rig. 100(c). 
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FiG 102 strong Beam Heating, (a) Image at 24,000x. Note striated crystallites.
(b) Selected area diffraction pattern, 2x. The location of the halos can
still be seen. Streaks are perpendicular to striations in the image.
P1503

235



m
236

® i li
hi^1I
SS
»-s
£■0l-e
■S -g
Isli5-s£ o

If^ c 
««’3 
ffil® 
g'§-I es
Q) fl>
ffl e .
gS-F
P "ti 
«!•« 
5-aS
ill
¥-aiello” O
■Q>S^

SSo 
|Sj2 
•§S «
s
«H



r

■m

Fig. 104 Hl^-Magniflcation View of Beam Heated Area Shown in Fig. 103(a). 
94.000X. Pllll
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Figure 105 gives another a-boron spot pattern obtained in the same vicinity as that in 

Fig. 103. Both of these a-boron spot patterns are perfect, i.e. , no rel-rod effects 

are visible. 

Figure 106 shows a high-magnification image of a striated crystallite and its correspond¬ 

ing selected-area diffraction pattern. This crystallite can also be seen near the left edge 

of Fig. 102, which shows that it was outside the region of the most intense beam heating. 

The diffraction pattern is indexed as a-boron [04 • 1], with rel-rods normal to the 

(01* 8) type planes. Note that these rel-rods are normal to the striations in the image, 

which has been rotated to compensate for the rotation in the microscope. Table 38 

compares measured and calculated d-spacings and angles for this pattern. 

Figure 107 shows a single-crystal spot pattern obtained from the specimen of Fig. 94. 

The pattern is indexed in Fig. 107(c) as 0[37 • 4] . The direction of the rel-rods 

indicates faulting on the (51*4)h » (501)R planes. 

Figure 108 is a demonstration of long rel-rods normal to the plane of the diffraction 

pattern. Figure 108 (a), (b), and (c) are three photographs of the same diffraction 

pattern, taken at +10°, 0*. and -10* tilt, respectively. The pattern is seen to 

remain essentially unchanged. Figure 108 (d) shows the diffracting area of the electro- 

polished filament specimen which gave the pattern after beam heating. Figure 108 (e) 

shows the indexing of the pattern. This pattern is identical to those shown in Figs. 84(c) 

and 93 (c) (Section 4.4.3), except for the extra spots indicated by "A". Table 39 compares 

the measured d-spaclngs with those of /3-rhombohedral boron. 

Figure 109 is another /3-boron spot pattern produced by Intense beam heating. The 

pattern is Indexed as [21- 0] in Fig. 109 (c). The long rel-rods are in the direction 

[02’4) in reciprocal sptce, indicating faulting on these planes. 

Figure 110 contains another streaked spot pattern obtained from the same area. This 

is the most significant pattern observed, because it was taken during the phase trans¬ 

formation from a- to 0-rhombohedral boron. It was found that this pattern consists 
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Fig. 106 Another Sin^e-Crystal Spot Pattern Obtained 
From Area Siown In Fig. 103(a). Indeaed ae 
a[22.i]. PlllO
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Table 38 

COMPARISON OF MEASURED AND CALCULATED d-SPACINGS AND ANGLES 
FOR DIFFRACTION PATTERN SHOWN IN FIG. 106(c) 

Quantity 

a d (21 • 0) 

a d (11- 4) 

a d (10- 4) 

a d (32- 4) 

a d (01*8) 

a d (43*8) 

* (10-4), (ÜÏ*0) 

* (11- 4), (2Ï-0) 

* (01-8), (32-4) 

ï (32-4), (3Ï-4) 

* (32-4), (10-4) 

ï (11*4), (32-4) 

Measured 
Value 

2.49 A 

2.71Á 

2.37 A 

1.53Ã 

1.47Â 

1. 03 A 

52.5* 

112.5* 

113.5* 

120.5* 

85.0* 

147,0* 

Calculated 
Value(a) 

2.45Ã 

2.53Â 

2. 53 A 

1.43 A 

1.47Ã 

0.943 A 

59*1' 

120*59' 

119*2' 

121*55' 

88*3' 

150*1' 

^Using a0 * 4.908A, c0 = 12.567Ã (ASTM 
Card 12-377). 
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Fig. 108e Indexing of Diffraction Pattern Shown in Fig. 108(a) - (c): 
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Table 39 

MEASURED AND CALCULATED d-SPACINGS FROM 
DIFFRACTION PATTERN SHOWN IN FIG. 108(e) 

Number Measured 
d, A 

/3-Boron 

d, A (HK- L) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

4.77 

2.90 

2.48 

2.34 

1.86 

1.47 

1.60 

1.38 

1. 11 

4.65 

2.86 

2.47 

2.32 

1.83 

1.43 

1.55 

1.38 

1.07 

(02-ï) 

(31' 5) 

(33- 6) 

(04-2) 

(35-7) 

(62- ÍÕ) 

(06-3) 

(37-8) 

(68'Î3) 



li



n. ,

247

-•w





of two well-defined, overlapping single crystal patterns, one of a and the other of 

ß . Moreover, the patterns are definitely related because the streaks pass through 

reflections of both patterns, and certain reflections of the two patterns coincide. 

