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ABSTRACT

Wood is a natural polymeric material widely used in construction, joinery, furniture, etc.
Many applications of wood require that the material is previously dried to a defined level
below the fibre saturation point. During drying, the structure and properties of wood are
modified. The objective of this research was to investigate the mechanisms that occur
during drying, and to evaluate their effects on the structure and properties of wood.
Understanding the effects of such mechanisms may provide a basis for developing wood
drying methods that improve the performance of dried wood products.

According to the results, prolonged exposure of wood to elevated temperatures caused
thermal degradation of its structural components. Temperature levels for thermal
degradation considerably decreased when wood was heated in moist conditions, as in wood
drying. Mass loss due to thermal degradation impaired the mechanical properties and
reduced the hygroscopicity of wood. The hygroscopicity was further reduced by the
irreversible hydrogen bonding (hornification) that occurred within the wood structure
during drying. Increasing drying severity enhanced the occurrence of hornification. There
appeared to be competing effects between mass loss and hornification in terms of the
strength and stiffness of the wood.

Microscopic damage due to anisotropic drying shrinkage of cell wall layers may be
minimized by conducting a slow high-temperature drying process. However, any benefits
on the mechanical properties of wood induced by stress relaxation during slow high-
temperature drying appeared to be offset by thermal degradation of structural components.
Enhancing the mechanical performance of dried wood might be achieved by conducting a
rapid high-temperature drying process up to high dryness, thus avoiding thermal
degradation whilst favouring hornification. Additionally, the decreased hygroscopicity of
wood may improve other physical properties such as dimensional stability.

Irreversible hydrogen bonding during high-temperature drying was manifested through
the closure of macropores in the earlywood. Stress relaxation during slow high-temperature
drying appeared to decrease the extent of microcracks in the earlywood, resulting in a lower
nonfreezing water (NFW) content. The NFW content in wood was found to be lower than
previously indicated, considering the effect of phase change on the heat capacity of water.

Keywords: differential scanning calorimetry, drying damage, hornification, hygroscopicity,
mechanical properties, stress relaxation, thermal degradation, thermoporosimetry
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1. INTRODUCTION

1.1. Wood composition

Wood is a natural polymeric material composed mainly of carbohydrates (cellulose and
hemicelluloses) and lignin, with a minor portion of extractives. Cellulose, hemicelluloses
and lignin are the structural components of the wood cell wall, whilst the extractives are
low-molecular-mass compounds of different chemical nature, deposited primarily outside
the cell wall (Sjostrom 1981, Fengel and Wegener 1989). The chemical and structural
composition of cellulose, hemicelluloses and lignin is briefly described in this section.

1.1.1. Cellulose

Cellulose is the most abundant component in wood, accounting for about 40 - 45 % of the
dry wood mass in both softwoods and hardwoods. Cellulose is a linear polymer of B-D-
glucopyranose units (C¢H1,0) linked together by p-(1-4)-glycosidic bonds (Sjostrém 1981,
Fengel and Wegener 1989). The actual repeating unit in cellulose is cellobiose, formed by
two adjacent glucose monomers (Fig. 1). The degree of polymerization (DP) of cellulose in
native wood is in the order of 10.000 glucose units, which corresponds to a molecular
length of about 5 pm (Alén 2000).

Figure 1. Structure of cellulose showing the repeating cellobiose unit.

Cellulose molecules aggregate into bundles called elementary fibrils, which in turn are
aggregated into larger units called microfibrils (Sjostrom 1981, Fengel and Wegener 1989).
Elementary fibrils have a diameter ranging 2 - 4 nm, whereas microfibrils have a diameter
ranging 10 - 30 nm (Fengel and Wegener 1989). These supramolecular structures are
formed by hydrogen bonding between hydroxyl (-OH) groups in adjacent cellulose
molecules (intermolecular linkage). There are also intramolecular linkages by hydrogen
bonding between OH-groups in adjacent glucose units that belong to the same cellulose
molecule. These intramolecular bonds are responsible for giving a certain degree of
stiffness to the cellulose molecular chains (Fengel and Wegener 1989).

Cellulose microfibrils contain both crystalline and amorphous regions, depending on the
degree of arrangement of the elementary fibrils. In crystalline regions, the fibrils are highly



ordered and regularly arranged, whereas in amorphous regions the fibrils have no definite
arrangement. In Norway spruce, the crystallinity of cellulose has been reported to be 52 + 3
% (Andersson et al. 2004). The orientation of the microfibrils within the cell wall,
measured as the angular displacement from the fibre axis, has a major influence on the
physical and mechanical properties of wood (Page et al. 1972, Cave 1976, Salmén and
Burgert 2009).

1.1.2. Hemicelluloses

Hemicelluloses (polyoses) are amorphous and branched polymers composed of various
sugar units. The main building units are pentoses such as xylose and arabinose, and hexoses
such as glucose, mannose and galactose. Other less abundant sugar units belong to the
groups of hexuronic acids and deoxyhexoses. The DP in hemicelluloses does not usually
exceed 200 sugar units (Sjostrom 1981, Alén 2000).

Hemicelluloses account for about 20 - 25 % and 25 - 30 % of the dry wood mass in
softwoods and hardwoods, respectively. The chemical composition of hemicelluloses also
differs between softwoods and hardwoods (Sjostrom 1981, Fengel and Wegener 1989). In
softwoods, the most abundant hemicellulose is galactoglucomannan (glucomannan),
composed of galactose, glucose and mannose units. In hardwoods, the main hemicellulose
is glucuronoxylan (xylan), composed of xylose units and 4-O-methylglucuronic acid groups
(Fig. 2). Glucomannan in softwoods and xylan in hardwoods are partly substituted by acetyl
groups (Sjostrom 1981, Fengel and Wegener 1989).

a

—>4-B-D-Glep-134-B-D-Manp-1-34-B-D-Manp-1->4-B-D-Manp -1
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b
S 4-B-D-Xylp-1>4-B-D-Xylp-1>4-B-D-Nylp-1->4-B-D-Xylp-1->
2,3 2
1 T
Ac 1

4-0-Me-a-D-GlcpA

Figure 2. Abbreviated formulas for a) galactoglucomannan from softwood and b)
glucuronoxylan from hardwoods. Sugar units: B-D-glucopyranose (Glcp); B-D-
mannopyranose (Manp); 3-D-galactopyranose (Galp); B-D-xylopyranose (Xylp); 4-O-methyl-
a-D-glucopyranosyluronic acid (GlcpA). Ac is acetyl group (CH3CO) (adapted from Sjostrém
1981).



Hemicelluloses are believed to be closely associated to cellulose microfibrils, which in turn
are embedded in a more or less random network of hemicelluloses and lignin (Timell 1967,
Page 1976, Salmén 2004). Other authors suggest that hemicelluloses are regularly disposed
between microfibrils, linking them together, with lignin filling some of the gaps (Vincent
1999, Yan and Zhu 2003). Hemicelluloses might also be present within amorphous regions
of cellulose microfibrils (O'Sullivan 1997, Vincent 1999, Salmén 2004).

1.1.3. Lignin

Lignin, the third major component in wood, is an amorphous and high-molecular-mass
polymer. Although composed of carbon, hydrogen and oxygen, lignin is not a carbohydrate
but a complex polyphenolic compound built upon phenylpropane units (Sjostrém 1981,
Fengel and Wegener 1989). The building units do not follow any regular pattern of
repetition, and it is not possible to isolate lignin from wood without inducing changes in its
native state (Alén 2000). For those reasons, the chemistry and structure of lignin is not yet
fully understood.

In general, lignin accounts for about 25 - 30 % and 20 - 25 % of the dry wood mass in
softwoods and hardwoods, respectively. Lignin in softwoods is usually referred to as
guaiacyl lignin, because more than 90 % of the building units are derived from trans-
coniferyl alcohol, with the remainder being mostly derived from trans-p-coumaryl alcohol
(Alén 2000). Lignin in hardwoods is referred to as guaicyl-syringyl lignin, because it
contains about 50 % of trans-coniferyl and 50 % of trans-sinapyl alcohol-derived building
units (Alén 2000) (Fig. 3).

The presence of lignin in wood gives rigidity to the cell wall. It also serves as a gluing
agent by binding adjacent cells together. The term “lignin-carbohydrate complex” (LCC) is
often used to describe the aggregate of lignin and carbohydrates by covalent bonding
(Sjostrém 1981, Fengel and Wegener 1989). However, despite the fact that chemical
bonding has been reported between lignin and carbohydrates (Lawoko et al. 2004, Lawoko
et al. 2005), the precise type and amount of bonds has not yet been clarified.

CH20H CH20H CH20H
= = =
H3COo OCH3 OCH3
OH OH OH
trans-Sinapylalcohol trans-Coniferylalcohol trans-p-Coumaryl alcohol

Figure 3. Main building units of lignin in wood.



10

1.2. Cell wall structure

Cellulose microfibrils, together with the surrounding network of hemicelluloses and lignin,
are combined into lamellae to form the cell wall. The wood cell wall is primarily composed
of two layers, the so-called primary (P) and secondary (S) walls. The secondary wall is, in
turn, divided into three sub-layers that include the outer layer (S1), the middle layer (S2)
and the inner layer (S3), each containing a different amount of lamellae. These layers also
differ from one another in the orientation of the microfibrils and the relative distribution of
wood components (Fengel and Wegener 1989, Haygreen and Bowyer 1996).

