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1 INTRODUCTION

1.1 Background

Wood can be obtained in many diverse species that vary in density, strength and
durability, which can be located in endangered rainforest. However, rising demand
for consistent, high quality material as well as high density wood species has
increased interest in different wood modification techniques. Hill (2006) explains
that wood can be modified chemically, biologically or physically, which results in an
increase in certain properties during its service life. Moreover, modified wood should
not be toxic under service conditions and there should be no release of any toxic
substances either during service or at the end of the service life. This implies that it is
possible to use, for example, hazardous chemicals during the modification process,
but that they should not remain in the wood once the modification process is
complete. Wood modification methods can be broken down into chemical, thermal,
surface or impregnation processes or, alternatively, combinations thereof. The aim of
all methods is to improve one or more of the properties of wood, such as mechanical

properties, dimensional stability or resistance to biological degradation.

One modification method is wood densification. It is well known that many of the
properties of solid wood are correlated with its density, thus the mechanical
properties of wood can be enhanced by increasing the density. Since wood is a
porous cellular material, an increase in its density can readily be achieved either by
compressing it or by impregnating it with resins. It is also commonly known that
solid wood can be compressed in perpendicular to the grain direction under certain
conditions of heat and moisture without causing damage to the cell wall. One
negative effect of compressing the whole wood is, however, the loss in volume and

consequently a reduction in beam loading capacity, albeit the material properties may



be enhanced. To circumvent this issue, an alternative approach is to bulk compress
thin boards and laminate these to ecither side of uncompressed wood using an
adhesive (Kutnar et al. 2008b). Alternatively, it may be possible to compress only the
surfaces of solid wood by 1-5 mm or only few cell layers; in this way it is mainly the
surface properties that are improved. In order to achieve such a ‘targeted’
compression, it is necessary to first soften the part of wood which is to be
compressed, but not the remaining part. This can be achieved e.g. using a press with
only one heated platen and therefore only one surface is softened and can be
compressed, but the other side and core remain uncompressed. One of the main
issues to be addressed when compressing wood is its tendency to spring back,
particularly in humid or wet conditions. This problem can, however, be solved by
impregnating the wood with resin before compression or by using certain thermal

treatments after the densification process has been completed.

1.2 Aims of the study

Many different techniques to bulk compress wood are known. However, surface
densification techniques have not been widely studied. The main objective of this
study was to evaluate different wood surface densification methods and their effect

on surface properties, especially surface hardness. The techniques investigated were:

I.  Surface densification by a lamination technique, where thin compressed
lamellae were bonded to untreated wood using an adhesive, thereby creating
a composite with an irregular density profile. Using this technique, a high
density surface was achieved, whilst the remainder of the composite remained
rather low density. Density profile and hardness were determined (Papers I-

).

II.  Surface densification using a heated plate and pressure, where one side of
solid wood is heated during compression and therefore one side is softened
and compressed. Compression was controlled with a universal testing
machine. The process parameters were easily controlled using this surface
densification technique. The effect of processing parameters on the density

profile was determined (Paper III).



III.

Surface densification by friction, where one side of solid wood is heated with
the assistance of motion. This technique allowed smoothing of the surface
during compression. Hardness, surface properties and surface chemistry were

determined (Papers IV-VI).

This thesis is divided to several chapters, where the background of solid
wood densification and surface densification are introduced and earlier
studies are presented. The main methodologies are presented shortly and the
key results of Papers I-VI are summarised and discussed. The overall target
of solid wood surface densification processes are to improve surface
properties, which are important, when solid wood is used e.g. as flooring or

where high resistance to wear are needed.



2 WOOD DENSIFICATION

It is well known that wood density correlates with its mechanical properties and that
when above its glass transition temperature wood can be compressed without
rupturing the cell walls. Wood is a porous material and, in theory, can be rather
easily compressed until the density reaches that of the cell wall material, which is
approximately 1.50 g/cm® (Wilfong 1966; Kellog and Wangaard 1969). Wood can,
of course, be impregnated with resins or plastics without compression and an
increase in density, and therefore enhanced mechanical properties, be obtained

(Gindl et al. 2004; Zhang et al. 2006).

Several studies to achieve solid wood compression have been reported (Inoue et al.
1993a; Ito et al. 1998a,b; Navi and Girardet 2000; Kamke 2006). All these methods,
however, have the same main phases - wood softening and wood compression.
Furthermore, the methods usually include a post-treatment phase and a cooling
phase. The post-treatment phase often involves a heat-treatment process, which
decreases irreversible thickness swelling (set-recovery), when the compressed wood

is exposed to humid or wet conditions.

2.1 Theory of wood softening

Solid wood can be regarded as a complex polymeric cellular composite. It consists of
amorphous polymers; lignin, hemicelluloses and disordered cellulose, which are all
hygroscopic and which soften under certain conditions, as well as crystalline
cellulose. The viscoelastic behaviour of these compounds has been widely studied
(Goring 1963; Hillis and Rozsa 1978; Back and Salmén 1982; Salmén 1984; Salmén
et al. 1986; Irvine 1984; Kelley et al. 1987; Salmén 1990). In these polymers, the

transition between the glassy and rubbery state is defined as the glass transition



temperature (T,). Many of the properties of a polymer, for example its elastic

modulus (Fig. 1), change dramatically when this softening point has been passed.
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Fig. 1 Schematic illustration of the elastic behaviour of an amorphous non cross-
linked polymer (Source: Irvine 1984, reproduced with permission from TAPPI).

Wood softens when it is heated and the components (lignin, hemicellulose and
disordered cellulose) soften at different points depending on temperature and
moisture content. Thus amorphous cellulose is more hygroscopic than crystalline
cellulose, therefore crystallinity of cellulose has an effect on glass transition
temperature of cellulose. Higher the crystallinity is, less the moisture content effects
on softening (Back and Salmén 1982). It has been reported that the content of wood
extractives is negatively correlated with equilibrium moisture content of wood
(Nzokou and Kamden 2004). Therefore the extractives content also has an effect on
wood softening behaviour. Figs. 2 and 3 show the effect of temperature and moisture
on the softening behaviour of different wood compounds. The total lignin content in
softwoods is approximated to be 28% by Salmén (1984) and Dinwoodie (2000) and
its function is that of a matrix, maintaining the form of wood. Thus, the properties of
lignin are particularly critical when it comes to the softening behaviour of wood.
Moreover, it has been reported that moisture changes in wood under load cause the
mechano-sorption effect, which reduces the elastic modulus (Grossman 1976;
Hoffmeyer and Davidson 1989; Navi et al. 2002). Therefore mechano-sorption effect

could assist wood softening and therefore also the wood compression.
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Fig. 2 The effect of relative humidity on the softening temperature of lignin and
hemicellulose, showing the glassy and rubbery regions (Source: Salmén et al. 1986,
reproduced with permission from Elsevier Ltd).
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Fig. 3 A schematic illustration of the dependency of the softening temperatures of
lignin, hemicelluloses and amorphous cellulose on moisture content (Source: Salmén
1990, reproduced with permission from Cambridge University Press).