Figure 110(c) gives the complete pattern, as obtained directly from the plate 

[ Fig. 110(b)], while (d) and (e) show the two component patterns, the [20 • I] a and 

the ( 3Ï- 2]0. Tables 40 and 41 show measured and calculated d-spacings and angles 

for the of and ß patterns, respectively. 

Comparison of Figs. 110(c), (d), and (e) indicates that the following orientation relation¬ 

ships exist: 

(10-4)a (I (24-¾ 

(02-4)a I) (64-1¾ 

Also, the direction of the rel-rod streaks in the plane of the pattern shows that planar 

disorder exists on the (32-16) planes in a and the (13-1) planes in ß . The meaning 

of this relationship is not clear, since the d-spacing of (52-16) in a-boron is about 

0.6À, or only one-third of the interatomic distance within a B12 group. The spacing 

corresponding to the reciprocal distance between the streaked lines in Fig. 110 (c) 

is 10.2Ã, which is about twice the ß (10-4) spacing. This large spacing would seem 

to indicate rel-rod effects normal to the plane of the pattern as well. The diagonal row 

of spots parallel to the a (02-4) is also unexplained. 

An examination of the a [20-ï] pattern, Fig. 110(d), reveals that certain reflections 

are missing - the (01- 2) and (ll- 2) and all those formed by linear combinations of 

these in which the sum ox the coefficients is an odd integer. Figure 64(c), Section 4.4.1, 

showed an example of the a [20 • 1] pattern, with no missing reflections, obtained from 

an electropolished filament specimen. Figure 111 gives this pattern again, with the 

pattern of Fig. 110(d) inverted and superimposed upon it. This superposition 

demonstrates which reflections are missing. Because there is no duubt about the 
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Table 40 

COMPARISON OF Measured AND CALCULATED d-SPACINGS AND ANGLES 
FOR a [20* I] PATTERN SHOWN IN FIG. 110(d) NGLES 

Quantity Measured 
Value 

Calculated^*) 
Value 

a d (10-4) 

or d (12-0) 

a d (22-4) 

ar d (02-4) 

a d (34-4) 

a d (32*8) 

a d (14-4) 

ï (10* 4), (32*8) 

M32-8), (12-0) 

i (22’ 4), (12*0) 

♦ (22‘ 4), (34-4) 

ï (34’ 4), (Î0-4) 

^(34-4),(14-4) 

♦ (14-4), (Ï0- 4) 

^ (34* 4), (02-4) 

2.55Â 

2.43Ä 

1.81Ã 

1.72Ã 

1.12A 

1.16Â 

1.08Ã 

27.5' 

65.0* 

45.0* 

19.5* 

113.5* 

51.0' 

62.0* 

68.5* 

2.526Â 

2.454Â 

1.760Â 

1.7C0Ã 

1. 104 Â 

1. 123 A 
1.104 A 
27#15' 

62°46' 

44*10* 

18*16' 

115*54' 

51*48' 

64*6' 

70*4' 

(a)U8ing a0 * 4.908Â, c * 12.567A(ASTM 
Card 12-377). 



Table 41 

COMPARISON OF MEASURED AND CALCULATED d-SPACINGS AND ANGLES 
FOR ß [31-2] PATTERN SHOWN IN FIG. 110(e) 

(a)Using zn - 10.944Á, c - 23.715A(ASTM 
Card 11-618). 
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indexing of these patterns, it is apparent that the missing reflections are in some way 

related to defects in the rhombohedral boron structures. 

In summary, beam heating experiments have clearly shown the growth of large, striated 

crystallites of a-rhombohedral boron from the matrix of small-crystallite or-boron, 

accompanied by the decomposition of the characteristic halo pattern of the matrix into 

discrete rings corresponding to reflections of cv-rhombohedral boron. More intense 

beam heating results in the transformation of some of the »-to /Î-rhombohedral 

boron. Analysis of the jtreaked single-crystal diffraction patterns of the beam-heated 

material indicates that planar defects exist on a variety of crystallographic planes, 

most of which are of high Indices. Some of the spot patterns are missing certain 

reflections and their absence indicates a deviation from the "theoretical" structure. 

This effect was also noted in spot patterns obtained from grindings of pure 0- 

rhombohedral boron and also ground filament, Section 4.4.3. 

4.4.5 Heat Treated Filaments 

Samples of production-run boron filaments were wrapped in molybdenum foil, sealed 

in evacuated quartz ampules, and annealed at several differem temperatures for 

various lengths of time. Some of the filaments which were annealed at 1050*C for 

15 hours were ground in a boron carbide mortar and pestle and examined in the elec¬ 

tron microscope. 

Figure 112 shows one of these particles and the halo diffraction pattern obtained from 

it. Five distinct halos were distinguished. The average d-spacings of these halos 

are listed in Table 42 and compared with those measured from the as-deposited fila¬ 

ment sample shown in Fig. 113 (same as Fig. 53, Section 4.4.1). 