Wood fibres can be separated in earlywood and latewood fibres. Earlywood fibres are
used by the living tree as transportation channels, whereas latewood fibres are used for
mechanical support. For these reasons, latewood fibres have thicker cell walls and narrower
lumen than earlywood fibres. The greatest difference between earlywood and latewood
concerning cell wall thickness is found in the S2 layer. A schematic representation of the
cell wall in both earlywood and latewood fibres is shown in Fig. 4.

The middle lamella (not shown in Fig. 4) is a thin layer primarily composed of lignin
that binds adjacent cells together. The primary wall is the first layer deposited during the
formation of the cell. It is a thin layer with cellulose microfibrils oriented more or less
randomly (Bréandstrém 2002). The transition between the middle lamella and the primary
wall is not very clear, and thus the term “compound middle lamella” (CML) is often used to
refer to the combination of middle lamella and adjacent primary walls (Fengel and Wegener
1989, Alén 2000). In spruce wood tracheids, the average thickness of the CML is about
0.09 um (Fengel and Stoll 1973).

The secondary wall is a thick layer in which cellulose microfibrils have a very definite
arrangement. In the S1 layer, the microfibrils are mostly oriented perpendicular to the fibre
axis, with a microfibril angle (MFA) between 70 - 90 ° (Bréndstrom 2002). However, lower
MFA values, in the vicinity of 50 °, have also been reported (Paakkari and Serimaa 1984).
In spruce wood tracheids, the average thickness of the S1 layer is about 0.26 and 0.38 pm
for earlywood and latewood, respectively (Fengel and Stoll 1973).

The S2 layer of the secondary wall is, by far, the thickest layer in the cell wall. It also
contains the highest amount of cellulose, as compared to any of the other layers. The
microfibrils run almost parallel to the main fibre axis, with MFA values between 5 - 10 ° in
latewood and 20 - 30 ° in earlywood (Paakkari and Serimaa 1984, Sahlberg et al. 1997,
Bréndstrém 2002). For many purposes, the S2 layer can be considered the most important
layer within the cell wall because it largely determines the physical and mechanical
properties of the fibre. In spruce wood tracheids, the average thickness of this layer is 1.66
and 3.69 pm for earlywood and latewood, respectively (Fengel and Stoll 1973).

The most inner layer, the S3 or tertiary (T) wall as sometimes denoted, is a thin layer
composed of not more than six lamellae. There appears to be some disagreement regarding
the orientation of microfibrils in the S3 layer. Paakkari and Serimaa (1984) have reported
MFA values between 14 - 19 ° in Norway spruce, whereas other authors have reported
much higher MFA values (Abe et al. 1992, Brandstréom 2002). In spruce wood tracheids,
the thickness of the S3 layer is about 0.09 and 0.14 um for earlywood and latewood,
respectively (Fengel and Stoll 1973).
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a) b) <)

Figure 4. Example of a Norway spruce wood cell wall showing the orientation of cellulose
microfibrils within and between different layers (P, S1, S2 and S3) for a) earlywood tracheid,
b) latewood tracheid from juvenile wood, and c) latewood tracheid from mature wood
(Brandstrém 2002).

1.3. Water in wood

Green wood contains a large amount of water, with moisture contents up to 200 %. Water
in wood can be found in the lumens and within the cell walls. The disordered structure of
the cell wall contains a vast number of pores of varying size and shape. The moisture
content at which all liquid water has been removed from the lumen but the cell wall is still
fully saturated is known as fibre saturation point (FSP). Water in the lumen exists as free
liquid water and as water vapour. The term “free” is relative because liquid water is
subjected to capillary forces and thus its thermodynamic properties are somewhat different
than in the case of bulk water (Skaar 1988). Water within the cell wall, or bound water, is
held tightly to adsorption sites by means of hydrogen bonding. The adsorption sites are
mainly OH-groups in carbohydrates and lignin, although carboxylic acids may provide
bonding sites as well (Berthold et al. 1994, Berthold et al. 1996). Hemicelluloses are often
recognized as the most hydrophilic component in the wood cell wall, probably related to
availability of free OH-groups. In the amorphous regions of the cellulose microfibrils, OH-
groups are accessible to water adsorption. However, the crystalline regions are inaccessible
to water molecules because all the OH-groups in adjacent cellulosic chains are expected to
be mutually bound (Haygreen and Bowyer 1996).

In heterogeneous hydrated systems, the amount of water with depressed melting
temperature is detectable by differential scanning calorimetry (DSC) (Rennie and Clifford
1977, Homshaw 1981, Ishikiriyama et al. 1995). The depressed melting temperature can be
interpreted either as a consequence of some material constituents being partially solubilized
or the material being microporous in such a way that surface tension of pure water
depresses the melting temperature of water, because of small pore radius. The latter
interpretation enables investigation of wood porosity in terms of thermoporosimetry
(Maloney et al. 1998, Maloney and Paulapuro 1999, Maloney and Paulapuro 2001).
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It is known that some water in hydrated porous systems does not freeze. This can be
explained in a variety of ways. One of the simplest explanations is that in a space close in
size to that of a molecule, there is not much room for molecular motion. Thus matter
appears solid-like, regardless of temperature, and no thermal transition between solid and
liquid is recognized (Berlin et al. 1970). Molecular mobility may also be reduced due to
adsorption sites like ionic groups, ultimately forming a polymer gel (Berthold et al. 1994,
Berthold et al. 1996). Alternatively, one might explain the existence of nonfreezing water
(NFW) in terms of slowness of diffusion at low temperature and in small capillaries
(Pouchly et al. 1979, Kérenlampi et al. 2005). On this basis, water in the saturated porous
cell wall can be divided into free water, freezing bound water and NFW (Nakamura et al.
1981). Free water is located in large pores and cavities, and has similar thermodynamic
properties as pure bulk water. Thermal transitions of cell wall water differ between
earlywood and latewood (Tynjald and Kéarenlampi 2001, Kérenlampi et al. 2005).

1.4. Heat treatments and thermal degradation of wood

In the last decade, an increasing interest in developing environmentally friendly methods
for modifying wood properties has led to the production and commercialization of heat-
treated wood. The exposure of wood to elevated temperatures during a heat treatment
induces thermal degradation of the wood chemical structure, often accompanied by a loss
of mass. As a result of thermal degradation, the physical and mechanical properties of wood
are somewhat modified. Owing to the chemical changes in the wood structure and the
modification of wood properties, thermal treatments are sometimes denoted as thermal
modification processes. Several reports dealing with the properties of heat-treated wood
have been published (Stamm et al. 1946, Tjeerdsma et al. 1998, Militz 2002, Bekhta and
Niemz 2003, Esteves and Pereira 2009).

At temperatures above 100 °C, chemical bonds in wood begin to cleave. Between 100
°C and 200 °C, noncombustible products such as carbon dioxide, traces of organic
compounds and water vapour are released (LeVan 1989, White and Dietenberger 2001, Hill
2006). Above 200 °C, significant thermal degradation of wood takes place, with major
mass losses occurring beyond 250 °C. Cellulose, hemicelluloses and lignin degrade
extensively in the temperature range between 300 - 400 °C, 250 - 350 °C, and 250 - 450 °C,
respectively (Beall and Eickner 1970, Bourgois and Guyonnet 1988, Alén et al. 1995, Kim
et al. 2001, Hill 2006). Hemicelluloses are the least thermally stable polymers of the wood
structural components (Bourgois and Guyonnet 1988, Zaman et al. 2000, Alén et al. 2002).
The thermal stability of hemicelluloses is lower than that of cellulose, presumably due to
their lack of crystallinity, a branched structure, and a lower degree of polymerization (Alén
et al. 1996, Garrote et al. 1999). It is also evident that lignin, owing to its structural
diversity, degrades gradually over a wider range of temperatures than carbohydrates.
According to Stamm (1956), hemicelluloses degrade four times faster than wood, cellulose
degrades at about the same rate as wood, and lignin degrades at about half the rate of wood.
It has also been reported that, during pyrolysis, wood components degrade slightly more
slowly as such than in their native state in wood (Alén et al. 1996).
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The extent of thermal degradation is much dependent on the wood species and on the heat
treatment conditions. Since hardwoods contain a higher proportion of hemicelluloses than
softwoods, they are degraded more extensively when subjected to elevated temperatures
(Zaman et al. 2000, Kamdem et al. 2002, Esteves et al. 2007). Mass loss increases with
increasing treatment temperature and exposure time (Mitchell 1988, Hill 2006, Kocaefe et
al. 2007, Esteves and Pereira 2009). The presence of air (oxygen), acids, and water in the
heating atmosphere also affect the thermal degradation of wood. In the presence of air, the
degradation of wood components is greater than in an inert atmosphere because of
oxidation reactions (Stamm 1956, Mitchell 1988, Hill 2006). Organic acids, mainly acetic
acid, released during the heating of wood catalyze the hydrolysis of wood components, in
particular carbohydrates (Garrote et al. 1999, Hirosawa et al. 2001, Sundqvist 2004,
Tjeerdsma and Militz 2005). In a closed system, where the acids formed cannot escape, the
degradation of wood is more extensive than in a vented system (Stamm 1956, Mitchell
1988).