2.2 Wood densification

Earlier studies by Viitaniemi and Kontinen (1994) and Herdjarvi (2009) have shown
that solid wood can by dried using a contact drier, where the wood material is dried
between hot plates and water can be removed faster than is typical of a convective
kiln dryer. The more rapid removal of water in contact drying is partly the result of
the more effective conductive heat transfer between the hot plate and wood and
partly due to the removal of water by mechanical compression. The compression can
deform the wood material with the result that twisting and warping are reduced
(Her&jdrvi 2009) and the wood material is compressed into a more dense form. It has
also been shown that rotary cut veneer can be dried using a compression drying
technique employing either hot plates or a roller press (Adachi et al. 2004; Bekhta et
al. 2009) resulting in smoother surfaces (Candan et al. 2010; Diouf et al. 2011). It
may be concluded, therefore, that drying using compression is quicker than kiln
drying and at the same time certain properties such as surface smoothness,

straightness and mechanical properties can be improved.

With some limitations, compression of solid wood can be compared to the
manufacture of wood-based panels such as particleboard and medium density
fibreboard (MDF). In wood-based panel manufacture, the wood material is often in
fibre or in particle form and adhesive and other additives are frequently used to
combine the product and enhance certain properties. Heat and moisture transfer
during the hot pressing of wood-based panels can be compared to that of the transfer
processes occurring during solid wood compression. The heat and moisture transfer
during compression are essential in forming the vertical density profile (VDP) and it
has a great influence on the properties of wood based panels (Wong et al. 1998;
Wong et al. 1999; Wang et al. 2001). It should, therefore, most probably have an

influence on the properties of compressed solid wood.

Solid wood compression (i.e. bulk densification) methods can be divided into two
categories — open and closed systems. Open systems consist of apparatus capable of
applying a compressive force to the wood, but that are not enclosed and thus the
compression itself is carried out under ambient conditions. Relative humidity cannot,
therefore, be accurately controlled during the compression process. This type of open
process has also been referred to by Navi and Girardet (2000) and Heger et al. (2004)

as a thermo-mechanical (TM) process. On the other hand, closed systems consist of

7



apparatus for compressing wood that are enclosed and so the relative humidity can be
controlled during the compression operation using saturated steam. This type of
process has been described by Navi and Girardet (2000) and by Navi and Heger
(2004) as a thermo-hydro-mechanical (THM) process. As discussed previously,
relative humidity will be an important consideration during the softening phase of the
compression process. Therefore, when using open systems, the wood material has to
have a high enough moisture content before compression to ensure that the softening
stage is completed successfully. A variation of the open system uses a steam
injection press (Geimer 1982; Fang et al. 2011) to give some control over the
moisture content during pressing. The softening stage during pressing can be
accomplished relatively easily; however, a more important issue is to keep the wood
moist during the post-treatment phase, where temperature (Navi and Heger 2004)
and relative humidity (Navi et al. 2007) correlate exponentially with the treatment

time needed for elimination of set-recovery.

Wood densification increases several wood properties and these are largely
dependent on the degree of densification and the densification technique that is used.
If the compressed wood is post-treated with a heat-treatment process the properties
can, to some extent, be compared to those of heat-treated wood where the densities
are similar. The properties of compressed wood produced using different methods
are not always comparable, even if the densities are the same, because the processes
can vary widely. It has been reported that mechanical properties such as modulus of
rupture and modulus of elasticity (Kamke and Rautkari 2009), hardness (Navi and
Girardet 2000) and shear strength (Navi and Girardet 2000) can be increased through
wood densification. Moreover, fungal degradation (Schwarze and Spycher 2005;
Skyba et al. 2008) and wettability (Kutnar et al. 2008a) can be decreased. Even
though modulus of rupture (MOR) and modulus of elasticity (MOE) are enhanced by
increasing density, the total bending capacity can be decreased because of the loss in
volume of the wood material. Therefore there is a strong case for a densification

process where only the surface of solid wood is compressed.

2.3 Surface densification

Surface densification can be achieved either by bonding higher density wood to a

lower density core using adhesives, or by compressing the wood in the transverse



sense from one or both sides so that the density of only a few millimetres of the top
most layer of the wood is increased. In this way the loss of volume is minimised and
the surface properties are improved. It is logical that surface densification is
performed on wood material that already has a relatively low density. The surface
densification processes have the same phases as in bulk densification namely the
surface of the wood has to be first softened and then compressed, but often it also has
a cooling phase. It is essential to soften only the surface otherwise, of course, the
wood material will be compressed throughout. This is why the surface densification
process time has to be rather short, so that there is no time for the heat to transfer to
the core. Therefore, the initial moisture content also has to be rather low, since when
the mechanical compression is released, the wood material should be below the T, to
avoid immediately spring back, caused by generated inner stresses and also partly
steam pressure generated in the process as seen in MDF process (Cai et al. 2006). For

this reason moisture content and temperature play an important role.

Spring back can be avoided by applying a cooling phase before releasing the
mechanical compression. Whereas the bulk densification of solid wood is rather
casily accomplished, surface densification process by compression is more
complicated. The most essential aspect is to produce a vertical density profile such
that the peak density is as near as possible to the surface and also that the density
peak should be broad enough to ensure that the properties are modified sufficiently
for a particular application. The density profile is generated during the compression
process (Gong et al. 2010; Laine et al. 2011; Rautkari and Hughes 2010a) and many
variables influence its development. These include pressing temperature, ambient
conditions, press closing time and press holding time. Moreover, wood species,
chemical composition, the direction of pressing (i.e. radial, tangential or other),
initial density and wood moisture content also have a significant role. Earlier studies
have shown (Pizzi et al. 2005; Lamason and Gong 2007; Rautkari et al. 2008; Gong
et al. 2010) that relatively dry wood (approximately mc 12%) should be used in
surface densification processes. As a result, the densification process is relatively
fast; only some minutes or even seconds (Pizzi et al. 2005; Rautkari et al. 2008) and

so processing time is also dependent on the initial moisture content.



There are several methods of densifying only the surface of solid wood. One way is
batchwise compression, where one side of wood is compressed using a press with
only one heated platen (Inoue et al. 1990; Lamason and Gong 2007; Gong et al.
2010; Laine et al. 2011). Alternatively surface densification can be carried out with
the assistance of motion in a continuous press (Tarkow and Seborg 1968), by using a
heated roller and friction (Rehm and Raatz 2005; Fuchs et al. 2007a,b) or by using a
linear friction technique with wood against wood (Pizzi et al. 2005) or with a heated
steel plate (Rautkari et al. 2008). Fig. 4 shows the surface of a Norway spruce
specimen densified using friction technology, where it can be seen that only one or
two cell layers are compressed. Greater surface deformation can be seen in the Scots
pine specimen shown in Fig. 5 produced by compressing with a heated platen. As

can be seen several growth rings have been deformed and, with higher magnification,

it can be seen that the compression is restricted mainly to earlywood.

Fig. 4 Surface densified spruce on left side and right side surface after table saw
preparation (Paper 1V).