Table 42 shows that the 1050*C heat treatment resulted in a significant Increase in the 

intensity of the 2.12 A halo, if the halos are interpreted as broadened »-rhombohedral 

boron reflections then from Fig. 48, Section 4.3.2, a halo at 2.12 A should have an 
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Table 42 

COMPARISON OF HALO d-SPACINGS FROM HEAT-TREATED 
AND AS-DEPOSITED BORON FILAMENTS 

Number 
Heat Treated^ As Deposited ^ 

d, Â I d, A I 

1 

2 

3 

4 

5 

4.41 

2.51 

2. 12 

1.69 

1.40 

S 

S 

M 

M 

S 

4.43 

2.55 

2. 13 

1.75 

1.42 

S 

S 

vw 

M 

S 

|?|l050*C, 15 hours in vacuum. 
'^Section 4.4.1, Table 22. Electropolished, as-deposited 

filament. 



i 

• , \ 
Intensity comparable to that of the second halo at 2.55 A, because the values of 

are very nearly the same. From Fig. 49, it is seen that the 2.12 A halo occurs in the 

vicinity of four reflections of or-rhombohedral boron, ranging from 2.03 to 2.18A. 

Thus, the 1050°C heat treatment brought the intensity distribution of the halos into 

closer agreement with that predicted for the o-rhombohedral boron structure. TÍ some 

sort of defect a structure is responsible for the halo intensity distribution observed 

in the case of as-deposited filaments (see discussion in Section 4.3.2), then the heat 

treatment apparently tends to produce a more nearly ideal a structure. 

i 

It should be noted that 2.13 A is the d-spacing of the (10Î0) reflection of carbon, and 

therefore the possibility of the carbon substrate contributing to the halo intensity must 

be considered. The (JhlO) prism planes will diffract strongly only if there is con¬ 

siderable preferred orientation in the carbon substrate, with the basal planes parallel 

to the plane of the substrate. Because, in preparing carbon substrates for transmissior 

electron microscopy, the object is to have as little preferred orientation as possible, 

it is believed that the carbon contribution to the increased halo intensity is negligible. * 

Figure 114 shows an example of increased intensity of the third halo in a chemically 

th.nned specimen of as-deposited filament. This specimen was beam heated slightly . 

at a point outside the field of view, but the structure in the region where the diffraction 

pattern was taken showed no effects of heating. The spots in the pattern presumably 

come from the particle within the boundaries of the selected area aperture, while the 

halos come from the surrounding matrix. Table 43 gives the measured d-spacings of 

the halo maxima compared to those from Fig. 53, Section 4.4.1. 

Note that all the halos are shifted to lower d-spacings. The 1.19 A halo is close to 

that reported by Wawner (Eef. 14) and was not observed previously in this investiga¬ 

tion. The d-spacing shift is greater than can be accounted for by the uncertainty in 

the camera constant, and this shift may reflect a change in lattice parameter of the * 

« 
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Fig. 114 Chemically Thinned, As-Deposited 
Boron Filament Specimen, Near a 
Beam Heated Area. Note distinct 
third halo. All halo maxima shifted 
subtly to lower d-spacings. Image 
atl2,000x. P1506
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Table 43 

d-SPACINGS OF HALO MAXIMA FROM FIG. 114, COMPARED 
WITH THOSE OF FIG. 53, SECTION 4.4.1 

Number Intensity d, Â 
As-Deposited 

d, A 

1 

2 

3 

4 

5 

6 

S 

S 

M 

W 

s 

w 

4.06 

2.42 

2.03 

1.64 

1.33 

1.19 

4.43 

2.55 

2.13 

1. 75 

1.42 

» 

* 

*• 

3 

* 

è 

« 

iriM'lmll 
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4 
crystallites in the matrix. Figure 115 shows the halo boundaries compared to the 

positions of a-boron reflections. The agreement with ot-boron is good for intensities 

, as well as for d-spacings in this case. 

No evidence of crystallite growth due to heat treatment, such as sharpening of the 

halos, was found in this investigation. Precise measurements of halo breadths in 

electron diffraction would require close control of exposure time and also of the second 

condenser lens current, which determines the instrumental broadening in electron 

diffraction patterns. 
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4.4.6 Summary of Electron Microscope Results 

The transmission electron microscopy study of thinned, vapor-deposited boron 

filaments has shown that the characteristic structure consists of a finely textured 

matrix with occasional embedded particles ranging in size from 1/x down to about 

100 A. The matrix yields a diffraction pattern consisting of 6 or 7 broad halos. The 

isolated particles are usually identifiable as single crystal or polycrystalline a- or 

ß- rhombohedral boron. The matrix shows no evidence of dislocations or stacking 

faults. 

High-magnification micrographs of the matrix structure have shown that the typical 

dimension of the texture is about 70 - 100 A. Tilting experiments indicate that the 

textured appearance is due to diffraction contrast from small crystallites, and analysis 

ci line broadening of the halos, as observed in both x-ray and electron diffraction, 

yields an average crystallite size of about 30 A. Experiments using a very small 

selected area aperture have been interpreted to indicate a range of crystallite sizes 

from 10 - 100 A, with an overall average size in agreement with the estimate from 

line broadening. The largest crystallites in the distribution are imaged in the micro¬ 

scope and produce the textured appearance of the matrix. Analysis of th? halo 

pattern has established the probable identity of the crystallites as a-rhombohedral 

boron, although some evidence suggests the presence of the "simple" tetragonal form 

also. The halo intensity distribution definitely rules out a liquid-like amorphous 

structure. 

