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Abstract 
Mechanical properties generally correlate positively with wood density and, therefore, it 

might be beneficial to increase the density of otherwise low-density wood species to improve 
certain characteristics. The aim of the dissertation was to examine the possibility to improve 
wood properties, such as hardness, by increasing the density of wood, a modification method 
referred to as 'densification'. The purpose was to target the densification at the very surface of 
wood, where the property improvements are most needed. Surface densified wood would be 
suitable in applications where the surface is generally exposed to use, such as flooring or 
worktops. An increase in density was obtained by reducing the porosity of wood by 
compressing the structure in a laboratory scale hot press. Densification was targeted at the 
surface by heating only one plate in the press and utilising wood of relatively low moisture 
content to inhibit the softening of the sample throughout the thickness. 
 
It was discovered that during surface densification the deformation occurs mainly in the 
earlywood cells close to the heated plate. The density profile development can be controlled by 
the parameters used in the densification process. Furthermore, the process parameters and 
density profile formation correlate directly with property changes, such as hardness, which was 
almost doubled by surface densification. Microscopic analysis with SEM suggested that no 
significant damage occurs in the cell wall during densification. 
 
The densified state tends to recover when exposed to high humidity. However, a minor part 
of the densification was considered permanent and irrecoverable after water soaking - most 
likely due to rearrangement of the molecular bonds and viscoelastic flow of the matrix during 
densification. Recovery of the densified state was significantly reduced by thermally modifying 
the samples after densification. Both, densification and thermal modification reduce the 
hygroscopicity of wood. In addition, hysteresis was reduced after repeated humidity cycles, 
possibly resulting from relaxation of the inner stresses which were developed during 
densification as well as during thermal modification. 
 
The knowledge obtained through this dissertation enhances optimization of the wood 
densification process for desired property improvements. The results provided knowledge of 
solid wood behaviour under compression and at high temperature, as well as, behaviour of 
modified wood in changing humidity conditions. 
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1 INTRODUCTION

properties generally correlate positively with wood density. Therefore, wood 

Wood tissue consists of tightly aligned cells that generally have a hollow cavity 
inside, the so-called lumen, making the wood material porous. The density of 

 regardless of the wood species or cell-

wood is dependent upon the porosity, that is, the thickness of the cell-wall and 

the void space in its porous cell structure and therefore increase its density. 

improvements, such as improved surface hardness. Therefore, it is pertinent 

the wood and to examine how the wood properties are affected. An example 

deformed state when the compressed wood is exposed to conditions of high 
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phenomena related to set-recovery understood. 

Untreated

Figure 1.  

many cases. An important reason for improving the properties of wood is to 

2 in 
its polymer structure, removing this climate change gas from the atmosphere. 

induces less stress (measured as heart rate or pulse rate) compared to 

for example, “warm”, “natural” and “relaxing” (Rice et al. 2006).

1.1 Objectives of the dissertation

The overall aim of the work carried out for this dissertation was to improve the 
. The focus was to discover the 

conditions to changes in properties. With this aim, the dissertation focussed 
on the following four research questions:



1) process parameters (wood moisture content, 
temperature, press closing time, press holding time and compression 
ratio) affect the properties ( ) 

2) without causing fracture 

Can the set-recovery

4) 
swelling and water vapour sorption properties

Research questions 1 and 2 dealt with the effect of the process parameters used 

These questions are addressed in Papers I–

–VIII.

1.2 Structure of the thesis

conclusions are drawn from the results with suggestions for future research. 

the end.
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2 BACKGROUND

compressing the cell structure to reduce its porosity. In order to understand 

2.1 Wood softening and deformation

wood processing for thousands of years. For example, over 5000 years ago the 

peeling and in pulp and paper manufacturing, however, the deformation of 
solid wood under compression has received less research attention. It is 
generally known that wood softening and deformation is affected not only 

duration of loading is of importance. Therefore, these factors are discussed 
next in the context of solid wood compression. 