Thermal degradation in dry wood appears to be significant only above 200 °C, though
this temperature level dramatically decreases when wood is heated in moist conditions
(Fengel and Wegener 1989, Passard and Perré 2004). Furthermore, the degradation of wood
is much faster in the presence of moisture (steam or liquid water) than in a dry climate
(Stamm 1956, Mitchell 1988). This is because in hydrothermal processes, hydronium ions
generated through water autoionization accelerate the cleavage of acetyl groups linked to
the hemicelluloses, with the consequent formation of acetic acid (Garrote et al. 1999,
Garrote et al. 2001, Sundqvist 2004, Tjeerdsma and Militz 2005). It has been suggested that
water needed for the hydrolysis of wood components is mainly provided by the moisture
content of the wood, rather than any moisture available in the atmosphere (Kéllander and
Bengtsson 2004).

Mass loss in heat-treated wood is largely due to degradation of the hemicelluloses,
because their thermal stability is lower than that of cellulose and lignin (Bourgois and
Guyonnet 1988, Zaman et al. 2000, Alén et al. 2002). The degradation of hemicelluloses
comprises deacetylation and depolymerization reactions to form oligo- and
monosaccharides (Garrote et al. 1999, Garrote et al. 2001, Sundqvist 2004, Tjeerdsma and
Militz 2005). The monosaccharides may then be dehydrated into degradation products such
as furfural or 5-hydroxymethylfurfural, depending on whether the sugar unit is a pentose or
a hexose, respectively (Tjeerdsma et al. 1998, Weiland and Guyonnet 2003). Cellulose
crystals are hardly degraded by thermal treatments at temperatures below 300 °C (Kim et
al. 2001). However, degradation of amorphous cellulose, resulting in an increase in
observed cellulose crystallinity, has been reported to occur during heat treatment of wood
(Bhuiyan et al. 2000, Sivonen et al. 2002, Wikberg and Liisa Maunu 2004, Bhuiyan and
Hirai 2005). Such changes in crystallinity appear to be more pronounced when wood is
heated in moist conditions (Bhuiyan et al. 2000, Bhuiyan and Hirai 2005). In addition to
chemical and structural changes in the carbohydrate components, thermal treatments induce
cross-linking reactions within the lignin complex (Tjeerdsma et al. 1998, Sivonen et al.
2002, Weiland and Guyonnet 2003, Nuopponen et al. 2004, Wikberg and Liisa Maunu
2004).
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As mentioned above, thermal degradation during a heat treatment results in wood products
with modified properties. The main advantages of heat-treated wood are a reduction in
hygroscopicity and an improved dimensional stability, generally believed to be due to the
degradation of hygroscopic hemicelluloses (Hillis 1984, Feist and Sell 1987). Cross-linking
reactions in the lignin complex, with a consequent reduction of available OH-groups, are
also suggested to play a role on the reduced hygroscopicity and improved dimensional
stability of heat-treated wood (Tjeerdsma et al. 1998, Weiland and Guyonnet 2003,
Repellin and Guyonnet 2005, Tjeerdsma and Militz 2005). Additionally, the resistance of
wood to biological attack appears to be improved after a heat treatment (Kamdem et al.
2002, Boonstra et al. 2006, Borrega et al. 2009). On a microstructural level, the removal of
wood components due to thermal degradation is assumed to create cavities within the wood
cell wall, as demonstrated by an increase in pore size (Hietala et al. 2002).

A decrease in mechanical properties, together with an increased brittleness, is the main
drawback of heat-treated wood (Kubojima et al. 2000, Poncsak et al. 2006, Esteves et al.
2007, Kocaefe et al. 2007, Korkut et al. 2008), limiting its use to applications where good
mechanical properties are not required. The poor mechanical performance is largely caused
by the degradation of wood components, and particularly the degradation of the
hemicelluloses (Winandy and Lebow 2001, Esteves et al. 2007).

Mechanical properties of heat-treated wood, although not explicitly specified, appear to
have been generally tested at constant ambient conditions. The mechanical behaviour of
wood is strongly dependent on its moisture content below the FSP (Gerhards 1982,
Haygreen and Bowyer 1996). Since heat-treated wood is less hygroscopic than untreated
wood, its mechanical properties under service conditions are likely to be higher than at
constant moisture content.

1.5. Wood drying

Many applications of wood require that the material is dried from the green state to a pre-
determined level between the FSP and the dry state. The principal reason for drying wood
is to enhance its properties and thus increase its quality. As compared to thermal treatments,
which aim to modify wood properties by inducing thermal degradation of the wood
structure, wood drying processes aim to enhance wood properties by removing the water
contained in the cell wall. Most physical properties of wood are not affected by changes in
moisture content above the FSP. However, as soon as bound water is removed from the cell
wall, the wood begins to shrink and its properties are modified. Dry wood has several
advantages over green wood (Denig et al. 2000), such as: a) considerably lower weight,
with reduced transport and handling costs, b) improved mechanical properties, in particular
strength and stiffness c) lower risk of fungal attack, d) superior performance of fasteners,
including nails and screws, and e) improved gluing, machining and finishing operations.
Wood drying may be regarded as a complex mass transfer process involving the
movement of liquid water, molecular diffusion of bound water within the cell walls and
water vapour within the lumens, and evaporation from the wood surface (Skaar 1988).
Above the FSP, drying of wood is due to surface evaporation and movement of free liquid
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water by capillary forces. Liquid water in the cell lumens is removed first because it is held
less strongly than bound water. Below the FSP, drying of wood is due to molecular
diffusion. Diffusion occurs as water molecules move from an area of high concentration to
an area of lower concentration. This implies the existence of a moisture gradient or a water
vapour pressure gradient across the wood cell wall as a driving force. The rate of diffusion
is determined by the temperature, the severity of the moisture gradient and the
microstructure of the material (Haygreen and Bowyer 1996).

Commercial wood drying is conducted in industrial kilns. Conventional kilns operate at
temperatures up to 100 °C, while high-temperature kilns operate at temperatures above 100
°C. The latter are mainly used to dry softwood lumber. High-temperature drying can
considerably reduce drying times as compared to conventional drying, thus reducing
production costs. However, the quality of the dried wood material must be maintained if
production costs are not to be offset by quality costs. Drying is the most expensive part of
the primary wood chain and thus a lot of effort must be put in to avoid or minimize drying
defects. Some defects are often due to a poor control of drying conditions, whilst others
relate to the presence of natural defects in wood such as knots, spiral grain,
tension/compression wood, etc. There are many types of drying defects, although they can
basically be classified as checks and cracks, distortions (warp) and discoloration (Denig et
al. 2000).

1.5.1. Hornification

As water in wood exits the pores during drying, the pores start to collapse, ultimately
evolving into pore closure by irreversible hydrogen bonding between adjacent pore walls.
Pore closure by irreversible hydrogen bonding in cellulose-rich pulps is a well-known
phenomenon commonly denoted as hornification (Matsuda et al. 1994, Weise et al. 1996,
Kato and Cameron 1999, Park et al. 2006). The occurrence of hornification results in a
tightly bound structure, in which some of the polar sites previously available for water
sorption do not open upon rewetting (Scallan 1977, Crawshaw and Cameron 2000).
Therefore, irreversible hydrogen bonding decreases the capability of water sorption
(hygroscopicity) in wood fibres. It has been suggested that hornification is due to covalent
cross-linking within the lignocellulosic structure during drying (Fernandes Diniz et al.
2004), though to date no direct evidence of covalent bonding has been found, and thus
hydrogen bonding between carbohydrate elements is generally accepted to be the leading
mechanism behind hornification.

The main variable promoting hornification is the change in moisture content below the
FSP along with drying. Hornification has been reported to occur at temperatures as low as
20 °C (Matsuda et al. 1994). Nonetheless, the degree of hornification also depends on the
severity of the drying process, and in particular the drying temperature and the final degree
of dryness (Matsuda et al. 1994, Weise 1998). Increased temperature increases the mobility
of amorphous polymers in wood, thus inducing structural rearrangements and the
consequent formation of irreversible hydrogen bonds. Increasing final dryness naturally
increases the extent of pore closure. Hornification also appears to be enhanced with
additional drying cycles (Weise 1998, Crawshaw and Cameron 2000). The occurrence of
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hornification has usually been discussed in relation to pulp fibres rather than in relation to
solid wood. Recently, however, it has been suggested that irreversible hydrogen bonding
occurs in wood during drying, similar to that in pulp fibres, though to a lesser extent (Suchy
et al. 2010a, Suchy et al. 2010b). The presence of the ligno-hemicellulosic matrix in wood
may restrict the formation of hydrogen bonds within the fibres (Duchesne et al. 2001). In
addition to hydrogen bonding, cross-linking in the lignin complex might also occur due to
application of heat during drying (Tjeerdsma et al. 1998, Sivonen et al. 2002, Weiland and
Guyonnet 2003, Nuopponen et al. 2004, Wikberg and Liisa Maunu 2004).

Structural changes within the wood cell wall due to hornification are expected to modify
wood properties. As already mentioned, irreversible closure of pores is known to decrease
the hygroscopicity of wood fibres (Scallan 1977, Matsuda et al. 1994, Weise et al. 1996,
Kato and Cameron 1999, Crawshaw and Cameron 2000). Increased internal bonding
between structural elements also renders the fibres stiffer and more brittle (Young 1994,
Kato and Cameron 1999). Nonetheless, information regarding the occurrence of
hornification and its effects on the physical and mechanical properties of solid wood in the
scientific literature appears to be limited.