Examination cf ground rhombohedral boron has shown many different single crystal 

spot patterns. Tive [ 00-1] spot pattern shows forbidden reflections caused by long rel- 

rods normal to the (00-1) planes. The rel-rods are caused either by planar disorder 

or extreme thinness of the diffracting crystallite, or both. In addition, certain reflec¬ 

tions which are allowed by the space group are missing from the pattern, some of 

which are also missing from the x-ray powder data. Many of the same reflections were 

found to be absent from other single-crystal spot patterns of /3-boron. Grindings of 
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as-deposited boron Marnent were also examined. The observations . -ere essentially 

the same as those for thinned filaments, i.e., the characteristic halo pattern and 

occasional single crystal spot patterns of a- or p-rhombohedral boron. Some of 

these patterns also had certain reflections missing. The correctness of the Indexing 

of each spot pattern was verified by checking both d-spacings and interplanar angles. 

A number of beam heating experiments were performed on specimens of thinned as 

deposited Marnent. Heating the thinned filaments in the electron beam for a very 

short time results in the growth of large (1500 Â ) striated crystallites of a- 

rhombohedral boron from the small-crystallite matrix. The growth of these new 

crystallites is accompanied by the decomposition of the halo pattern into discrete 

rings corresponding to reflections of a-rhombohedral boron. Some evidence of the 

simple" tetragonal form of boron was also found in die partially decomposed halo 

patterns, with further beam heating, numerous spot patterns appear. All of the 

patterns studied were Indexed either as o- or d-rhombohedral boron. Many of these 

pa terns contained streaks Indicating a structure containing planar defects. Several 

of the patterns also showed missing reflections, as observed in the grinding 
experiments. 

When the as-deposited filaments were heat treated at 1050*C for 15 hours and 

examined In the electron microscope, the Intensity of the third halo, at 2.12 Ã was 

founo to be much greater than in the as-deposited filament samples. The halo 'inten¬ 

sity distribution from these heat-treated Mámente was In better agreement with that 

predicted by the structure tactor for a-rhombohedral boron. 

Table 44 summarizes the observations of streaked diffraction patterns, indicating 

the crystallographic planes which are normal to the streaks. From this table it is 

apparent that the planar disorder which results in long rel-rods can occur on a great 

variety of crystallographic planes. The situation is therefore much more complex 

than In the case of metals, which typically show stacking faults on only one family of 
planes. 

Table 45 summarizes the occurrences of missing reflections in spot patterns of o- 
and /3-rhombohedral boron. 
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Table 44 

SUMMARY OF REL-ROD EFFECTS IN ELECTRON DIFFRACTION 
PATTERNS OF BORON 

Figure Plate Pattern 
Identification Source (hk£) Plane Normal 

to Rel-Rods 
85 

88 

100 

101 

102 

106 

107 

108 

109 

110 

879 

862 

1112 

1480 

1503 

1504 

1179 

949-951 

1249 

1251 

0[OO-1] 

/3(01-1] 

a [ Ï2- 0] 

//[4Ï- 4] 

/3(54-0] 

a (04-1] 

/3(37-4] 

/3(75-6] 

/3(21-0] 

Jot ( 20- ï] 
1/3(31-2] 

/3 Grindings 

/3 Grindings 

Beam-heated 

Beam-heated 

Beam-heated 

Beam-heated 

Beam-Heated 

Beam-heated 

Beam-heated 

Beam-heated 

OH) 

(00Ï) 

(HI) 

(023) 

(102) 

(332) 

(50Ï) 

(721) 

(220) 

(835) 
(212) 

Table 45 

^ SUMMARY OF MISSING REFLECTIONS IN ELECTRON DIFFRACTION 
PATTERNS OF BORON 

Figure Plate Pattern 
Identification Source Reflections Missing 

85 

62 

63 

80 

83 

90 

92 

109 

110 

879 

1377 

1393 

694 

926 

1237 

886 

1249 

1251 

/3( 00-1] 

/3(74-4] 

/3(22-4] 

/3( 01- i] 

/3(21-0] 

a[ïl* 1] 

/3(00-1] 

/3( 21- 0] 

a (20-ï] 
/3(31-2] 

ß Grindings 

Thinned filament 

Thinned filament 

/3 Grindings 

/3 Grindings 

Filament grindings 

Filament grindings 

Beam-heated 

Beam-heated 

(10-1),(11-0),(21- 1), (30-0),... 

(12-3),(04-1),... 

(11-1),(02-1),(13-1),... 
((11-0),(33-0) very weak] 

(21-0),(21- 1),... 

(01-1),(01-2),(01-5),(01-4),... 

(11-2),(20-2),... 

(10-1),(11-0), (21-1),(30 0),... 

(01-1),(01-2),(01-5),(01-4),... 

(11-2),(01-2),... 
(02-1),(22-4),.., 
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The table shows clearly that in 0-boron, for example, the (11-0) type reflections are 

absent from the (00* 1] and [01*4] patterns, and are present, but very weak, in the 

[22*4] pattern. This reflection is present in the x-ray powder pattern (see Table 21, 

Section 4.3.2). For a-boron, the (01-2)H ~ (110)R reflection is miscing in two different 

patterns, i.e. the [Il l] and the [20-1]. Note that in Fig. 64(c), section 4.4.1, the 

<*[ SO-1] pattern contains all reflections. These examples indicate that the missing 

reflections are due to various defect structures, i.e., departures from the ideal 

crystalline structures. 