15 mm

Fig. 5 Surface densified Scots pine using a single side heated press on right side and
left side surface is planed.

However, earlier studies on surface densified wood have shown that the mechanical
properties such as hardness are correlated with the degree of compression (Lamason
and Gong 2007; Rautkari et al. 2008), but modulus of elasticity and rupture on the
other hand did not exhibit any significant increase (Lamason and Gong 2007). It has
also been reported that surface densification reduces the water wetting properties. As

a result, the water penetration on surface densified wood rate is significantly slower
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than on the surface of untreated wood (Pizzi et al. 2005; Rautkari et al. 2010b).
Moreover, the glossiness of surface densified solid wood has been reported to be
increased by up to 700% (Rautkari et al. 2008), compared to untreated wood, which
indicates a smooth surface. Surface roughness has also been shown to be
significantly reduced on the edge of surface densified MDF (Rehm and Raatz 2005;
Fuchs et al. 2007b). It has also been reported (Subyakto et al. 1998) that surface
densification improves fire retardant properties of solid wood somewhat. All the

results depend on the surface densification process and the intensity of the process.

2.4 Summary

The phenomena’s of wood softening, bulk wood densification and wood surface
densification are presented in the section above (2. Wood densification). Many of the
properties can be enhanced by compression, but the surface densification techniques
are not widely studied. Main target of surface densification is to increase the surface
properties of the solid wood. The materials and methods used in in this study are
presented in the following section, where different properties such as hardness,

wettability and surface chemistry were evaluated.
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3 MATERIALS AND METHODS

3.1 Wood material

Various hardwood and softwood species were used in the studies. The wood species
were hybrid poplar (Populus deltoides x Populus trichocarpa L.) (Papers I and 1),
Douglas-fir (Pseudotsuga menziesii L.) (Paper II), Scots pine (Pinus sylvestris L.)
(Papers 111 and VI), Norway spruce (Picea abies L.) (Papers IV and V) and European
beech (Fagus sylvatica L.) (Paper V). The wood species were selected for the
different modification methods depending on the focus of a particular project. More
detailed information about the wood material used in each study is presented in the

original papers.

3.2 Densification processes

3.2.1 Surface modification by lamination

Papers I and II focus on the whole wood densification of thin lamellae which are then
laminated, using an adhesive, to untreated wood thereby creating a composite. The
method used for whole wood densification was a Viscoelastic Thermal Compression
(VTC) process that had been developed in the USA (Kamke and Sizemore 2008).
Wood densification was carried out in a reaction vessel in which pressurized steam
was delivered from a steam generator. The reactor incorporated separately heated
platens with mechanical stops and a water cooling system. The VTC process has
several phases: 1) wood softening, ii) first-stage compression, iii) venting, iv) second-
stage compression, v) heat-treatment and vi) cooling. More details about the process
are given in Papers I and II and have also been reported by Kutnar et al. (2009) and
Kamke and Rathi (2010).

12



3.2.2 Surface modification using a heated plate
Surface densification was carried out using a specially designed heated press tool

fitted to a material testing machine. The surface of the wood was softened by an
electrically heated plate incorporated into the press tool. The tool was also equipped
with a water cooling system. Mechanical stops ensured that the specimens would be
compressed to the same final thickness. The press was then set to close in a specified
time (“closing time”). Once the unheated loading plate had contacted with the stops,
the press remained closed with the heat being applied for a specified holding time.
After the desired holding period, the cooling system was turned on and the load
maintained until the temperature was below 100°C. More details about the process

are found in Paper III.

3.2.3 Surface modification using friction technique
Linear vibration friction technology is widely used in the plastics and automotive

industries and has been investigated as a means of bonding wood without adhesives
(Gfeller et al. 2003 and 2004), but also for surface densification (Pizzi et al. 2005;
Rautkari et al. 2008). Surface modification by frictional densification was carried out
using a modified Branson 2700 linear vibration welding machine (Dietzenbach,
Germany). Densification was carried out at a frequency of 100 Hz and amplitude of 3
mm. The surface of the lower platen, where the friction was produced, was smooth,
polished steel and it was pre-heated to 100°C for a more stable process temperature.
After frictional heating and compression, pressure was maintained until the surface
temperature had cooled down to 60°C, when it was assumed that the wood material
in the vicinity of the surface had solidified. Further details about this process are to

be found in Papers IV, V and VI.

3.3 Microscopy

Microscopy studies were conducted with various optical microscopes, depending
upon where the experiments were carried out. Anatomical changes to the modified
specimens (Papers IV and V) were examined using both a Leica DMLM 25-5009
epi-illumination microscope equipped with a Leica DFC 320 video camera and a
Leica MZ16 7.1-11.59 stereomicroscope equipped with a Leica DFC 300 video
camera. All the measurements were processed using Leica IM 1000 software.

Anatomical changes to the modified specimens (Papers III and VI) were examined
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using a Leica WILD MZ 8 microscope and a Nikon Optiphot-2 microscope, both
equipped with a JVC 3-CCD 320 video camera for image capture.

3.4 Hardness

Brinell hardness was measured on surface densified Norway spruce wood (Paper V)
and on the surface of densified hybrid poplar and Douglas fir wood that had been
laminated with untreated wood (Paper I). The Brinell hardness method employed
was adapted from the EN 1534 (2000) and JIS Z 2101 (1994) standards. In the EN
1534 (2000) standard, the load is constant and the diameter of the indentation is
measured. In the JIS Z 2101 (1994) standard, the indentation depth is constant and
the load is measured. In this study, the load was constant and the indentation depth
was measured. Moreover different forces were applied to investigate the influence of

the penetration depth of the indenter. The Brinell hardness H, (N/mm?) was

calculated using Eq. 1.

F
B~ T* D% (1)
where D (mm) is the diameter of the indenter, # (mm) the maximum depth of the
indentation, and F (N) the applied load. Maximum load was reached in 15 s,
maintained for 25 seconds and then removed over a period of 15 s. The maximum
depth /i, of the indentation and the elastic deformation, /4., of the indentation were
measured. The elastic deformation is the “immediate” recovery of the indentation
when the load is removed. The value /4. is measured when the load reaches zero

during unloading. The surface elasticity €. was calculated using Eq. 2.

g, = ol )

3.5 Vertical density profile

Vertical density profiles were measured using an X-ray densitometer (QMS, Model
QDP-01) (Papers I and II) and densitometer based on a gamma ray source (ATR
Density Profilometer DPM201) (Paper III). The X-ray / gamma ray beam was
projected through the width of the specimen (tangential direction), meaning that the
14



vertical density profile was measured with respect to the specimen thickness. The
density was measured at intervals of 0.02 mm (Paper 1), 0.04 mm (Paper II) and 0.1

mm (Paper I11) through the thickness of the specimens.

3.6 Contact angle

Contact angles were measured on surface densified Norway spruce and European
beech. Contact angle measurements were performed with a Kriiss DSA 10 contact
angle measuring instrument and analysed by a drop shape analysis program (Kriiss
DSA v1.80). Distilled water was used for the drop. More details are given in Paper
V.