1.5.2. Microscopic cell wall damage

Microscopic cell wall damage occurs in wood during the course of drying (Kifetew et al.
1998, Thuvander and Berglund 1998, Thuvander et al. 2001). This damage is not due to the
presence of moisture gradients within the wood, but is believed to be due to anisotropic
drying shrinkage of cell wall layers, inducing internal stresses sufficient to damage the cell
walls (Van den Akker 1961, Thuvander et al. 2002). The impregnation of wood with a
chemical that reduces drying shrinkage may more than double the tensile strength of dried
wood (Figure 5). Microscopic drying damage is manifested as microcracks irregularly
distributed within the wood cell wall (Wallstrém and Lindberg 1999, Wallstrém and
Lindberg 2000). Moreover, the NFW content in earlywood significantly increases after
drying (Kéarenlampi et al. 2005), most likely related to the microscopic drying damage.

Impregnation of wood with chemicals may not be the only way to reduce cell wall
damage during drying. Wood is mostly composed of amorphous polymers and thus it
shows time-dependent mechanical behaviour. Along with time, stresses within wood
elements become reduced by stress relaxation, as a result of molecular reorganization. The
molecular mobility of the amorphous polymers is dependent on the moisture content and on
the temperature (Williams et al. 1955, Back and Salmén 1982, Kelley et al. 1987). The
softening point at which amorphous polymers change from a glassy to a rubbery state is
known as the glass transition temperature. It is generally recognized that, at high moisture
contents, the relaxation behaviour in wood along with increasing temperature up to 200 °C
is largely due to the softening of the lignin matrix (Cousins 1978, Salmén 1984, Irvine
1985). From the viewpoint of molecular reorganization, an increase in moisture content or
temperature is analogous to an increase in available time. Therefore, relaxation of internal
stresses that are responsible for creating the cell wall damage during wood drying may be
favoured by conducting drying processes at elevated temperatures and with extended drying
times.
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Figure 5. Stress-strain curve for dried microtomed earlywood specimens with and without
chemical impregnation to avoid drying shrinkage. Impregnation was achieved by soaking
wood specimens in a solution of water and glycerol (Thuvander et al. 2001).

1.6. Aims of the study

Wood is a natural material widely used in applications where a good mechanical
performance is required. Before being placed under service conditions, wood is often dried
to some extent below the FSP. During drying, microscopic cell wall damage occurs within
the wood structure. Such damage is caused by large internal stresses arising from
anisotropic drying shrinkage of cell wall layers. Microscopic cell wall damage remarkably
reduces the load-bearing capabilities of the wood material. Drying damage may be
minimized by conducting slow high-temperature drying processes, owing to the
phenomenon of stress relaxation, and thus the mechanical behaviour of the dried wood
might be improved.

Formation of irreversible hydrogen bonds (hornification) within the cell wall along with
drying is a well-known mechanism. As a result of this increased internal bonding, the
hygroscopicity of wood fibres is decreased, whereas the stiffness and the strength appear to
be enhanced. Reduced hygroscopicity due to hornification may further improve the
mechanical properties of wood under service conditions. Hornification is likely to be
enhanced by high-temperature drying, owing to increased severity of the drying process.

Exposure of wood to elevated temperatures during high-temperature drying may induce
thermal degradation of wood components. The mass loss that often accompanies the
thermal degradation negatively affects the mechanical behaviour of wood. Temperature
levels for thermal degradation appear to be lowered when wood is heated in moist
conditions, as in drying of green wood.

The objective of this study was to investigate the mechanisms that occur during high-
temperature drying of wood, and to evaluate their effects on the structure and properties of
the dried products. Understanding the effects of such mechanisms may provide a good basis
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for developing drying methods that improve the mechanical properties of dried wood. The
particular aims of this study were:

e To investigate the effects of moisture and temperature with regard to thermal
degradation of wood (Paper I).

e To investigate the effects of thermal degradation on the hygroscopicity and on the
mechanical behaviour of wood at both constant moisture content and ambient
conditions (Papers I1-111).

e To evaluate the mechanical properties of high-temperature dried wood products in
longitudinal and radial loading (Papers 1V-V).

e To investigate the effects of high-temperature drying on cell wall porosity of
earlywood and latewood fibres (Paper VI).

2. MATERIALS AND METHODS

2.1. Wood material

The wood material originated from Norway spruce (Picea abies) felled in Joensuu, Eastern
Finland, during the autumn of 2005 (Papers I-1V) and 2008 (Papers V-VI). A tree was
felled and its trunk was divided into two-metre long logs, with diameters comprised
predominantly between 25 and 15 cm. The first 1.5 metres from the stump were discarded
to avoid a significant presence of juvenile wood. The logs were immediately taken to a
sawmill and cut into 32-mm (Papers I-1V) and 25-mm (Papers V-VI) thick boards. The
boards were then stored in a freezer at -17 °C until preparation of specimens. Wood
specimens with dimensions (longitudinal, radial, tangential) 320 x 24 x 24 mm® (Papers |-
111), 350 x 20 x 20 mm? (Paper 1V) and 55 x 100 x 20 mm?® (Papers V-VI) were prepared.
All specimens were clear of visible defects. Groups containing between 8 and 14 specimens
each were prepared, and each group was subjected to a heat-bath treatment (Papers I-111) or
to a high-temperature drying experiment (Papers 1V-VI).

2.2. Heat-bath treatments

Heat-bath treatments were conducted in a stainless steel pressure vessel of 20 L volume,
equipped with a temperature gauge, a pressure gauge and computer control. To block direct
radiation from the steel onto the wood specimens, a sheet of aluminium was positioned at
the bottom and around the walls of the vessel, as the radiant heat absorptivity and
emissivity of aluminium are lower than those of stainless steel.

Before any heat-bath treatment, the wood specimens were oven-dried at 85 °C for 48
hours and their mass was measured. Dry masses were further determined by oven-drying an
additional group of 24 reference specimens at 85 °C for 48 hours, and subsequently at 103
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°C for 24 hours. Each group of specimens was then placed in the vessel along with a
measured amount of liquid water, corresponding to a predetermined relative humidity at the
setup temperature. The vessel was sealed and the temperature was raised. The heating rate
was governed by the relative humidity in the vessel’s atmosphere, the heating efficiency
being limited by the heat transfer efficiency of the system. The presence of moisture may
also affect the relaxation of stresses within wood specimens, although this effect may be
partly balanced out by a decrease in available time. Water vapour pressure and consequent
relative humidity in the vessel were determined by subtracting air pressure from the total
pressure. Once the setup temperature was reached, the specimens were subjected to
isothermal treatment, at the end of which the vessel was allowed to cool down slowly.

Table 1. Experimental parameters for the heat-bath treatments (Papers I-11l). Standard
deviation in parentheses.

Setup Liquid water Relative Isothermal Mass loss EMC (%)
temperature added to the humidityb treatment (%)

(°C) vessel® (g) (%) (h)

120 - 15 0 - 10.1(0.2)

- 9 2 - 10.2 (0.2)

- 5 8 - 10.0 (0.3)

1000 100 0 - 9.9 (0.2)

1000 100 2 - 9.7 (0.2)

1000 100 8 - 9.1(0.2)

150 - 8 0 - 9.3(0.3)

- 8 2 0.2 (0.3) 9.0 (0.3)

- 8 8 0.4 (0.3) 8.7 (0.3)

75 60 0 0.6 (0.2) 7.8 (0.2)

75 51 2 1.0(0.2) 7.3(0.2)

75 57 8 2.1(0.3) 6.4 (0.2)

1000 100 0 1.8 (0.5) 8.1(0.1)

1000 100 2 3.0(0.7) 7.6 (0.1)

1000 100 8 6.9 (1.3) 6.9 (0.2)

170 - 10 0 1.5(0.5) 8.2(0.2)

- 15 2 2.1(0.7) 7.8 (0.3)

- 15 8 2.8 (0.9) 7.3(0.3)

65 55 0 2.4 (0.4) 6.5 (0.2)

65 50 2 3.2(0.5) 6.2 (0.2)

65 61 8 7.2 (0.5) 5.6 (0.1)

1000 100 0 6.2 (0.9) 7.2 (0.2)

1000 100 2 10.9 (1.0 6.6 (0.1)

1000 100 6 15.3(0.8) 6.2 (0.1)

% An additional amount of about 8 g of water was contained within any group of specimens
® Relative humidity at the instant of reaching the setup temperature
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Figure 6. Pressure vessel used for the heat treatments and the high-temperature drying
experiments. The moisture removed during the drying experiments was condensed in a
container placed on a precision weight scale.

Heat-treated specimens were oven-dried at 85 °C for 48 hours and subsequently at 103 °C
for 24 hours. Mass loss of any specimen was determined on a dry mass basis after oven-
drying at 103 °C for 24 hours. The oven-dried specimens were transferred to a climate
controlled room at 19 °C and 65 % relative humidity to attain equilibrium moisture content
(EMC). Subsequently, a few specimens from each heat-treated group were placed in a
climate controlled chamber at 19 °C, and the air humidity in the chamber was gradually
increased until the specimens reached an EMC of 10.3 £ 0.1 %, which was the EMC at 19
°C and 65 % relative humidity of the oven-dried reference specimens. The experimental
parameters for the heat-bath treatments are shown in Table 1.