Cell-wall structrure and moisture content

macroscopic level, wood tissue is formed from the reinforcing wood cells 
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known as the lumen, inside (Siau 1984). Two main tissue types - earlywood 

1984). The earlywood cells, with thin cell-walls and large cavities, are formed 
early in the growing season and the latewood cells, with thick cell-walls and 
small cavities, are formed later in the season and function as mechanical 

sharp whilst the transition from earlywood to latewood is gradual. The outer 
part of the wood trunk is the so-called sapwood (see Fig 2a), whilst the inner 
part is called heartwood and includes more extractives, which improve the 
resistance to fungal and insect attack (Dinwoodie 2000, Ek et al. 2009).

heartwood
sapwood

wood cells

lignin

hemicelluloses

cellulose

covalent bonding
OH-bonding

a. wood trunk

middle 
lamella

b. cell structure

c. cell-wall
lumen

Figure 2.   

reinforce the matrix of hemicellulose and lignin (Salmén 2004), illustrated 
in Fig 2c. Indeed, the main components of the wood cell-wall are cellulose, 
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hemicelluloses and lignin, in addition, there are other components termed 

(Rautkari et al. 2012a).

Cellulose

crystalline regions of cellulose are more tightly aligned, with less access to 

Hemicelluloses are a group of generally amorphous polysaccharides (such 
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Lignin is found in the secondary cell-wall in varying amounts, acting as a 

(Salmén 1984). Indeed, the compressive deformation of wood in the tranverse 

random three-dimensional network polymer, whereas, in the secondary wall 

in wood softening is further examined next, under the topic of wood water 
sorption properties. 

Water vapour sorption properties

generally lower during adsorption than during desorption. This difference 

organic material, such as wood, the cell-wall micropores deform during 
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enhances relaxation of the wood structure, and indeed, changes the physical 

0

5

10

15

20

25

0 20 40 60 80 100

EM
C

 [%
]

Relative humidity [%]

Hysteresis

Adsorption

Desorption

Figure 3.  

the original water-swollen state after re-wetting, which is thought to result 

2010). 
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a. b. c. d. aggregates

wetting wetting

Figure 4.  

The interaction of wood and moisture is a complex topic and relevant to wood 

section.

Temperature 

is a transition zone and the glass transition temperature (Tg

approximate point of softening. Tg

hemicelluloses and lignin, and is presented in Fig 5. 
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Figure 5.  

The Tg

the Tg

and therefore gives a low degree of cross-linking and low Tg

1997). According to Salmén (1982), the estimated Tg for lignin is 100 °C at 

g for isolated wood components is, however, highly 
dependent upon the isolation procedure, measurement method and conditions 
(Irvine 1984).

g there 

higher temperatures, relaxation processes related to wood sorption take place 
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Viscoelasticity of wood

characteristics and it is therefore termed a viscoelastic material. An elastic 

force, whereas, a viscous material under constant stress does not retain its 

viscoelastic properties of wood are strongly related to temperature, moisture 
condition and the duration of loading. Phenomena such as creep, stress 

viscoelasticity of wood.  

When wood is under constant strain, stress is released over time, a phenomenon 
referred to as stress relaxation, illustrated in Fig 6. Stress relaxation is highly 

Figure 6.  

increase of strain under a constant stress, which is referred to as creep, 

removed, part or all of the deformation may recover immediately or over 



12

Figure 7.  

comprehensive theory and complete understanding of the mechanisms are 



manner similar to that of a Velcro-connection and, for this reason, it is referred 

a. b. c. d.
OH-bonding of Separation of Sliding of Re-bonding in 

another position

hemicellulose

cellulose 

OH-bond

Figure 8.  

Furthermore, the stick-slip-mechanism might also occur in the middle-lamella 

is expected to further increase the movement of the molecules and therefore 

wood structure, moisture interactions, temperature and time of loading have 
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process and set-recovery.

2.2 

reduced and there are two main methods to achieve this: compressing the 

few decades (Anshari et al. 2011, Dwianto et al. 1998, Fang et al. 2011, Fukuta 

moisture and mechanical compression in order to improve the properties of 

softening the wood structure, which is achieved at a certain temperature and 

compressing the wood throughout the whole thickness of the sample so as to 
produce a uniform structure and, therefore, the sample is softened through 
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very near the surface of wood, and therefore, softening is targeted only at the 

the other hand, cut narrow grooves on the wood surface across the grain, 

5 min, hot-pressed with heating only on the soaked side of the sample and 

compressed with different pre-heating and closing times. On the other hand, 

strength (Wong et al. 1998, 1999, 2000). 
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During solid wood compression the wood surface next to the hot-plate 