A knowledge of the atomic arrangements in the defect a-rhombohedral structures 

would permit the calculation of the observed halo diffraction pattern. From Fig. 49, 

the a-boron reflections near the third halo are the (01-5), (11-3), (02-1), and (20- 2). 

The absence of one or more of these reflections due to a defect structure would cause 

the intensity of the third halo to be anomalously low, as observed. Table 45 indicates 

that the (20- 2) is missing from one of the a-boron spot patterns, the a[Ir 1]. Note 

also that the (01-2)-type reflections are missing from both of the a-boron spot patterns 

as well as from the 0[2Ï-O] pattern (Figs. 83, 109). Further examination of Table 45 

reveals that: 

• the (02-1) is missing from 0(22-4] and0[3Î*2j 

• the (11-3) is missing from 0[74-4] 

• the (0T5) is missing in 0[2Ï-O] 

Other 0-boron spot patterns shown in the text do contain the reflections noted above. 

Since it has already been shown that one reflection, the (01- 2), is frequently missing 

from both 0 and a spot patterns, it might be expected that, if the a[22-4], [3l-2], 

[74-4] etc., patterns had been observed, then the (02-1), (11- 3) and (01- 5) reflections 

might also be missing. 

A greater number of a-boron single crystal spot patterns, in a variety of orientations, 

must be observed and irdexed in order to verify this hypothesis. Unfortunately, there 

were relatively few large crystallites of a-boron in the vapor deposited boron filaments 

examined in this study. 



4.5 DISCUSSION AND SUMMARY OF CRYSTALLOGRAPHIC STRUCTURE 
OF BORON FILAMENTS 

The crystallographic structure of the vapor-deposited boron sheath oi continuous 

boron filaments has been studied by polarized light microscopy, transmission 

electron microscopy, x-ray diffraction, and electron diffraction. Other aggregates 

of boron were also examined for comparison . 

Boron filaments produced in the range 1600° to 2300° F (870° - 1260° C) do not exhibit 

optical anisotropy, and there is no indication of preferred orientation of the boron in 

the diffraction patterns. Filaments deposited by electrical discharge near 300° C do 

show optical anisotropy typical of small-crystallite, vapor-deposited materials with 

preferred orientation, and filaments deposited above 1600° C have a columnar grain 

structure which is optically active. Large grain size 0-rhombohedral boron prepared 

by solidification from the melt is optically active, has a strong tendency to twin, and 

fractures conchoidally. There is no evidence of easy cleavage on a particular plane 

in 0-rhombohedral boron. Vapor-deposited boron filaments have a nodular structure 

comparable to that of other vapor-deposited materials. Ihe absence of both optical 

anisotropy and preferred orientation suggests that the vapor-deposited boron consists 

of randomly oriented crystallites which are too small to be resolved by light microscopy. 

A similar situation is found in pyrolytic carbons deposited at sufficiently low tempera- 

tures. 

The characteristic diffraction pattern from vapor-deposited boron consists of a», least 

six broad but well -defined halos. Because the successive halo maxima do not decrease 

in intensity, the possibility of a liquid-like amorphous structure is immediately elimi¬ 

nated. The complete halo pattern car usually be observed by transmission electron 

diffraction, but in general only the three most intense halos are readily seen by x-ray 

diffraction because of the greater effect of the Lorentz-polarization factor in the x-ray 

case. Electron diffraction is therefore a more convenient tool for studying the struc¬ 

ture of vapor-deposited boron; it also permits the study of isolated small areas. Both 

the x-ray and electron diffraction studies of the halo pattern predict a crystallite size 



of about 30 À to account for the observed broadening. Comparison of the positions 

of the halo boundaries with the positions of the reflections of the known crystallo¬ 

graphic forms of boron shows that the halo pattern is best interpreted as a mixture 

of the o-rhombohedr" 1 and ’'simple" tetragonal polymorphs. The intensity distribu¬ 

tion of the halos suggests the presence of systmatic defects in the ideal o or tetragonal 

structures. The same halo pattern is observed in both thinned and ground specimens 

of boron filament. Density observations (Appendix C) are also consistent with a 
mixture of a- and tetragonal boron. 

The persistence of the halo pattern down to a selected area size of 200 À x 200 Ä, 

together with the textured appearance of the vapor-deposited boron in high-magnification 

electro® micrographs, suggests a distribution of crystallite sizes from 10 - 100 A. 

The 30 A crystallite size calculated from the broadening represents the average size 
obtained by integrating over the distribution. 

No evidence oí .tacking iault. or dlalocation. .... lound in tran.mie.lon electron 

micrographs of vapor-deposited boron, but inclusion, ranging In size from 100 - 

10,000 A were frequently seen. These inclusions produce either single crystal spot 

patterns or discontinuous rigs, and ate usually Identifiable as either <r-rhombohedral 
or 0-rhombohedral boron. 

Many different single crystal spot patterns of or- and /3-rhombohedral boron, obtained 

from both thinned and ground samples of boron filament, were observed and indexed 

in this study, but no single cyrstal patterns of tetragonal boron were found. Moreover, 

the majority of the crystalline inclusions in as-deposited filament specimens were 

identified as ß, while a was found to occur relatively infrequently. 