3.7 FTIR-ATR spectroscopy

Untreated and surface densified Norway spruce and European beech and their
chemical changes during densification process were evaluated with FTIR (Fourier
transform infrared). IR spectra were obtained using a Perkin—Elmer Spectrum 100
FT-IR instrument with a universal ATR (attenuated total reflection) diamond crystal.
The spectra were recorded in the wavenumber range of 800-4000 cm™ at resolution
of 8 cm™. The analysis depth was 0.2-2 pm, depending on the wavenumber. The
spectra were ATR-corrected before the analyses. Moreover, the IR spectra of spruce

canal resin were obtained for verifying the absorption peak in the carbonyl region.

3.8 X-ray photoelectron spectroscopy

Differences between the surface chemistry of friction densified Scots pine and the
same material compressed in a heated press without motion were evaluated by means
of XPS (X-ray photoelectron spectroscopy). Both sapwood and heartwood were
analysed with and without extraction. XPS analyses were carried out using an AXIS
165 electron spectrometer (Manchester, UK) and monochromatic Al K, irradiation at
100W. For elemental composition, low resolution wide spectra were recorded, using
80 eV pass energy and 1 eV step. For more detailed chemical information, carbon
and oxygen were also recorded in high resolution mode, using 20 eV pass energy and

0.1 eV step. More details are provided in Paper VI.
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3.9 Set-recovery

The set-recovery of surface densified wood (Paper V) and densified whole wood
(Paper I) was measured after humid-dry cycles and wet-dry cycles, respectively. The

set-recovery (5,) of surface densified wood was calculated using Eq. 3 (Paper V).

SV:T’_TC,WheIl T 2T and T, >T, (€)
T, -1,

where T, is the thickness of the specimen (RH 65%, 20°C) after 5 humid-dry cycles,
T, is the thickness of the compressed specimen and 7 is the initial thickness of the
specimen (RH 65%, 20°C). The set-recovery, also referred to as irreversible swelling

(1S), of densified whole wood was calculated using Eq. 4 (Paper I).

is=L10) )

0

where 7, is oven dry thickness after water soaking and 7 is oven dry thickness

before soaking.
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4 RESULTS AND DISCUSSION

4.1 Wood surface densification

In order to improve solid wood surface properties, three densification types were
evaluated. In Papers I-II high density solid wood (densified using a VTC process)
was laminated to low density wood. This certainly increases surface density, but an
adhesive is needed. Untreated hybrid poplar and VTC hybrid poplar specimens are

shown in Fig. 6. In Table 1 the initial density and density after densification are

presented.

Fig. 6 Untreated hybrid poplar specimen (left) and VTC processed specimen (right).

Table 1 Initial densities and VTC wood densities (Paper I).

Material Initial density Density after Degree of
g/cm? compression densification
g/cm? %
Hybrid poplar 0.37 1.22 236
Douglas-fir 0.46 1.14 148

Earlier studies (Inoue et al. 1990; Lamason and Gong 2007; Gong et al. 2010)
showed that only the surface of solid wood can be compressed. Paper III describes
how process parameters such as temperature, moisture content, press closing time

and press holding time affect the density profile generated when solid wood is
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compressed. It is important that the densification occurs only on the surface, if it is
the surface properties that are to be enhanced. Surface densification using a heated
plate combined with motion on the surface is presented in Papers IV-VI. Earlier
studies have shown that motion reduces the surface roughness (Rehm and Raatz

2005; Fuchs et al. 2007b).

4.2 Hardness

The main target of surface densification is to increase the hardness of the surface. It
is known that hardness of wood is depending on the density (Dumail et al. 1998;
Holmberg 2000; Herdjarvi 2004). Generated hardness results are more complex
within material with inhomogeneous density, such as surface densified solid wood
and wood-based panels e.g. MDF or particleboard, which all have certain irregular
vertical density profile, where surfaces are denser than the core. Within
inhomogeneous wooden products, the hardness is resulted from combination of the
density of the surface and core, but also the thickness relation of surface and core. In
other words, if surface has high density, but it is rather thin and at the same time core
has low density the hardness value that is measured is more a result from the core.
This phenomenon is demonstrated in Fig. 7, where are two types of penetrations
presented on a cross section of hybrid poplar wood which was laminated with high
density densified wood. In a typical hardness test, where diameter of 10 mm steel
ball has penetrated during the experiment with low force and high force. On left side,
there is only small penetration and on right side deeper penetration. It is clear that
when thin high density lamella has ruptured, the core begins to support more of the

load.

different types of penetrations presented, using low (left side) and high (right side)
forces.
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The hardness of a solid material is generally measured by the ability of an indenter to
penetrate the surface. In the various standards for different materials the procedure
differs in each. In principle, either load or indentation size is measured, with the
other being kept constant. The tip shape of the indenter varies depending on which
standard is used. One such hardness method is the Brinell hardness method, which
was proposed by Johan August Brinell in 1900 originally for metallic materials.
Nowadays the Brinell hardness method is widely used to measure the hardness of
both metals (EN-ISO 6506-1 2005) and wood and wooden products (EN 1534 2000).
The Brinell hardness test procedure is more accurately defined in EN ISO 6506-1
(2005) than in EN 1534 (2000). This is explained in Paper 1. Moreover, the JIS Z
2101 (1994) standard has also been referred to as a “Brinell” method by Inoue et al.
(1993a), Hirata et al. (2001), Fukuta et al. (2007) and Teranishi et al. (2008). Another
common method used to measure the hardness of wood materials is the so-called
Janka method, which is explained in both the ISO 3350 (1975) and ASTM D 143
(1997) standards. Hardness measured by the Janka method correlates rather well with
Brinell hardness (Kontinen and Nyman 1977; Bektas et al. 2001). All these methods
have slightly different approaches to evaluating hardness and this is explained in
Paper I and in more detail by Doyle and Walker (1985). The methods measure either
the hardness properties of the material or the hardness properties of the surface and it
is not always obvious which properties are being measured. Generally it depends on
how deep the indenter penetrates; with deeper penetration, it is the materials
properties that are being measured rather than the surface properties. Nevertheless,
depending upon which method is chosen, the measured properties will differ

significantly.

According to EN-1534 (2000), Brinell hardness is, in essence, calculated from the
surface area which a 10 mm diameter metal ball indenter creates on the wood when

the applied force is constant. Brinell hardness is calculated from Eq. 5.

H, = 2F 5)
n*D*(D—-+/D? —d?)

where F is the applied nominal force, D is the diameter of the indenter and d is the

diameter of the indentation (taken as the average of the along the grain diameter and
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the across the grain diameter). The unit of the results is kp/mm?. According to EN-

1534 (2000) the unit can be changed using Eq. (6), when the unit is N/mm?.

H, = = (©)
g*m*D*(D—+D*—d?)