formation is strongly dependent on the softening during compression, which 

dryout, moving the softening region away from the surface, deeper into the 

to drying of the surface and the softening region migrating towards the core 

(Suleiman et al. 1999). In more detail, the porous structure of wood reduces 
thermal conductivity due to diminished conduction through voids (Suleiman 

moisture content is known to enhance thermal conductivity (Sonderegger et 
al. 2011) which might accelerate heat transfer inside the sample and softening 

as thermal conductivity rises with increasing density (Wangaard 1940), the 

2.3 Recovery of the deformation
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original dimensions. This is commonly referred to as set-recovery, as it is in 

of the deformation directly after press opening and is related to the elastic 

g

the matrix rigid again and maintaining the new cellular conformation (Tarkow 

As the structure of wood is forced into a new conformation, the covalent 

2007). 
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set-recovery:

• 
constituents

• 
matrix

• Isolation of the wood polymers (especially hemicelluloses) from 
moisture and heat to prevent re-softening

non-crystalline cellulose and especially hemicelluloses degrade, reducing the 
hygroscopicity of wood and therefore lowering set-recovery (Dwianto et al. 
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2.4 Summary of the background

temperature and time, with a strong interdependency of these factors. Wood 

extended time. At the cell-wall level, the most important phenomena related to 

process parameters and deformation are expected to exist in solid wood 

g of wood is reached at different times in different 

order to control the level and location of the deformation. 
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3 MATERIALS AND METHODS

on the wood surface as well as through the sample thickness using different 

3.1 Wood material

The wood material used was Scots pine (Pinus Sylvestris
from South-Eastern Finland with an average original density of approximately 

original density, which holds potential for property improvements through 

of those two, were performed in the same study, the variously treated samples 

3.2 
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press, which is illustrated in Fig 9.

Heated plate

tu

td

Water-cooling before 
press opening

LOAD

Figure 9.  

such as cutting grooves or soaking of the sample. Also, a specially designed 

g to minimise the immediate 

temperatures, closing times and holding times, which are illustrated in Fig 10. 
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the time of processing is essential. In order to study the time dependent 

in Papers I-IV was 1 min and 10 min, while in Papers V and VI it was 1 min. 
Since wood softening and deformation, as well as heat transfer through the 

parameters are provided in Papers I-VI.

tu

td

closing holding cooling

10 - 300 60 - 600 ~30

Time [s]

Lo
ad

 h
ea

d 
po

si
tio

n

Figure 10.  

transfer inside the sample occurs at a relatively slow rate (depending on the 
conditions) and therefore it is essential to determine the level of deformation 

d) was 15 mm in each study and it 

u), which varied 
from 16 to 22 mm, therefore determined the targeted compression ratio (CR) 
which was calculated according to Equation 1.



Compression ratio  =  
tu– td

 tu

    (Eq 1)

sample in the radial direction (i.e. in the same direction as used for surface 

samples was 145 mm (longitudinal length) * 100 mm (tangential width) * 
12 mm (radial thickness) and a target thickness of 5 mm was controlled with 

and VIII.

started only at 120°C to avoid recovery of the deformation at high humidity 

are provided in Papers VI, VII and VIII.
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a. b. c. d.

200

120

100
a. b. c. d.

0.5 0.5 3

steam 
injection

Time [h]

Te
m

pe
ra

tu
re

 [°
C

]

Figure 11.  

3.3 Testing methods

parameters was analysed using a range of analytical techniques including 

(tangential) (the radial thickness of the material remained constant) was cut 

(1995) which utilise a gamma ray source, scans through the wood sample (at 
0.1 mm intervals), providing the average density of each layer. The average 
density of each layer was thereafter plotted against the corresponding location 
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according to Fig 15. Furthermore, Pearson correlation analysis was used 

Hardness

the maximum depth of the indentation hmax was measured and hardness was 
calculated according to Equation 2:

Hardness   =  
F

max

      (Eq 2)

Cupping

micrometer. The potential dependence of cupping on the vertical density 

Microscopy and sample preparation

In microscopic analysis, the wood sample should have a clear-cut surface and 
most preparation methods, such as slicing with a microtome, requires the wood 

process leaves the samples sensitive to moisture and thus traditional sample 

damage or otherwise create artefacts on the surface which could affect the 



26

Laser beam

Mask

Organic polymer

Long-chain 
moleccules

Irradiation

Adsorption

Bond 
breaking

Ablation

Figure 12.  

of the wood tissue, which effectively disintegrates into the air in a controlled 

a sample preparation technique for studying the micromorphology of some 

high-density wood-plastic composites (Segerholm et al. 2012). The research 
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sputter-coated with a layer of gold. The micromorphology was thereafter 

microscopic analysis are presented in Paper V.