2.3. Drying experiments

High-temperature drying experiments were conducted in the pressure vessel used for the
heat-bath treatments, with the prior installation of a pressure valve to allow the removal of
water vapour from the vessel. The removed water vapour was condensed in a container
placed on a precision weight scale, which allowed monitoring changes in the wood
moisture content throughout the whole drying process (Fig. 6).

Before any drying experiment, the initial moisture content of the wood was
approximated by oven-drying either 30 mm end-pieces from the wood specimens (Paper
IV) or 6 additional wood specimens (Papers V-VI) at 103 °C for 24 hours. Each group of
specimens was then weighed and placed in the vessel. A measured amount of liquid water
was added to the vessel to create a saturated steam atmosphere. The specimens were
steamed in order to remove the effects of eventual variations in moisture content during
storage in the freezer. In addition, the saturated steam atmosphere improved the heating
efficiency of the system. The temperature in the vessel was raised to 128 °C and then the
pressure valve was opened. Since the valve is in the upper part of the vessel, air exited first,
with hot air over 125 °C being lighter than hot steam. After air removal, rapid water vapour
removal followed until the moisture content of the wood was about 45 %. Thereafter, the
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drying process was started at a predetermined temperature and drying rate. The drying rate
was controlled by operating the pressure valve, the change in wood moisture content given
by Eg. 1:

dM

kM o))

where M (g/g) is the wood moisture content, t (s) is the drying time and k (s™) is the drying
rate constant. After rearranging and integrating, Eq. 1 is transformed into:

INnM =kt+C 2

where C is the integration constant. For t = 0, C = In My, where My is the moisture content
at the beginning of the drying process (about 45 %). After substituting and rearranging, Eq.
2 can be rewritten as:

M, =M ekt @)

where M, is the moisture content of the wood at any time of the drying process.

Table 2. Experimental parameters for the drying processes (Paper 1V). Standard deviation in
parentheses.

Drying Drying rate” Final moisture Mass loss EMC (%)
temperature (°C)  (-10°s™) content (%) (%)

80° 57.3 6.9 (1.9) - 10.2 (0.6)
100* 93.7 5.8 (1.6) 0.2 (0.2) 9.6 (0.4)
110% 115.4 5.3(0.8) - 8.9 (0.2)
120% 205.7 5.3(2.0) - 9.0 (0.4)
130% 282.0 5.4 (1.9) 0.5 (0.5) 9.4 (0.5)
110 1515 7.8 (2.7) - 9.7 (0.7)
120 204.2 7.4 (2.3) 0.2 (0.5) 9.7 (0.6)
130 282.0 4.5 (1.5) 0.2 (0.7) 8.3(0.4)
110 6.7 5.4 (1.0) 1.4 (0.9) 8.1 (0.3)
120 6.9 4.7 (0.9) 3.4(0.8) 7.6 (0.4)
130 7.8 3.8(0.3) 5.3(0.4) 6.8 (0.2

®Drying processes conducted in a conventional laboratory oven
® Drying rates were computed according to Eq. 3 for the total drying time
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Table 3. Experimental parameters for the drying processes (Papers V-VI). Data are shown
as means with £ 95 % confidence intervals.

Drying Drying rate® Final moisture Mass loss EMC (%)
temperature (°C)  (-10°s™) content ( %) (%)
110 88.4 75+23 02+1.3 10.3+0.6
120 105.0 74124 01+23 10.3+0.6
130 134.0 6.7+3.0 05+1.4 9.8+0.6
110 6.8 51+0.7 15+15 8.7+0.3
120 8.0 34104 22+3.0 7.8+0.2
130 6.9 55+1.9 6.1+1.2 7.9%0.5

Drying rates were computed according to Eq. 3 for the total drying time

In addition to the drying experiments in the pressure vessel, 5 groups of specimens were
dried in a conventional laboratory oven at temperatures between 80°C and 130 °C (Paper
IV). The corresponding drying rates were controlled by the atmospheric conditions in the
oven. Before oven-drying, each group of specimens was steamed in the pressure vessel
following the procedure described above. However, after reaching a moisture content of
about 45 %, the vessel was cooled to about 100 °C and the specimens transferred to the
oven. All dried specimens were placed in a climate controlled room at 19 °C and 65 %
relative humidity to attain EMC. The mass loss of any specimen during drying was
determined on a dry mass basis after oven-drying at 103 °C for 24 hours. The experimental
parameters for the drying processes are shown in Table 2 (Paper 1V) and Table 3 (Papers
V-VI).

2.4. Mechanical properties
2.4.1. Bending tests

Mechanical properties of heat-treated wood and high-temperature dried wood (Papers 111-
IV) were determined in bending in an electromechanical testing device (Matertest 100 kN).
Before the bending tests, heat-treated wood specimens were planed to cross sectional
dimensions of 20 x 20 mm. Heat-treated wood was tested both at constant moisture content
and at constant ambient humidity (Paper I11). High-temperature dried wood specimens were
tested at constant ambient conditions (Paper 1V).

Bending experiments were conducted in a three-point bending apparatus with a span
length of 300 mm (Fig. 7). The displacement of the cross-head was set to 0.2 mm per
second, and the force was applied to the middle of the surface of the specimen nearest the
pith. The modulus of rupture (MOR) and the modulus of elasticity (MOE) were determined
according to:



23

MOR = M (4)
2bh
3
MOE = PL 5)
3
4bh=6

where Ppa iS the load at failure, P and J are any load and its corresponding displacement
below the proportional limit, L is the span length, and b and h are the width and the height
of the specimen, respectively.

The strain at failure was determined according to equation 6:

60 may N
Emax = rzax (6)

where enax and Jnax are the strain and displacement at failure, respectively. The failure strain
was then divided into elastic failure strain (g.) and inelastic failure strain (&;). The elastic
failure strain was computed as:

MOR
o =—— 7
e = VOE ()
and the inelastic failure strain was obtained by subtracting the elastic failure strain from the
total failure strain.

LLIK |
L —— \'J( 100 K l \I

Figure 7. Three-point bending testing of heat-treated and high-temperature dried spruce
wood.



24

The toughness of wood was determined as the area under the stress-strain curve up to
failure, according to equation 8:

Emax
Toughness= jodg (©)
0

where ¢ is the stress at strain ¢. The toughness was divided into elastic and inelastic
toughness. The elastic toughness was computed according to equation 9:

Elastic toughness = %e MOR 9)

and the inelastic toughness was obtained by subtracting the elastic toughness from the total
toughness.

2.4.2. Radial loading tests

In Paper V, the radial mechanical properties of high-temperature dried wood were
determined in an electromechanical testing device (Matertest 100 kN) (Fig. 8), with the
dried specimens machined to the required shape for mechanical testing in radial tension.
The central section of the specimens was further reduced in the tangential direction by
manual sanding. This was done to ensure that the specimens broke some distance away
from the gripping edges. The displacement rate of the gripping claw was set to 0.02 mm per
second, with both the force and the displacement recorded. The radial tensile strength was
determined according to Equation 10:

E
Omax = mAax (10)

where omax (MPa) is the radial tensile strength, Frax (N) is the maximum force at failure and
A (mm?) is the cross-sectional area of the fractured specimen.

Due to the non-uniform cross sectional geometry of the specimens, the strain at a given
stress could not be determined. However, an apparent strain at any stress was computed for
each specimen as:

Ul (11)
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Figure 8. Mechanical testing of high-temperature dried wood in radial loading.

where ¢’ (mm/mm) is the apparent strain, 4u (mm) is the relative grip displacement, and |
(mm) is the initial length of the specimen between the grips (45 mm). An apparent modulus
of elasticity or apparent Young’s modulus was subsequently computed as:

+ Ao
Asl

E (12)

where E’ (MPa) is the apparent Young’s modulus, and 4¢ (MPa) and 4¢” (mm/mm) are the
incremental stress and its corresponding incremental apparent strain, respectively,
determined between force of 30 N and 80 N.

2.5. Thermoporosimetry analyses

One specimen from each group subjected to high-temperature drying in Paper V was
selected for thermoporosimetry analysis in Paper VI. An additional reference specimen was
prepared from undried wood stored in a freezer for a few months. For any selected
specimen, wood slices of 60 um thickness were produced from both earlywood and
latewood with a sliding microtome. At least 3 earlywood and latewood samples, containing
5 and 3 microtomed slices respectively, were prepared from each specimen. All samples
were immersed in deionized water and kept in a refrigerator for a minimum period of 10
days prior to testing.

Before the thermoporosimetry analyses, each sample was chopped with a sharp knife
and fitted in a sealed 40 pl aluminium pan. A small hole was then pierced to the pan to keep
a constant pressure throughout the experiment. The pan was weighed and placed in a
Mettler Toledo 823E differential scanning calorimeter. This device measures the amount of
energy absorbed or released by a sample during a temperature change. The energy absorbed
when the water in a frozen sample melts during a temperature increment is the sum of the
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latent heat and the sensible heat. The latent heat is then used to determine the amount of
water melted within the temperature step by means of the specific heat of melting. The
experimental step program used for the thermoporosimetry analyses is shown in Table 4.
An example of a heat flow during a DSC run is shown in Fig. 9. For every depressed
melting temperature, a representative pore size (assuming a cylindrical pore shape) was
computed through the Gibbs-Thomson equation:

D _ A Vm o (13)
ﬁm -In Tfm
To

where D is the pore diameter (m), V,, is the molar volume of ice, oy is the surface tension at
the ice-water interface (20.4 mN/m (Ishikiriyama et al. 1995)), H,, is the specific heat of
melting (334 J/g), T, is the melting temperature of bulk water (273.15 K) and T, is the
depressed melting temperature. The pore diameter corresponding to each depressed melting
temperature is shown in Table 5.