Both Eqgs. 5 and 6 are referred to as Brinell hardness, Eq. 5 has not a constant g
(acceleration of gravity) which can confuse the results, especially customers.
Moreover, when the diameter of the indentation is measured, the measurements are
rather subjective, at least when measured on solid wood, because the indentations are
often unclear. Solid wood hardness values vary greatly, even within the same wood
specimen, therefore many indentations are needed to give reliable results and this
makes the measurements rather laborious. Therefore, Brinell hardness can be
measured according to JIS Z 2101 (1994), where the indentation depth is measured
using an accurate testing machine. Then, Brinell hardness is calculated using Eq. 1. It
has been reported that the manually measured diameters of indentations, and

automatically measured penetration depths, correlate well (Herdjarvi 2004).

The hardness of modified and unmodified solid wood surfaces (Paper I and Paper
IV) was measured by a modified Brinell hardness method using constant load (Paper
IV) and several different loads (Paper I). The results were calculated according to Eq.
1. In Paper I, unmodified wood (hybrid poplar) was laminated with a thin layer of
densified wood (hybrid poplar) and the influence of the lamination thickness and the
applied load were investigated. The results (Fig. 8) show that surface hardness was
increased by up to 380% with lamination compared to untreated wood, even though
the hardness of untreated wood was extremely low. The hardness values were
strongly dependent upon the force applied to the wood composites; the deeper the
indenter penetrated, the more the values were influenced by the properties of the
untreated core wood. This phenomenon has also been reported by Kontinen and
Nyman (1977) and by Niemz and Stiibi (2000). Thus, the applied force has a
significant effect on the hardness of an inhomogeneous wood composite. According
to EN 1534 (2000), the applied force should be 1000 N, but it is often changed to a
lower force (Kontinen and Nyman 1977; Schwab 1990; Holmberg 2000; Niemz and
Stlibi 2000; Bektas et al. 2001; Hirata et al., 2001; Gindl et al. 2004; Pizzi et al.
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2005; Rautkari et al. 2008). This means that it is possible to obtain higher hardness

values by choosing a lower applied force. More details are explained in Paper 1.
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Fig. 8 The hardness of laminated hybrid poplar with 1 or 2 layers of VTC wood
(Paper I).

Earlier studies (Kontinen and Nyman 1977; Wang and Wang 1999; Yu et al. 2011)
have shown that the moisture content of wood negatively correlates with hardness.
This means that if wood is heat-treated after compression, to avoid set-recovery, the
material will have a different moisture content (Stamm and Hansen 1937; Bekhta and
Niemz 2003) to that of unmodified wood, due to a decrease in its hygroscopicity.

This phenomenon will have influenced the results in Paper I at least.

The surface of solid Norway spruce was friction densified (Paper IV) and the
hardness measured using Eq. 1 and a constant load (300 N). The average Brinell
hardness of unmodified Norway spruce was found to be 12 N/mm? on the radial
surface and 9 N/mm? on the tangential surface. Brinell hardness was found to
increase with an increasing densification ratio (Fig. 9). Each point is the average of 4
measurements from the same specimen. It is clear that by compressing the wood
material the density increases and thus the hardness increases. However, even if the
wood is compressed by less than 1 mm, hardness is still enhanced. This indicates that
the surface has a significant effect on hardness, but that the rather low load used to
measure hardness may have played a significant role. The red dot is the hardness
value for untreated reference for Norway spruce on the tangential surface. The force
used in this study was relatively low and therefore it has a positive effect on the

results as described in Paper I. The variation in the results presented in Fig. 9 is
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probably caused by the different process parameters used in the study, which could
have led to the densification occurring beneath the surface that could have affected

the results. Unfortunately, the VDPs were not measured.
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Fig. 9 The influence of compression rate on hardness of surface densified spruce in
radial direction (Paper I'V).

4.3 Elastic-recovery

The hardness of wood is an important value to estimate wearing properties.
Furthermore, the elastic properties of the surfaces are important as well. If hardness
is evaluated from the maximum depth of the penetration of the indenter with a
certain force, the elastic recovery shows recovery of the surface after penetration.
Earlier studies have shown that it is also possible to measure the elastic properties of
the surface of wood (Wimmer et al. 1997; Tze et al. 2007; Rautkari et al. 2008; Yu et
al. 2011) at the same time as measuring hardness, even though most of these studies

concern nano-scale indentation of the cell walls of wood.

Papers 1 and IV shows that in untreated wood (Norway spruce, Douglas-fir and
hybrid poplar) the elastic recovery is approximately 25-35%, depending upon the
applied force used and the wood species. The results (Fig. 10) show that the elastic
recovery can be up to 80% with laminated specimens. This means that the surface is
highly elastic and will therefore most probably resist impacts relatively well. The
surfaces of the laminated composites (Paper I) are more elastic until the indenter has
reached the untreated wood (Fig. 7). The relationship between elastic recovery and
indentation depth is shown in Fig. 10 for hybrid poplar with a 1.5 mm lamination

(one layer). As may be seen, the elastic recovery and indentation depth correlate
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well, especially in the laminated specimens. Fig. 10 shows that the forces used in this
study were too high (same as in Fig. 8), because the indentation depth reached was
close 5 mm (and even more), whereas the theoretical maximum depth is 5 mm (using
10 mm metal ball). Even if the maximum load used was less than the standard
required (750 N) with untreated wood. This again raises doubts about the
applicability of EN 1534 (2000) for evaluating the hardness of low-density wood.
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Fig. 10 The elastic recovery of laminated hybrid poplar and untreated wood (Paper
D).

4.4 Vertical density profile

Vertical density profile (VDP) is the density through the thickness of the specimen
and can be measured, for example, using a densitometer employing beta-, gamma- or
X-rays. Using such an instrument, the average density of ‘slices’ through the
thickness of a specimen can be measured at certain intervals e.g. 0.05 mm, in other
words the densitometer measures the density through the whole thickness of the
specimen at 0.05 mm intervals. It is well known that various process parameters
influence the VDP created in wood-based panels such as MDF and oriented strand
board (OSB) during their manufacture. In wood-based panel production, the VDP
contributes greatly to the final product properties and as such has been widely
studied (Wong et al. 1998; Wong et al. 1999; Wong et al. 2000). Density profiles are
also important characteristics of compressed solid wood. Earlier studies have shown
that compressing parameters have a significant role to play in generating the density
profiles in bulk wood compression (Wang and Cooper 2005a,b; Kutnar et al. 2009)
and surface densification (Rautkari et al. 2010c; Laine et al. 2011). Therefore density

profile measurements are key to proving that densification has taken place
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successfully and that the surface properties will be generated as required. Papers I -
III show the vertical density profiles of surface densified solid wood, where the
densification has been generated using lamination (Papers I and II) or by using the
heated plate technique (Paper III). Fig. 11 shows a typical VDP in a composite
formed from VTC densified hybrid poplar laminated to untreated hybrid poplar

wood.

0 1 2 3 4 5 6 7 8 9 10 11 12
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Fig. 11 A typical VDP of VTC densified hybrid poplar, which was laminated on
untreated hybrid poplar wood (Paper I).