Beam heating in the electron microscope causes the growth of 1500 A crystallites of o- 

rhombohedral boron from the smaU-crystaUite matrix. Many of these large crystallites «. 

have striations which correlate with streaks in the corresponding diffraction patterns. 

More intense beam heating causes the formation of 0-rhombohedral boron as well as 

I 
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the a form. In the early stages of beam heating, the halo pattern is found to decom¬ 

pose into discrete reflections of a-rhombohedral boron. A number of single crystal 

patterns from the beam heated material were indexed. 

Many of the indexed single crystal spot patterns of both a- and fí-rhombohedral boron 

contain missing reflections. In the case of /3-boron, some of the reflections which 

are missing in the electron diffraction patterns are also absent from the x-ray powder 

data, and are systematic extinctions caused by the interstitial groups in the large 

rhombohedral cell of /3-boron. The other reflections, which are missing from the 

electron diffraction patterns but present in the x-ray powder data, are due to devia¬ 

tions from the ideal structures of a- and /3-boron. 

The absence of certain reflections due to a defect a-boron structure is suggested as 

the probable explanation of the anomalous intensity distribution of the halo pattern. 

The single-crystal spot patterns of a- and /3-rhombohedral boron also show rel-rod 

effects in a number of different directions in reciprocal space. These observations 

demonstrate that in boron there exists no simple family of crystallographic planes 

on which faults occur, as in the case of many metals. 



Section 5 - FUTURE WORK 

Exclusive of production difficulties and the elimination of defects which reduce the over¬ 

all strength, four major problem areas were defined in this investigation and remain 

to be studied: 

• The first is to acquire more accurate and more complete information on 

the properties of the core compounds. 

• The second is to obtain a better description of the defect a-rhombohedral/ 

tetragonal model proposed for the structure of vapor deposited boron. 

• Hie third is to obtain more information on the effect of thermal treatment in 

various environments. 

• The fourth is to explain the missing reflections found in large crystallite cast 

and vapor-deposited 0-rhombohedral boron as well as large crystallite vapor- 

deposited a-rhombohedral boron. 

Phase equilibria at the deposition temperature would be best studied during deposition 

in a high temperature x-ray camera; the volume expansion could be monitored by 

observing the flexure of flat plate substrates as they react with the deposited material. 

Because other materials are now being used as cores for boron filaments, these 

materials should also be examined. 

An improved description of the a-rhombohedral/tetragonal boron model might be de¬ 

rived from more precise determinations of the halo shapes and relative intensities. 

These data are best obtained using a microphotometer on carefully controlled electron 

diffraction photographs. Various models could then be tested against the improved in¬ 

tensity data using theoretical structure factor calculations. Unfortunately, the diffrac¬ 

tion halos cannot be interpreted exactly, and several defect structures will probably fit 

the data equally well. One possible solution to the problem is to obtain better diffrac¬ 

tion data from deposits prepared over a wider temperature range and to examine these 

deposits extensively, observing variations ir amount and kinds of large crystallite size 

material as well as variations in the halo structure. Infrared absorption measurements 

may also help determine the nature of bonding in vapor deposited boron. 



Several unuaua! effects of heat treatment were left unexplamed. ^ 

shifts may provide some information on the model of vapor-depostted boron but th 

formation of void, in the filament and the unusual reaction with Ta are 

The anelasticity and plastic deformation of toon filaments are also unexplamed 

the strength losses due to heat treatment. 

„though the missing reflections in both u- and ,-rhombohedral boron have been well 

demonstrated, the reasons for their absence are no, fully ^ ^ 
defects such as missing structural groups, or misplaced atoms or atom cluate are 

probably responsible, but these ideas must be cheched by mahiug structure fa or 

calculations and comparing ihe calculated intensities to better relative intensity data 

P 

« 
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Appendix I 

RADIAL TEMPERATURE GRADIENTS IN COMPOSITE CYLINDERS 

Boron filaments are concentric composite cylinders with an inner core of borides and 

an outer sheath or mantle of vapor deposited boron. The filaments are often prepared 

by resistively heating a wire to cause the thermal decompos’aon of a boron-containing 

gas on the surface. The borides and boron have different thermal characteristics and 

there exists the possibility of a radial temperature gradient which could result in a 

radial structure gradient. Dolton and Schneider (Ref. 22) have derived the expres¬ 

sions for temperature gradients in composite cylinders, both of which generate heat. 

Their analysis is given in this appendix. 