Table 4. Experimental step program used in the thermoporosimetry analyses (Paper VI).

Step, n Initial Heating ramp Final Holding time at
temperature (°C) (°C/min) temperature (°C)  final temperature
(min)

1 25 -10 20 6
2 20 -10 4 6
3 4 -5 -38 6
4 -38 1 -30 6
5 -30 1 -10 6
6 -10 1 -3 6
7 -3 1 -1 6
8 -1 1 -0.5 6
9 -0.5 1 -0.2 9
10 -0.2 1 -0.1 12
11 -0.1 -5 -38 6
12 -38 1 -36 6
13 -36 5 4 9
14 4 1 5 9
15 5 10 25 -
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Figure 9. Example of heat flow during a DSC run, with a magnification of the isothermal step
melting program (steps 4 to 10 in Table 4). The numbers in the magnified section are the
depressed melting temperatures. The example corresponds to a latewood sample slowly
dried at 120 °C.

Table 5. Pore diameter corresponding to the depressed melting temperature, computed by
the Gibbs-Thomson equation (Eg. 13).

Melting temperature (°C)  Pore diameter (nm)

-38 1.8
-30 23
-10 7.2
-3 24.2
-1 72.7
-0.5 145.6
-0.2 364.1
-0.1 728.4

After the DSC experiment, each pan was weighed and subsequently oven-dried at 103°C
for 24 h. The dry mass of any sample was 4.9 + 0.2 mg, and its basic density ranged from
210 to 349 kg/m® for earlywood and from 509 to 826 kg/m® for latewood. The NFW
content was quantified by subtracting the amount of freezing water to the total amount of
water in the sample.

Because of the small hole pierced in the aluminium pan, some of the water in the
sample evaporated during the DSC experiment. The total amount of water evaporated was
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determined by weighing the pan immediately before and after the test. In addition, the
amount of water evaporated was computed through the signal values (mW) given by the
DSC instrument, the duration of any temperature step and the specific heat of vaporization
(2260 J/g). A good agreement was found between measured and computed values for the
evaporated water (Paper VI). Therefore, by using the signal values given by the DSC
instrument, the actual amount of water within the pan at any instant of the experiment could
be accurately determined.

The thermodynamic properties of water were determined by conducting six DSC runs
with only deionized water. The experimental program applied was the same as shown in
Table 4. All the energy absorbed by the water-only sample in the temperature interval from
-38°C to -36°C and from 4°C to 5°C was considered to be a measure of its heat capacity.
Average values for the specific heat capacity of ice (Cp;) and liquid water (Cp,,) were 1.85
J/I(g-°C) and 4.34 J/(g-°C), respectively. The specific heat of melting was computed to be
338.3J/g.

2.5.1. Effect of phase change on the specific heat capacity

Detection of a first-order transition in terms of calorimetry requires detection of the latent
heat related to that transition. This can be done by dividing the total applied/released heat
into latent heat and sensible heat for the temperature change. The sensible heat related to
temperature change can be computed provided the heat capacity of the specimen is known.
Somewhat problematical is the fact that specific heat capacities change during phase
transformations. The specific heat capacity of liquid water is more than two-fold that of ice.

In recent literature dealing with the application of calorimetry to wood and pulp fibres,
latent heat has been determined by integrating over a base line characterizing the heat
capacity of the specimen. The heat capacity, in turn, has been determined by linearly
interpolating between temperatures well below and well above the range of melting
temperatures (Maloney et al. 1998, Maloney and Paulapuro 2001, Kérenlampi et al. 2003a,
Kérenlampi et al. 2003b, Kérenlampi et al. 2005). Linear interpolation of heat capacity over
such a temperature range is generally incorrect. The result depends on the selection of
temperatures between which the interpolation is done.

In Paper VI, a computational stepwise method that accounts for the change in specific
heat capacity within any temperature step was developed. As in the case of water-only
experiments, the heat capacity of any sample was determined by measuring the energy
absorbed in the temperature range from -38°C to -36°C and from 4°C to 5°C. The heat
capacity of the sample at temperatures below 0°C, however, could not be regarded as
constant, but dependent on the amount of water melting in each temperature interval, given
that the heat capacity of liquid water is higher than the heat capacity of ice. Furthermore,
the heat capacity of ice is temperature-dependent, increasing about 10 % from -38°C to -
10°C (Giauque and Stout 1936). Therefore, the heat capacity of any sample at a
temperature step n below 0°C (see Table 4) was computed as:
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for n=4,

Cpp =(Cpg + W, -Cp;) - (1.05-1))+Wm, (Cp,, —1.05Cp;) (14)
forn=5,

CPy = (Cpo_y + W, -Cpy)- (1052 ~1.05) |+ Wm, (Cp,, ~1.05%Cp;) (15)
forn=6,...10,

Cp,, =Cp,,_1 +Wm, (Cp,, —1.052Cp;) (16)

where Cp,, W, and Wm, are the heat capacity of the sample, the mass of water in the sample
and the mass of melted water in the temperature step n, respectively. Cp, is the heat
capacity of the sample between -38°C and -36°C, and Cp,, and Cp; are the measured heat
capacity of liquid water and ice, respectively.

Eq. 16 was further used to compute the heat capacity of the sample between -0.1°C and
4°C, which was approximately equal to the heat capacity measured between 4°C and 5°C.

3. RESULTS

3.1. Effect of relative humidity on thermal degradation (Paper I)

The rate of temperature increment during the heat-bath treatments was governed by the
relative humidity in the vessel’s atmosphere, the heating efficiency being limited by the
heat transfer efficiency of the system. Therefore, the extent of any heat-bath treatment,
including heating, isothermal and cooling stages, was computed as:

ty

H = j (T (t) ~Ty)dt (17)
0

for T(t) — To = 0, where H (°C-h) is the extent of heat-bath treatment, T(t) (°C) the
temperature in the vessel at time t, To (°C) is a reference temperature and t; (h) the duration
of the process. The reference temperature was defined as the higher temperature at which
mass loss does not occur, regardless of relative humidity conditions. A reference
temperature of 120 °C was chosen on the basis of Table 1.
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The rate of mass loss as a function of the extent of heat-bath treatment was evaluated as the
first order reaction:

—dm
—— =Km 18
dH (18)

where m (g) was the mass of wood, H (°C-h) the extent of heat-bath treatment, and K
(°C*h)™ the reaction rate constant. By integrating equation 18, it was possible to obtain:

Inm=-KH +C (19)

where C is the integration constant. In the case when H = 0, C = In m,, with m,
representing the initial mass of wood. Substituting and rearranging, equation 19 could be
rewritten as:

m
In—- = _KH (20)
Mp

where m; is the final mass of wood after the heat-bath treatment.

The rate of thermal degradation in wood was computed independently for every heat-
bath treatment. Accordingly, the degradation rate increased with increasing temperature.
Moreover, it increased, seemingly exponentially, with increasing relative humidity in the
heating atmosphere. When compared to a dry climate (relative humidity range 5-15 %),
thermal degradation at an intermediate relative humidity (50-61 %) was found to be three
times faster at 170 °C, yet seven times faster at 150 °C. However, when compared to the
intermediate relative humidity, thermal degradation in water-saturated conditions was about
4.5 times faster, irrespective of the setup temperature. This indicated that the increase in the
degradation rate of wood along with increasing relative humidity from dry to water-
saturated conditions cannot be a simple exponential function.

Temperature dependency of a reaction rate is often described in terms of activation
energy, which can be computed by means of the Arrhenius equation. In the present case,
the frequency factor of the equation had to be replaced by a constant with dimension
inverse to the dimension of the extent of heat-bath treatment H. The modified Arrhenius
equation was:

,Ea
K = Aexp RTs (21)
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where K (°C*h) * is the reaction rate, A (°C-h)™ a pre-exponential factor replacing the
frequency factor, E, (kJ/mol) the apparent activation energy, R the universal gas constant
(8.31 J/(mol-K) and Ts (K) the setup temperature. It is possible to rewrite Equation 21 as:

InK =1In A—Ei (22)
R

Ts

Plotting In K versus the reciprocal of the setup temperature for each relative humidity
interval resulted in a straight line, with a slope denoted by E./R and an intercept In A. This
is often referred as an Arrhenius plot. As shown in Paper I, the apparent activation energy
in a dry climate was the highest, which means that the temperature dependency of the
degradation rate in dry conditions was higher than in moist conditions. Furthermore,
heating of wood at intermediate relative humidity or in water-saturated conditions gave
similar apparent activation energies. In other words, up to intermediate relative humidity,
the drier the climate, the higher the temperature dependency of the degradation rate.
However, at levels between intermediate relative humidity and water-saturated conditions,
the temperature dependency appeared to be the same.