Paper II describes the potential error which can occur during VDP measurements.
Thin (1.5 mm) densified (density 1.18 g/cm®) lamellae were bonded to both sides of
18 mm untreated wood (density 0.36 g/cm’) using adhesive. Using an X-ray
densitometer it was observed that the absolute density values of the densified
lamellae was in error when compared with gravimetric measurements made of each
individual layer. This error is due to the recommended calibration process of the X-
ray densitometer, which uses the overall density of the composite to determine the X-
ray attenuation factor. Further details about the principles of the densitometer are
reported by Chen et al. (2010). For the thin sections of densified wood, the density
values were significantly lower (approximately 5%) when measured in the form of a
composite. This finding raises the possibility that there might also be errors when

density profiles are measured in wood composites using X-ray densitometry.

The effect of process parameters on the through thickness density profile of surface
densified wood is described in Paper III. Different process parameters were obtained
by changing the closing time, holding time and compressing temperature. Different
sample moisture contents as well as different compression ratios were also used.
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Overall, Paper III shows that process parameters play a significant role in the wood
surface densification process, but it has to be remembered that all parameters are
interacting with each other. In Fig. 12 two averaged (n=10) density profiles of
surface densified Scots pine boards, which were compressed in the radial direction
from 16 mm initial thickness to 15 mm with different process parameters, are
presented. Both series had the same initial moisture content (approximately 12.4%)
and the same press temperature, but the press closing time (0.5 min and 5 min) and
holding time (1 min and 10 min) were different. These variations resulted in

significant differences between the density profiles.
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Fig. 12 The effect of press closing and holding time on the density profile generated
in surface densified Scots pine (Data from Paper III).

All these findings reveal that the compressing parameters of solid wood have a
significant role in generating the form of the VDP which, in turn, will have a

significant effect on properties such as hardness and wettability (Pizzi et al. 2005).

4.5 Contact angle

Surface wettability can be measured through contact angle analyses. There are two
main techniques to measure contact angle, the sessile drop method and the Wilhelmy
plate method. In the sessile drop method, a droplet of liquid is placed on a solid
surface, in this case wood, and three interfaces are formed between solid and gas,
liquid and gas and between solid and liquid. The angle (0), formed between the solid

surface and the tangent of the liquid (droplet) surface at the point of contact with the
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solid surface is known as the contact angle. If the liquid is water, surfaces with high
contact angles (Fig. 13a) are deemed hydrophobic and those with low contact angles

are hydrophilic (Fig. 13b).
a b

Fig. 13 A droplet of water is placed on hydrophobic (a) and hydrophilic (b) surfaces.

According EN 828 (1997), which determines contact angle measurement
arrangements for solid surfaces using the sessile drop method, the contact angle
should be recorded at a specified waiting time after the liquid has been applied to the
surface. These specified waiting times are 1 or 2 minutes depending on the liquid
used. However, contact angle measurements using the static sessile drop method on
untreated solid wood is challenging because wood surfaces are rough, porous and
hydrophilic. Therefore, if a water droplet is placed on the surface of wood, it
immediately starts to absorb to cavities and cell walls as well as evaporating.
Therefore it is highly significant that it is reported the time when the droplet is placed
on the surface i.e. when the contact angle is measured. Another way to express the
results is to use the dynamic contact angle (DCA) method, where contact angles are

plotted as function of time.

The Paper V shows the wettability of Norway spruce and European beech surfaces
densified by the friction technique outlined in Section 3.2.3. Wettability was assessed
by dynamic contact angle analysis using the sessile drop method. The static contact
angle on untreated wood was found to be 0°, 2 minutes after the droplets had made
contact with the surface, which is indicative of the rapid absorption of the water on
the surface. Fig. 14 shows contact angle as a function of time on the tangential face
of surface densified Norway spruce, on a waxed wood surface and also on a steel
plate. No significant difference in the absorption rate of the droplet was observed
between the surfaces of spruce treated with wax or densified by 2.1 mm. The surface

of specimens densified by only 0.8 mm had a significantly greater absorption rate

26



compared to the other treatments. It was hypothesised that water placed on steel does
not penetrate, but evaporates. In contact angle measurements performed on glass and
polycarbonate, Panwar et al. (2003) found that the mass of a water droplet decreases
linearly as a function of time due to evaporation. It seems that main reason for the
decreasing contact angle in these DCA measurements is evaporation of water. The
water droplet evaporated on steel even faster than on the waxed or densified (by 2.1
mm) surface.
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Fig. 14 Dynamic contact angle on different surfaces (Paper V + additional data).

There are several possible reasons for the decreased wettability of surface densified
wood. It might be that closed lumens simply prevent water penetration. It is also
reported that contact angle is higher on latewood than on earlywood, when contact
angle is measured on Norway spruce and Scots pine, caused by smoother surface of
latewood (Scheikl and Dunky 1998). On the other hand, decreased wettability might
be caused by increased hydrophobicity. It has been reported that hydrothermal
treatment has an effect on the contact angle, when wood is bulk densified in the VTC
process (Kutnar et al. 2008a), however, Hakkou et al. (2005) have questioned
whether thermal degradation is the origin of the hydrophobic character of heat-
treated wood. The decreased wettability reported in Paper V is most probably not

caused by the hydrothermal treatment, since the heating time was only 12 seconds.

On the other hand the contact angle can show same values even if the material has

different wetting behaviour. In Fig. 15 are illustrated two droplets which are placed
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on the surface and after certain waiting time the liquid has spread on the surface (a)
and penetrated or/and evaporated (b). In both cases the contact angle is the same.
Therefore the dimensions of the droplet could show the real wetting behaviour

besides the contact angle.

(a) (b)

Wood

Fig. 15 Decrease of the contact angle after the droplets are placed on the surface.
Liquid has spread on the surface (a) and the liquid has penetrated or/and evaporated

(b).

In Norway spruce, surface densification using a single side heated press can allow
canal resin to migrate to the surface and this has been verified visually. However,
using motion the canal resin might be spread over the surface (Rautkari et al. 2010b).
In an earlier study (Rautkari et al. 2008) it has been shown that glossiness values can
be increased by up to 700% compared to untreated wood following surface
densification using the friction technique. It has been suggested that this might be
caused by canal resin migrating to the surface during the densification process. It is
also been reported that extractives which migrate to the surface of wood create a
hydrophobic surface (Nussbaum 1999; Nussbaum and Sterley 2002; Walinder 2002).
Moreover, it has been reported that polar and hydrophilic extractives might increase
the wettability and nonpolar extractives decrease wettability (Maldas and Kamdem
1999). Therefore the possible changes in surface chemistry of surface densified wood
might give some insight into whether migration of extractives to the surface takes

place or not.

4.6 Surface chemistry

4.6.1 FTIR-ATR spectroscopy

Infrared spectroscopy coupled with ATR is a routine method used in wood research
because it gives rapid information about the structure of the wood constituents and
possible chemical changes due to treatments. Norway spruce, surface densified using

the friction technique as well as untreated spruce specimens, were investigated using
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FTIR-ATR spectroscopy in Paper V to analyse possible changes in the surface
chemistry. Fig. 16 shows the spectra of the densified and the reference spruce
specimens. Qualitatively there is no significant difference between the spectra,
indicating that no chemical changes, detectable by FTIR-ATR spectroscopy, have
occurred during the densification process. This is perhaps not unexpected given the
short treatment time (12 s) and relatively low temperatures involved. The
quantitative differences between densified and reference spectra is most probably
caused by that the smooth densified surface has better contact with the ATR crystal

and therefore a larger contact area and higher original conduction.
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Fig. 16 FT-IR spectra of surface densified spruce and reference (Paper V).