The general form of the differential equation for transient radial heat conduction, 
including a heat source is: 

_3 
dr (A-l) 

If steady state exists and thermal properties are assumed constant, (Eq. A-l) reduces 
to: 

(A-2) 

The general solution of (A-2) is readily found to be: 



I 

Now, consider the system with a cylindrical core, c , surrounded by a mantle, m , 

both of which generate heat at rates Qc and respectively and which have con¬ 

ductivities K„ and K , as shown in Fig. 116 . cm 

The temperature at the inner core surface is designated t , the temperature at 
C i 8 

the outer surface of the mantle by t . J m, s 

General expressions (one for the core, and one for the mantle) for the temperatures 

may be obtained with the following boundary conditions: 

dtc 
(1) = 0 ; @ r = 0 (geometrical symmetry) 

dt dt 
(2) Kc dF = r = rc (continuity of heat flux) 

t 

dtm 
(3) h (tm a - y = - Km ~¿f ; @ r = rc (surface convection) 

(4) tm = tc ; @ r = rc (continuity of temperature) 

These boundary conditions are then used to find the constants in Eq. (A-3), written 

for core and mantle temperatures: 

^c 2 
tc = Cj In r + r + C2 o s r ^ rc (A-3a) 

c 

‘m “ C3 k r ' « r2 + C4 ro 5 r s rm <A-3b» ‘ m 

# 
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Fig. 116 Model for Radial Temperature Gradient Calculation 



* 

■nie resulting expreßßions are: 

and 

where Bj « Blot No. = hrm/Km 

For the particular case of a known outer surface temperature, h -00 , Bj 

s — ta. The expressions then become 



4 

i 

Be letting r = r the temperature drop across the mantle becomes: 

4K (t 
m CJÏ 

- t m, s' 

4 r2 Hm m 
(A-4) 

Equation (A-4) is used in Section 3.7.4 to compute the temperature difference between 

the core-mantle interface and the outer filament surface. The temperature difference 

is only 8 - 80* C; therefore, radial temperature gradients do not seem to be important 

in determining the structure of boron filaments. 

1 

* 
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Appendix n 

CALCULATION OF THE REACTANTS-TO-PRODUCTS VOLUME RATIO WHEN TWO 
SUBSTANCES COMBINE CHEMICALLY TO FORM TWO DISTINCT COMPOUNDS 

X 

When boron Is deposited on tungsten in the vicinity of 1000° C, the boron reacts with 

the tungsten to forna tungsten borides. Boron filaments are usually prepared by 

depositing boron on hot tungsten wires and it is important to consider the possibility 

of volume changes during the formation of new phases. A simple analysis of the prob¬ 

lem is presented in Section 3.7.5; the more general treatment by Karlak (Ref. 23) is 

presented in this appendix. 

The type of reaction considered is of the form 

aA + bB-*c, A B +c„A B =cc+cc 
1 X1 yl 2 *2 y2 1 1 2 2 

In terms of molar quantities. In terms of mass and volume the equations are 

respectively 

(B-l) 

(a MA) A + (b Mp) B — ^Cj MCJ + ^ M^JCg (mass) (B-2) 

(volume) (B-3) 

/ 

The Mj's are the molecular weights and the p^'s the specific gravities or densities. 

Equation (B-3) can be abbreviated as I 

TAA + rBB~rC °1 + *C C2 (B-3a) 
1 2 

i 
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From (B-l) we can writ î 

a = c X + c X 
11 2 2 

b = c, y, + C„ V, 
l-'l 2*2 

So that 

a Ma m 

= pA = (C1X1 + C2X2)J^ 

b M 

Ihe definitions of and Yq2 can be used to give 

C1 = 

yc pc 
L1 C1 

C = 
2 

PC 
°2 C2 

Substituting these into 4a, -b yields 

'B 

(B~4a) 

(B-4b) 

(B-5b) 

(B-6a) 

(B-6b) 
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Bec.iuse the volumes of Cj and C2 formed are arbitrary, they must be determined 

from the specific case considered. For cylindrical symmetry with substance A extend 

ing from the axis to radius rA> substance Cj extending from rA-rc , substance 

C2 extending from rCl -rC2, and substance B from rc outward, the volumes 
of C j and are given by 

:: ‘ ’K - <B-7a) 

vs ' fs - \ (B-7b) 

Equations (B-6a. -b) relate arbitrary volumes ol Cj and C to the corresponding 

volumes of A and B. Thus substitution of Eqs. (A-7a. -b) into Eqs. (B-6a, -b) .m 

result in expressions for the volumes of A and B which reacted to form the meas¬ 

ured volumes of Cj and C2 (per unit length of cylinder). Thus. 

VA " 

M r- - r' 
A / PC. 

M, X riklil 
1 M_ 

^A 

'’A 

'B 

*1 r„ - r, 

M, 
Ky .’K-j) 

yi nvT 

Ihe desired expression for the volume ratio is 

B 

(B-8a) 

(B-8b) 

VA + VB 

vc, + VC, 
1 2 

VA + VB 
(B-9) 
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t 

Substituting Eqs. (B-Sa, -b) into (B-9) and simplifying yields the required equation. 

<B-10) 

If only one compound is formed, say Cj = C , and rC2 = rCj, the last term in the 

numerator of (Eq. B-10) vanishes. Also the difference of the radii squared cancel 
in the remaining form to give 

f 

R ' “ci"*11" %y) (B-11' 

Now a = cx and b = cy can be u8<*d to eliminate x and y , in terms of a, b, and 
c, and Eq. (B-ll} becomes 

R = Ïa + >1 B 
(B-12) 

1 

( 

which can be obtained directly from basic principles. 

Equations (B-tO) can be generaliaed for two reactants combining to form n products 
Ihe result is 

i(4-ri 3y) 
rCn " rCo 1 = 1 ^ 1 Ci ^ Pa ^ 1 ' 

(B-13) 
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where = in the previous notation. 