3.2. Hygroscopicity and mechanical properties of heat-treated wood (Papers I1-111)

The EMC of oven-dried reference wood specimens under standard conditions (19 °C and
65 % relative humidity) was found to be 10.3 + 0.1 %. Compared with the reference
specimens, heat-treated wood clearly exhibited a reduction in hygroscopicity, its EMC
ranging from 9.3 to 5.6 % (Paper II). It was found that the hygroscopicity of heat-treated
wood decreased with increasing mass loss, regardless of the setup temperature and relative
humidity condition. Furthermore, as a function of mass loss, data formed two different
groups, specimens treated at intermediate relative humidity showing EMC levels some 2 %
units lower than specimens treated either in dry or in water-saturated conditions. Therefore,
hygroscopicity of heat-treated wood cannot be solely explained in terms of mass loss. Some
other mechanism related to the relative humidity of the heating atmosphere appears to
affect the hygroscopicity of wood.

The mechanical properties of heat-treated wood were tested in bending experiments
(described in Paper 111). At constant wood moisture content, the MOR of heat-treated wood
was lower than that of the reference specimens, decreasing with increasing mass loss. The
MOE was hardly affected up to a mass loss of about 3 %, though thereafter it decreased. As
a function of mass loss, no differences among heat-bath treatments were found regarding
the MOR and the MOE. At constant ambient humidity, the MOR and the MOE of heat-
treated wood were improved up to a mass loss of about 2-3 %. When considering results as
a function of mass loss, wood heated at intermediate relative humidity was found to be the
strongest.
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The elastic failure strain of heat-treated wood was within the range of 0.7-1 times that of
the reference specimens. At constant ambient humidity, the elastic failure strain appeared to
be greater than at constant moisture content. No major differences were found among
treatments regarding the elastic failure strain, whereas the inelastic failure strain was clearly
lower for wood heated in a dry climate. It was interesting to note that, at constant moisture
content, wood heated at intermediate relative humidity showed higher inelastic ductility
than that of the reference specimens. At constant ambient humidity, the inelastic ductility
was reduced, being predominantly less than that of the reference specimens.

The elastic toughness of heat-treated wood was calculated according to Equation 9. At
constant wood moisture content, the elastic toughness decreased with increasing mass loss,
irrespective of the heat-bath process conditions. This result is a direct consequence of the
MOR and the elastic failure strain decreasing with increasing mass loss, but no differences
being found among the heat-bath treatments. At constant ambient humidity, the MOR as a
function of mass loss was the highest for wood heated at intermediate relative humidity,
whereas the elastic failure strain did not differ much among treatments. Consequently, as a
function of mass loss, the elastic toughness was the highest for wood heated at intermediate
relative humidity. At both constant wood moisture content and ambient humidity, the
inelastic toughness was predominantly reduced by the heat-bath treatment. Moreover, as a
function of mass loss, the inelastic toughness was the lowest for wood heated in a dry
climate, which is in accordance with its lower inelastic ductility.

3.3. Mechanical properties of high-temperature dried wood (Papers IV-V)
3.3.1. Bending tests

The mechanical strength and stiffness of any porous material depends on its porosity. The
density of the wood specimens used in Paper IV ranged from 325 to 460 kg/m°, and thus
the mechanical properties varied accordingly. Since our main interest was to investigate the
effect of drying conditions on the mechanical properties of wood, the specific strength and
specific stiffness, i.e., the MOR and the MOE divided by the density, were analyzed.

Specific MOR and MOE values decreased with increasing EMC. It was found that
wood specimens that underwent slow drying attained the lowest EMC, and
correspondingly, their specific strength and stiffness appeared to be the highest. The
moisture content, however, only explained a small part of the variation in the specific MOR
and MOE of dried specimens.

Surprisingly, the specific MOR remained unchanged in dried wood in cases where mass
losses were up to 6 %, while the specific MOE seemed to increase slightly with increasing
mass loss. This behaviour might be partly due to the correlation between the mass loss and
the EMC, in particular for those specimens that were slowly dried (Table 2). Nonetheless,
other mechanisms contributing to the strength and stiffness of dried wood may exist,
beyond the reduced hygroscopicity. This is further supported by the fact that the specific
MOR, and to a lesser extent the specific MOE, appeared to decrease along with increasing
the final moisture content reached during drying.
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Inelastic ductility of dried wood increased with increasing the EMC, but decreased with
increasing the mass loss and the final dryness reached during drying. On the other hand, the
drying process parameters had little effect on elastic ductility. Therefore, any variation in
wood ductility due to drying conditions was governed by changes in inelastic ductility.

3.3.2. Radial loading tests

High-temperature dried wood specimens were found to show a characteristic force-
elongation curve during radial loading (Paper V). Accordingly, wood specimens exhibited
an initial elastic behaviour before the curve reached a plateau, and thereafter the force
continued to increase until fracture occurred. After the plateau, the increase in force as a
function of elongation was less pronounced than that exhibited during the elastic region.
Only a few dried specimens broke before the force-elongation curve reached the plateau.

For both rapidly dried and slowly dried wood, the results of average radial tensile
strength appeared to be the highest for specimens dried at 120 °C. Regardless of drying
temperature, slow drying resulted in wood specimens with a somewhat lower radial tensile
strength. Such effect may be due to the higher mass loss that occurred in processes with
extended drying times (Table 3).

Wood specimens that were rapidly dried at 120 °C were not only the strongest, but also
the most ductile, with most of these specimens showing ductility values well above 2 %.
The rest of drying conditions resulted in wood specimens with similar apparent ductility.
Specimens that were slowly dried at 130 °C appeared to have the lowest apparent stiffness.
The values of apparent stiffness, however, may depend on the definition adopted in
Equation 12 for the determination of the apparent Young’s modulus.

The effect of drying parameters on the radial mechanical properties of wood was
analyzed by plotting a table of linear correlation coefficients. The radial tensile strength
was predominantly explained by the apparent ductility. Otherwise the mechanical
properties of wood seemed to correlate poorly with any drying parameter. Nonetheless, it is
interesting to note that the EMC was strongly explained by both the final moisture content
reached during drying and by the drying rate. The mass loss, however, explained only a
minor part of the EMC.

3.4. Cell wall porosity in wood as affected by high-temperature drying (Paper VI)

The amount of pore water in earlywood and latewood after high-temperature drying and
rewetting was investigated by DSC. The pore size distribution in the wood cell wall was
then related to the measured amount of pore water. According to the results from the DSC
experiments, the NFW content in all samples was predominantly between 20-30 % of the
dry wood mass. Similar amount of NFW was found in both earlywood and latewood, the
average values being 0.23 g/g and 0.25 g/g, respectively.

Up to a pore size of 24 nm, the pore size distribution in earlywood and latewood
appeared to be almost identical. However, earlywood contained more pores of larger size,
with almost twice as much pore water as latewood in pores of 300-800 nm. It was
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interesting to note that, for a few earlywood samples, the total amount of bound water well
exceeded the dry mass of wood.

Earlywood sections in all dried specimens contained less bound water than native
earlywood. Drying appeared to close cavities of the largest size (over 145 nm), whereas no
clear effects on the smaller pores could be observed. Moreover, the amount of bound water
in dried earlywood decreased with increasing drying temperature and drying time. Both
earlywood and latewood sections from specimens slowly dried at 130 °C had the lowest
amount of bound water, regardless of the pore size. Slow drying processes also appeared to
result in lower NFW content in earlywood.

4. DISCUSSION

4.1. Thermal degradation and its effects on the properties of wood

Exposing wood to elevated temperatures can cause thermal degradation of its chemical
structure, often resulting in a loss of mass. In this work, the mass loss in spruce wood
during a heat-bath treatment increased with increasing temperature and exposure time
beyond 120 °C (Paper ). Furthermore, the mass loss increased with increasing the relative
humidity in the heating atmosphere. Previous studies dealing with heat treatments of wood
have reported similar results regarding the effect of increasing temperature and time on the
mass loss of wood (Mitchell 1988, Hill 2006, Kocaefe et al. 2007, Esteves and Pereira
2009). It has also been shown that heating wood in water-saturated conditions induced
higher mass losses compared to heating in dry conditions (Stamm 1956, Mitchell 1988).

Wood exposed to temperatures between 100 °C and 200 °C produces water vapour and
other noncombustible products like carbon dioxide and carboxylic acids, specifically acetic
acid (LeVan 1989, White and Dietenberger 2001, Hill 2006). The acetic acid, formed
through the cleavage of acetyl groups bound to the hemicelluloses, further catalyzes the
degradation of carbohydrates (Garrote et al. 1999, Hirosawa et al. 2001, Sundgvist 2004,
Tjeerdsma and Militz 2005). In the presence of water, the formation of acetic acid is
accelerated because hydronium ions generated by water autoionization catalyze the splitting
of the acetyl groups (Garrote et al. 1999, Garrote et al. 2001, Sundqvist 2004, Tjeerdsma
and Militz 2005). Therefore, at any temperature, increasing the amount of water within the
system by increasing the relative humidity in the heating atmosphere would be expected to
induce higher mass losses in wood, as described in full in Paper I.