It has been reported (Rautkari et al. 2010¢) that in Norway spruce and Scots pine
surface densified using the friction technique, the migration of canal resin to the
surface has been detected visually, but no chemical evidence for such migration was
put forwards. It is known that extractives reduce both the surface wettability
(Nussbaum and Sterley 2002) and biological degradation (Taylor et al. 2002). A
wood surface enriched with extractives has increased hydrophobicity (Nussbaum
1999; Nussbaum and Sterley 2002) and has antibacterial properties due to the
biocidal nature of extractives (Milling et al. 2005; Vainio-Kaila et al. 2010). The
enrichment of the surface by extractives was investigated with FTIR-ATR in Paper
V. A canal resin droplet exhibited a strong absorption band in the carbonyl region at
1690 cm™ (Fig. 17). In an earlier study (Nuopponen et al. 2003), tiny resinous spots
were observed in the cross-sections of the heartwood of pine heat-treated at 100 °C.

These resinous spots showed a strong band in the carbonyl absorption region at 1697
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em™. A study by Holmgren et al. (1999) found that pine oil resin (as a resin acid
standard) has a strong absorption band at 1699 cm™. The canal resin absorption peak
at 1690 cm' was not found on the densified spruce, indicating that migration of canal

resin to the densified surface was unlikely (Fig. 17).

1690
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4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm-1)

Fig. 17 FTIR spectra of spruce canal resin droplet (Paper V).

On other hand it might also be possible that the extractive layer on the surface is
thinner than the analysis depth, which was 0.2-2 pm. The thickness of the earlywood
cell wall of Norway spruce has been measured by Fengel (1969) to vary from 1.52 to
2.10 pm and by Sarén et al. (2001) to be from 2.8 to 3.5 um, therefore the IR-beam is
most likely measuring the cell wall properties. Any possible extractive layer on the
surface is most probably extremely thin. Therefore, in this case the IR-beam might
have simply gone through the extractive layer. A more sensitive method to measure

the existence of a possible extractive layer is X-ray photoelectron microscopy.

4.6.2 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a highly sensitive technique used in the

chemical analysis of surfaces to a depth of up to approximately 10 nm. It is reported
the possibilities and limitations of XPS for the analysis of lignocellulosic surfaces,
such as cellulosic fibres (Johansson et al. 1999; Koljonen et al. 2003; Stenstad et al.
2008), lignin (Zhou et al. 2011) and wood (Sinn et al. 2001; Bryne et al. 2010; Tuong
and Li 2011). In Paper VI, chemical changes in the surfaces of densified Scots pine
sapwood and heartwood were evaluated by XPS, with the focus on extractive
migration to the surface, especially the differences between using friction movement

and only heat and compression.
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Using XPS, cellulose, lignin, and extractive contents may be determined by means of
either O/C atomic ratios or the CC components from the high resolution carbon
spectra, if these are recorded from both extracted and non-extracted specimens.
However, XPS data can be presented in a correlation graph combining the two
independent data sets (Johansson et al. 1999; Johansson 2002; Gustafsson et al.
2003; Johansson et al. 2005). The extractives, such as oleic acid, have high CC
bonded percentage and low O/C atomic ratio, while it is the opposite for pure

cellulose. This is due to high quantity of hydroxyl groups within cellulose.

The two correlation graphs for heartwood and sapwood samples, presented with
references and model compounds, are presented in Figs. 18a and 18b. A comparison
of the fresh wood reference with all the non-extracted treated wood samples shows a
clear enrichment of non-cellulosic material onto the surface resulting from the
treatment. It might be possible that thermal degradation may also have had some

effect on the measurements, even if the modification process was relatively short (12

s.).

With both densification treatments the non-extracted heartwood samples have a high
extractive content and small local scatter, indicating that a rather uniform extractive
layer is formed on the surface (Fig. 18a). However, in the case of the sapwood, the
non-extracted data in Fig. 18b is scattered, indicating a non-uniform surface
composition and an incomplete film of extractives. In sapwood, only the friction
densification appeared to result in uniform surface coverage, leading to surface

compositions similar to all non-extracted heartwood samples.
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Fig. 18 O/C vs. C-C graphs of heartwood (a) and sapwood (b) of surface modified
Scots pine and reference values. Values for cellulose, lignin and oleic acid (*) are
calculated from theory, while the data points for pure cellulose reference and the
non-treated, non-extracted wood surface are experimental (Paper VI).

Fig. 19 illustrates a sapwood surface modified by friction, whilst Fig. 20 show
surfaces created through heating and compression without motion. In this case,
darker spots are clearly seen (a), which are most probably due the migration of
extractives to the surfaces (b). The same extractive spots are not visible in friction
densified surfaces (Fig. 19). Similar findings were reported (Rautkari et al. 2010b)
for Norway spruce (Fig. 21). These observations support the XPS data, namely that
extractives have formed an even film on the surface of friction densified wood. No
significant differences in the sub-surface anatomies of friction densified wood and

wood modified without motion were observed.
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Fig. 19 Surface of Scots pine sapwood, densified using friction (Paper VI).

Fig. 20 Surface of Scots pine sapwood, densified using heated plate without motion
(a). Extractive spots are seen clearly emanating from horizontal resin canals (b)
(Paper VI).

Fig. 21 The surface of Norway spruce densified without motion (a). Extractive spots
are seen clearly. The surface of Norway spruce densified using frictional motion.
Extractive spots are not seen (b) (Rautkari et al. 2010b).
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Overall the results shows that using XPS a layer of extractives can be found on
friction densified surfaces, that cannot be observed using FTIR-ATR spectroscopy.
On the surfaces of friction densified sapwood, a thin, even layer of extractives was
formed, whilst on the surface of wood densified without motion the extractive
coverage was more irregular. Differences in extractive coverage were not as
significant in heartwood as in sapwood, with both densification processes producing
uniform, extractive rich surfaces. The extractive layer on the sapwood surface could
possibly increase resistance to biological degradation, increase antibacterial

properties and reduce the need for further coating.