) were 

sandpaper (grit size 1200). Further details of the equipment and processing 
are presented in Paper I.

Set-recovery

longitudinal and tangential dimensions of 10*10 mm (the thickness remained 

radial direction. 

Swelling was evaluated using three different methods with schematic 

days), ii) soaking in hot water (6 h), iii) soaking with continuous data-logging 

were carried out depending on the method, and the specimens were oven-

in Paper VII.
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i. ii. iii. iv.

data logger

20°C 40°C / 60°C / 80°C

HOT PLATE

20°C

salt solution

Figure 13.  

Set recovery =  
ts – td

 tu– td

     (Eq 3)

where ts d is the oven-dry 

u is the initial uncompressed thickness. 

i) in relation to the 

d). Thickness swelling 

Thickness swelling  =  
ti – td

 td

    (Eq 4)

Water vapour sorption behaviour 
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Small wood samples of approximately 5 mg were removed from the through 



4 RESULTS AND DISCUSSION

4.1 

of localised deformation during compression, measured as the area outlined 
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and the processing parameters, Pearson correlations were calculated for these 

Peak 
density    
PD

Mean 
density    
MD

Peak      
area       
PA

Peak      
base      
Pb

Peak 
distance   

Pdi
CR * 0.65 * 0.76 0.00 *-0.37 *-0.41 0.7-
MC * 0.20 0.04 0.01 0.03 *-0.19 0.6-
Closing time *-0.52 *-0.14 0.02 * 0.32 * 0.16 0.5-
Temperature *-0.12 -0.07 0.05 * 0.16 * 0.26 0.4-
Holding time -0.06 0.06 * 0.11 * 0.12 * 0.03 0.0-

part of the sample thickness was deforming with higher CR. On the other 
hand, a slower closing time resulted in a lower PD and higher Pdi, meaning 
that the sample was deforming deeper and over a wider section of the sample 



instead of a targeted density increase close to the sample surface. Wang et al. 
(2001, 2000) also found that a slower press closing speed resulted in a lower 

parameters.

was discovered. For example, Pdi and PD had a strong negative correlation, 
suggesting that as the density peak moves further from the heated surface it 

further from the heated plate. Also, with a slower closing speed the surface 

the sample.

4.2 Changes in hardness

known to correlate positively with hardness and therefore, an improvement 

to perform accurately on wood, while the indentation depth is measured 
automatically (with the universal testing machine). 

darker shade denotes a higher hardness value and standard deviations are 
presented in parentheses. 
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process parameters, especially CR and closing time. This issue is further 

with different CR and closing times and includes the corresponding hardness 
values.
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compressed with low CR and slow closing time. There is no clear change in 

2 (even lower than the 

(from 5 min to 0.5 min), a more distinct peak is formed close to the heated 

2

2 and the 

2

parameters, especially CR and closing time, in controlling hardness through 

4.3 Changes in cupping behaviour

an uneven through thickness density, which might cause the material to cup 
or otherwise deform in an unwanted manner when exposed to changes in 

inconsistent, resulting in a non-existent correlation and it was therefore 
omitted from this analysis.
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however, would require further investigation. A lower CR resulted the cupping 

from the "neutral axis" of the density structure. These results suggest some 

needed. 

4.4 Changes in micromorphology

the deformation mainly occurred in the earlywood, while latewood did not 



Deformed 
earlywood

Deformed 
earlywood

Figure 18.  

walls – even with low press temperatures (100 °C) and a short closing time 

samples, identical types of cracking in similar locations were also found in 

a. Untreated b. 

Figure 19.  