Obviously, an increase in volume will correspond to R > 1 , no change to R = 1. 

and a shrinkage to R < 1. 

Equation (B-12) is used in Section 3.7.5 to estimate the volume changes brought 

about by the formation of various tungsten borides. 
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Appendix ID 

DENSITY CONSIDERATIONS 

I 

( 

A crystallographic model must be consistent with the observed densities, and densities 

have been determined for the three best-established boron polymorphs and for the 

vapor-deposited boron found in boron filaments. Table 46 lists the observed densities 

of various forms of boron, together with their respective references. The a form is 

the most dense, followed by the ß and "simple" tetragonal forms. The density of 

vapor-deposited boron is closest to that of /3-boron, but the close agreement leaves no 

room for microporosity and defect structures which might be expected to form during 

vapor deposition. Evidence for several kinds of defects is presented in the main text, 

and it is reasonable to expect a 1 to 5% discrepancy in the density of vapor-deposited 

materials. 

Table 46 

REPORTED DENSITIES FOR CERTAIN FORMS OF BORON 

Polymorph 
Observed 
Density 

(gm/cm3) 
Reference 

a-rhomboiedral 

/3-rhombohedral 

"Simple" tetragonal 

Vapor-deposited 
boron in filaments 

2.46 

2.35 

2.31 

2.37 

26 

26,33 

26.47 

14.48 

Tibie 47 lists some calculated densities based on various models. The bcc and fee 

models refer to bcc and fee arrangements of B12 icosahedra which have been postu¬ 

lated by various authors (Refs. 14 and 21). The bcc arrangement has a density 

discrepancy of about 25% relative to the observed density of vapor-deposited boron; 
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Table 47 

CALCULATED DENSITY FOR VARIOUS MODELS OF BORON 

Model 

Bj2 icosahedra 
in fee packing 

B12 icosahedra 
in bee packing 

Mixture 40% a- 
60% tetragonal- 
boron 

Mixture 49% a - 
50 % tetragonal- 
1% porosity 

Mixture 74% a- 
24% tetragonal- 
2% porosity 

Calculated 
Density 

igm/cm3) 

2.04 

1.81 

2.37 

2.37 

2.37 

Calculation Basis 

o 

a0 = 7-3 A, 48 B atoms/unit cell 

a0 = 6. 2 A, 24 B atoms/unit cell 

a - and tetragonal boron at theoretical 
density 

a - and tetragonal boron at theoretical 
density 

a - and tetragonal boron at theoretical 
density 

the fee arrangement differs by 15%. These density differences, and the fact that the 

fee and bcc arrangements do not explain the observed diffraction intensities, tend 

to eliminate these packing arrangements from consideration. 

If the vapor-deposited boron consisted entirely of a-rhombohedral boron, there would 

be a 6% density discrepancy and the halo pattern described in Section 4.3.2 could not 

be acequately explained. The diffraction data are consistent with a model of a - and 

"simple" tetragonal boron, and the densities of several such mixtures are considered 

in Table 47 . Neglecting microporosity, density considerations predict a 40% a-60% 

tetragonal boron mixture. When porosity is taken into account, mixtures of 49% a- 

50% tetragonal-1% porosity and 74% a-24% tetragonal-2% porosity fit the observed 

density. Further refinement of the nature of the mixture cannot be made because the 

densities of defect a - and tetragonal boron are not known. 
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Appendix IV 

NOTE ON THE STRUCTURE AMPLITUDE CALCULATION FOR A REGULAR 
ICOSAHEDRON OF BORON ATOMS 

h the calculation of <F> to aectlon 4.3.2, an approximation was made implicitly which 
is justified here. 

Beginning with Eq. (7) (section 4.3.2, p. 129) and eubsUtuttag for I(!l) according to 
Eq. (6), one obtains 

<‘> = Í- 
2x1 - - 

í UTTf F •e~(s~8o) <ir">'iVn J"'J FtoFn 6 ¡]p<sr (IV- 
1 Nn m n i = l 1 1 1 

1) 

where 

V = P(0) 
i = l 

(IV-2) 

This expression gives two types of terms: those in which m = n , and those in which 

m * n. For m = n, a typical term is 

R plFmFm’p<n')<i“m = p (r2) (IV-3) 

whereas for m ^ n , the typical term is 

^iFmP("»^„/F„*P<n,dwn »-i^Fy av-4) 
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Mathematically, for the case of the boron icosahedron oí edge length 1.80 Á , Eq. (IV-5) 
becomes 

where 

(f2) = 12 f2 1 + 
sin sr, /sin sr0 sin sr_ 

- + 3 sr 
3rl /8 

r 5v sr2 sr3 ) 

r1 = 3.42 Á , r2 = 1.80 A , and r„ = 2.91 À 

(IV-7) 

Also, Eq. (IV-6) becomes 

(f)2 = 144Í2 
. 2 sin sr 

(sr)2 
(IV-8) 

where 

r = 1.71A 

The accompanying figure is a plot of (f2)/144 f2 and (f)2/144 f2 as a function of 

sin 0/X. The two curves are in good agreement out to about sin Q/X = 0.25, or 

d “ 2 Â. For lower d-spacings, intensities fall off more rapidly than normal with 

increasing sin 6/X when is used as in Eq. (8), section 4.3.2. 
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