4.7 Set-recovery

Under humid or wet conditions compressed wood has tendency to swell to its
original dimension, or nearly original dimension, without further treatment. This is
also known as irreversible swelling or set-recovery. The objective of this thesis was
not to study the elimination of the set-recovery, but still it is one of most important
issues when dealing with wood that has been compressed. Navi and Heger (2004)
explain the set-recovery in the following way: after wood has been compressed,
significant internal stresses are locked into the helical, semi-crystalline, microfibrils.
These stresses must be relaxed in order to avoid set-recovery. This relaxation can be
done by post-treatment at high temperatures in a saturated steam environment.
Treatment time reduces exponentially with increasing steam temperature (Navi and
Heger 2004) and relative humidity (Navi et al. 2007). Various studies on compressed
solid wood (Inoue et al. 1993; Morsing 1997; Dwianto et al. 1998; Ito et al. 1998b;
Navi and Girardet 2000; Heger et al. 2003a,b; Heger 2004; Navi et al. 2007;
Welzbacher et al. 2008) have reported that set-recovery can be almost totally
eliminated if a high temperature (180-200°C) post-treatment is carried out,
especially in a closed press system under humid conditions. These high
humid/temperature conditions are only possible in a closed reactor system with high
steam pressure (Simpson and Rosen 1981; Ishikawa et al. 2004). It has been reported
(Viitaniemi et al. 2001) that it is also possible to eliminate set-recovery using steam
heat-treatment. It has also been reported that the steam injection starting point
temperature should be high enough (Rautkari and Hughes 2009) so that the
compressed wood does not undergo set-recovery during the steam heat-treatment

process (Gong et al. 2010). It is also possible to relax the inner stresses by heating
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alone, but then the process time is much longer. Morsing (1997) found that it takes
20 hours at 190°C to eliminate inner stresses by heating in an oven, but with
steaming in saturated steam, it is possible to eliminate the inner stresses within 15
min at 190°C. Moreover, the set-recovery can be eliminated partly by chemical
impregnation. The chemicals could be resins such as be phenol formaldehyde

(Gabrielli and Kamke 2010) or melamine formaldehyde (Inoue et al. 1993b).

Elimination of set-recovery by heat and steam alone has been studied, but a uniform
explanation has yet not been discovered. However, several theories are linked to the
inner stresses, which are formed during wood compression. Navi and Heger (2004)
suggest that hydrolysis of hemicelluloses during post-treatment is the main
mechanism allowing internal stresses to be relaxed and thus eliminating the set-
recovery. Heger et al. (2003a,b) suggests that the elimination of this recovery would
be due to the formation of strong new bonds between the densified wood components
during post-treatment. Moreover, Dwianto et al. (1998) have reported that the
fixation of deformation might result from the release of stresses stored in the cell
wall polymers by their degradation as well as by a reduction in hygroscopicity of the
cell wall polymers. Ito et al. (1998b) discussed that hemicelluloses and lignin might
not have affected the fixation of compressive deformation but the fixation is caused
by a structural change in cellulose. It can be concluded that the inner stresses stored
in the microfibrils and the matrix must be eliminated, or the formation of cross
linkages between molecules of the matrix must occur or that the wood polymers,
especially hemicellulose, have to be isolated from moisture and heat to prevent re-

softening (Norimoto et al. 1993).

The set-recovery of compressed wood was measured in Paper I and the set-recovery
of surface densified wood in Paper V. There is no clear description for the
arrangements for measuring set-recovery. All methods for measuring set-recovery
attempt to show, percentage-wise, how much compressed wood recovers its
thickness when it is exposed to humid or wet conditions. The set-recovery measured
in Paper I is referred to as irreversible swelling, where oven dried thin lamellae were
water soaked for 48 hours, oven dried again and the percentage swelling calculated.
The initial thickness of the Douglas-fir was 4 mm and that of hybrid poplar 5.5 mm.

Both were compressed to a target thickness of 1.5 mm. After the soaking-drying
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phases, the irreversible swelling was calculated using Eq. 4 and found to be 22.5 and
8.1% for hybrid poplar and Douglas-fir, respectively. As mentioned, the compression
ratios were different with the wood species; therefore the results are not totally
comparable. However, the set-recovery was rather high and not totally eliminated by
the slight heat-treatment given in the VTC process. Another method to present the
set-recovery is to use Eq. 3, where it takes in to account the degree of compression. It
is more useful when specimens have been compressed in different degree of
compressions. One of the issues with Eq. 3, in Paper V, is the problem of the
hysteresis behaviour of wood and secondly a reduction in wood hygroscopicity after
repeated humidity cycles (Garéia Esteban et al. 2004). These repeated humidity
cycles were performed in Paper V. Moreover, in Paper V wood was compressed by
only few millimetres or even less than 1 mm. Therefore the accuracy of
measurements and sample stabilization to equilibrium moisture content most

probably had an influence on the results.

The set-recovery of surface densified wood (Paper V) was also visualised by
reflectance light microscopy. The anatomical structure of densified spruce wood with
radially oriented annual rings is presented in Fig. 22a. The same sample after 7 days
soaking in water and then drying in an oven is shown in Fig. 22b. It may be seen that
the annual ring collapse following densification is almost fully recovered after the
soaking—drying cycle. Densified Norway spruce wood with tangentially oriented
annual rings is presented in Fig. 23a. The same sample after 7 days soaking in water
and drying in an oven is presented in Fig. 23b. The earlywood can be seen to have
almost totally recovered. Similar results showing that compressed wood has totally

or almost totally recovered its original thickness were found by Blomberg et al.
(2006).
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Fig. 22 Surface densified spruce with radially oriented annual rings, before (a) and
after (b) water soaking (Paper V).

Fig. 23 Surface densified spruce with tangentially oriented annual rings, before (a)
and after (b) water soaking (Paper V).
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5 CONCLUSIONS

Solid wood density correlates with its mechanical properties and therefore by
increasing density, mechanical properties such as hardness can be improved.
Compression can be restricted to only the surface of solid wood and therefore only
the surface properties are altered. Three solid wood surface densification methods

were studied and their effects on certain properties were evaluated.

Low density solid wood was laminated with high density VTC wood using an
adhesive and the influence of lamination thickness and applied load on hardness was
investigated. It is clear that hardness increased significantly through lamination, but
more importantly the results showed that the hardness values were highly dependent
upon the applied force used in the measurements. This is important because the
applied force is often different in different studies. Moreover, elastic recovery, which
is the ability of the surface to recover more readily after impacts, can be increased.
Furthermore, the results indicate that the standards covering the measurement of

hardness in wood and wooden products need revision.

Solid wood surfaces can be densified only if the surface of the wood is softened and
compressed. This phenomenon was investigated using a single side heated press and
the influence of the process parameters on VDP was investigated. The variables were
closing time, holding time and compressing temperature. Moreover, different sample
moisture contents were used as well as different compression ratios. The result
showed that process parameters play a significant role in the wood surface
densification process, but that all parameters interact with each other. Furthermore, a
possible error was found in VDP measurements using X-ray densitometry in
composites that had large density differences. The heated plate technique allows
extractives, especially of coniferous species, to migrate to the surface making spots.
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Heat is needed to soften the surface in the surface densification process; this can,
however, be obtained through frictional movement on the surface. When a solid
wood surface is densified using a friction technique the process temperature is rather
difficult to control. Linear vibrational friction with a heating element was used for
solid wood surface densification. The results show that hardness is correlated with
the degree of densification. Moreover, wettability decreased significantly, probably
caused by closed lumens, a smooth surface and an extractive layer on the surface.
The extractives on the surface were analysed by FTIR-ATR spectroscopy and XPS.
Using FTIR-ATR spectroscopy there was no trace of extractives, but with XPS an
extractive layer was found. The extractive layer could provide a natural coating

lessening the need for further coating.
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