In many cases the sample was deforming through the sample thickness and 
not only close to the heated plate, especially with low temperature and fast 

points of the sample, that is, in this case, in the earlywood sections through 

Tg of the cell-wall components. This, however, did not seem to have affected 

The overall thickness of the samples almost completely recovered during 

g) 



a. Untreated 
earlywood

b. 
earlywood
(200 °C, 60 s closing 
time)

c.
earlywood recovered 
by soaking

Figure 20.  
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4.5 Reducing the set-recovery effect

The recovery of the compressed deformation in water-soaking or high humidity 

wood was examined in Paper VI for three different compression ratios. The 

of the compression ratio in this case. 
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the lignin complex might increase the rigidity of the matrix and therefore 
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of wood, such as reduced impact strength and hardness (Rautkari et al. 

4.6 Set-recovery with different testing methods

accurate measurement (Rautkari et al. 2010). Therefore, in order to examine 

examination was performed on a more uniform material, in this case, wood 

phenomena related to set-recovery.  

2012a, Rautkari et al. 2010) and, as a result, a range of testing methods have 

i) soaking-drying cycles (at room temperature), ii) soaking-drying cycles in 
hot water, iii) soaking with continuous data logging and iv) humid-dry cycles 
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the different y-axis scale).
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It was discovered that the level of set-recovery is dependent on the 

room temperature was performed over a 2-weeks period, whilst the hot-

the set-recovery in hot-water-soaking is, in some cases, even higher than 
soaking at room-temperature. Therefore, water temperature seems to play a 

temperature generally produced higher levels of set-recovery. The reason for 

g

temperatures over the time of testing (6 h). 

hemicelluloses may also dissolve during soaking which might, in part, account 

of cycles in set-recovery measurement is essential and it is suggested that, in 
general, several cycles are run during set-recovery experiments in order to 
reach full relaxation of the inner stresses.  

or even negative, which suggests that actual set-recovery is not induced under 
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from different studies since the testing method appears to strongly  affect the 

application, the set-recovery measurement method should represent the 

g or 
even exceed it, enhancing the softening of the wood tissue and increasing the 

three consecutive cycles. 

which correspond to approximately 1 week of exposure, seem to increase 

in the weight change, which suggested that 1 week is the time required to 

only after 9–10 days exposure to this environment. In addition, the level of 
swelling increased after repeated humidity cycles, suggesting the occurrence 

suggests the occurrence of relaxation over extended humidity periods. This 
minor increase towards the end of the cycles, however, might also partly 

method (e.g. a micrometer instead of a slide calliper). In all cases, the time 

repeated humidity cycles is examined further in the following section. 

4.7 Water vapour sorption behaviour 
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sorption isotherms over three consecutive cycles of adsorption and desorption 
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compression of the cell structure might also have reduced the hygroscopicity 

hystereses of the isotherms in Fig 26 are presented in Fig 27.
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humidity cycle compared to untreated wood. Thereafter, a large change in 



48

which might account for the hysteresis change in further cycles.

The results from the water vapour sorption experiment suggest that 

moisture change. 
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5 CONCLUSIONS

Density correlates strongly with wood mechanical properties and therefore 

modify only the very surface of solid wood, where the property improvements 

recovery). 

mainly in the earlywood cell-walls close to the heated plate. The results show 
that the process parameters, especially the compression ratio, temperature 

occurs more throughout the sample thickness. On the other hand, with a 
rather high temperature (200°C) and slow closing speed (5 min), heat and 

in the core, leaving the very surface undeformed. Furthermore, the process 

the creation of moisture gradients through the sample thickness during the 
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however, in a complex manner which requires further investigation. 

the purpose, creating no apparent artefacts or recovery of the deformation. 

soaking the sample dimensions recovered almost completely, however, the 

studies, since the measurement method affects the results acquired. For 
example, a higher soaking temperature generally results in a higher level of 

Furthermore, repeated soaking-drying cycles increased the level of set-

viscoelastic nature of wood and enhanced molecular rearrangement under 

cyclic moisture change. 
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This dissertation provides new knowledge in terms of developing the 

industrial scale. The results also support research related to other wood 
processing that utilises the softening properties of wood, such as veneer 
peeling, and processing that includes compression, such as plywood 
production or any high-temperature treatment of wood. 

5.1 Limitations and future work

The wood material in the study was limited to Scots pine sapwood free of 

The dissertation provides insights into the mechanisms affecting wood 
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