The mass loss after exposure to elevated temperatures could be mainly attributed to the
degradation of hemicelluloses, known to be the least thermally stable polymers of the main
wood components (Bourgois and Guyonnet 1988, Zaman et al. 2000, Alén et al. 2002). The
poor thermal stability of hemicelluloses is presumably due to their low degree of
polymerization, as well as to their branched and amorphous structure. Chemical reaction
rates tend to increase as a function of increasing molecular mobility of the reactants. High
temperatures soften the amorphous polymers in wood, so increasing their mobility
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(Williams et al. 1955, Back and Salmén 1982, Kelley et al. 1987, Fahlén and Salmén 2003).
The softening point at which amorphous polymers change from a glassy state to a gel-like
state is known as the glass transition temperature. In a dry climate, the softening of the
hemicelluloses takes place in the vicinity of 180 °C, but in the presence of moisture, the
glass transition temperature is reduced (Back and Salmén 1982, Fengel and Wegener 1989,
Akerholm and Salmén 2004).

During a heat-bath treatment in dry conditions, the hemicelluloses in wood were rather
stiff up to a temperature of 150 °C, but somewhat more viscous at 170 °C (Paper 1). During
a heat-bath at intermediate relative humidity (50-61 %), the hemicelluloses were probably
viscous at both 150 °C and 170 °C. Therefore, increasing relative humidity at 150 °C was
expected to have a greater effects on the thermal degradation of wood than at 170 °C, due
to the change in state of the hemicelluloses. Increasing the relative humidity from
intermediate conditions to water-saturated conditions increased the rate of degradation, but
the effect would be the same at both temperatures since the hemicelluloses were already
plasticized. This may partly explain the fact that, as compared to dry conditions, thermal
degradation rates at intermediate relative humidity were 7 times faster at 150 °C but only 3
times faster at 170 °C (Paper 1). It may also explain that, along with increasing relative
humidity from intermediate to water-saturated conditions, the increase in the degradation
rate was the same at both 150 °C and 170 °C.

The particular effect of heating in a moist climate on the degradation of wood was
further supported by the temperature dependency of the thermal degradation rate. The
temperature dependency of the degradation rate may be described by the activation energy.
In Paper |, the apparent activation energy in dry conditions was found to be about three
times higher than in moist conditions. Stamm (1956) reported that the activation energy in
dry conditions was about two-times higher than in water-saturated conditions. On the other
hand, the apparent activation energy of the degradation rate at intermediate relative
humidity and water-saturated conditions was the same (Paper I). This is in agreement with
the fact that increasing relative humidity, from intermediate to water-saturated conditions,
had the same effect on the degradation rate regardless of the setup temperature.

An additional factor possibly affecting the increase in mass loss along with increasing
relative humidity in the heating atmosphere is related to heat transfer phenomena. At any
temperature, increasing relative humidity within the vessel results in increased wood
moisture content. A greater presence of moisture may facilitate heat conduction from the
surrounding ambient into the inner wood structure, thus enhancing the extent of thermal
degradation.

The mass loss that accompanied thermal degradation affected the physical and
mechanical properties of wood. In Paper Il, the hygroscopicity of heat-treated wood was
lower than that of reference wood specimens, decreasing with increasing mass loss.
Hemicelluloses are regarded as one the most hygroscopic components within the wood cell
wall (Hillis 1984, Feist and Sell 1987, Bekhta and Niemz 2003). Therefore, if
hemicelluloses were degraded during a heat-bath treatment (Bourgois and Guyonnet 1988,
Zaman et al. 2000, Alén et al. 2002), the capability of wood to adsorb moisture would be
reduced. Additional reduction in hygroscopicity may be due to cross-linking reactions in
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the lignin complex (Tjeerdsma et al. 1998, Sivonen et al. 2002, Weiland and Guyonnet
2003, Nuopponen et al. 2004, Wikberg and Liisa Maunu 2004).

The hemicelluloses, as one of the main wood structural components, play an important
role in the mechanical behavior of wood (Winandy 2001, Winandy and Lebow 2001,
Akerholm and Salmén 2001, Bergander and Salmén 2002, Salmén 2004). At constant wood
moisture content, the MOR of heat-treated wood was lower than that of untreated wood,
decreasing with increasing mass loss (Paper I11). In general, the MOE of heat-treated wood
was unaffected up to a mass loss of about 3 %, but thereafter it decreased with increasing
mass loss. These results were in agreement with previous studies indicating that stiffness is
less sensitive to mass loss than strength (Bekhta and Niemz 2003, Poncsak et al. 2006,
Esteves et al. 2007). Toughness and ductility of heat-treated wood were also reduced as
compared to untreated wood, as already reported by Kubojima et al. (2000). Based on these
results, mechanical properties of wood in bending were strongly influenced by the mass
loss that occurred as a result of the degradation of hemicelluloses.

In addition to constant wood moisture content, the mechanical properties of heat-treated
wood were tested at constant ambient conditions (Paper I1). In these circumstances, and up
to a mass loss of 2-3 %, the MOR and the MOE of heat-treated wood were higher than
those of untreated wood. Decreasing moisture content in wood below the FSP is known to
result in an improvement of mechanical properties (Gerhards 1982, Haygreen and Bowyer
1996). Therefore, the reduced hygroscopicity of heat-treated wood was likely to be
responsible for the increase in MOR and MOE up to a mass loss of 2-3 %. Owing to the
lower moisture content, the ductility of heat-treated wood at constant ambient conditions
was decreased, which was in agreement with previous observations (Stone 1955, Reiterer
and Tschegg 2002, Obataya et al. 2006).

As a function of mass loss, specimens that were heated at intermediate relative humidity
showed an EMC about 2 % lower than specimens heated either in dry or in water-saturated
conditions (Paper Il). Furthermore, specimens heated at intermediate relative humidity
exhibited the highest inelastic ductility when tested under constant ambient conditions,
despite their EMC being the lowest (Paper Ill). This indicated that some mechanism
occurring during a heat-bath treatment at intermediate relative humidity, as compared to dry
or water-saturated conditions, must be involved in the reduced hygroscopicity and the
increased inelastic ductility of heat-treated wood.

The effect of mass loss on the hygroscopicity and on the mechanical properties of wood
was further investigated after high-temperature drying (Papers 1V-V). Slowly dried wood
experienced considerably higher mass loss than rapidly dried wood, and correspondingly,
their hygroscopicity was the lowest (Tables 2 and 3). This was in agreement with the results
reported in Paper Il. However, regarding the mechanical properties in bending, the MOR
and MOE of slowly dried wood were hardly affected by mass loss (Paper 1V). In radial
loading, the strength and stiffness of dried wood specimens with considerable mass loss
were rather high (Paper V). The increased mechanical performance of slowly dried wood
may be partly explained by the lower hygroscopicity (Gerhards 1982, Haygreen and
Bowyer 1996). Nonetheless, it is unlikely that the mechanical properties of dried wood
could be solely explained on the basis of the EMC or the mass loss (Papers IV-V). This was
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further supported by the effect of the final moisture content reached during drying on both
the hygroscopicity and the mechanical properties of wood.

4.2. Other mechanisms affecting the properties of heat-treated and high-temperature
dried wood

The reduction in water-adsorption capability of pulp fibres along with drying is generally
accepted to be due to irreversible hydrogen bonding between amorphous carbohydrates in
the cell wall (Matsuda et al. 1994, Weise et al. 1996, Kato and Cameron 1999). As water
exits the pores during drying, the pore walls start to collapse, eventually resulting in
irreversible hydrogen bonding (Scallan 1977, Matsuda et al. 1994, Weise et al. 1996, Kato
and Cameron 1999, Crawshaw and Cameron 2000, Park et al. 2006). The formation of
irreversible hydrogen bonds during drying is often denoted as hornification. Additional
drying cycles appear to enhance the occurrence of hornification (Weise 1998, Crawshaw
and Cameron 2000).

In terms of the heat-bath treatments reported in Papers I-Ill, intermediate relative
humidity at the setup temperature was produced by placing dry wood specimens in the
pressure vessel, together with a predetermined amount of liquid water. Added water
penetrated the wood specimens, entering more readily the large pores and cavities, but also
eventually entering the smaller pores over a period of time. Further on, increased
temperature in the vessel lowered the relative humidity in the heating atmosphere. Thus
some of the water that had entered the wood vaporized, inducing a drying sequence in the
disordered pore system of the cell walls. Naturally, high-temperature drying did not occur
in specimens heated in water-saturated conditions; on the other hand, specimens heated in a
dry atmosphere were not wetted during the experiment. Only those specimens treated at
intermediate relative humidity experienced a wetting and high-temperature drying cycle,
with the consequent formation of irreversible hydrogen bonds within the wood cell walls.
Some of the hydrogen bonds formed may not be truly irreversible, as they partly appear to
re-open when wood is exposed to high relative humidity (Obataya 2007). Nonetheless, this
hornification may explain the lower hygroscopicity of specimens heated at intermediate
relative humidity, as shown in Paper I1.

The moisture sorption capability of wood after a heat-bath treatment may be affected
not only quantitatively, but also qualitatively. Obataya (2007) showed that, as a function of
mass loss, the EMC of dry-heated wood exposed to high relative humidity (97%) was
considerably lower than that of steamed wood, due to a reduction in the amount of
dissolved (multi-layered) water. Dry heating induced structural rearrangements in the wood
polymeric chains, such as cross-linking and hydrogen bonding, which minimized the
intermolecular spaces and consequently reduced the amount of dissolved water present in
wood (Yasuda et al. 1994, Obataya 2007). Under water-saturated conditions, however, a
tight structure could not be formed as the intermolecular spaces in wood were maximized
by the adsorption of water. Structural rearrangements may be enhanced during a heat-bath
treatment at intermediate relative humidity, because water acts as a plasticizer and provides
further flexibility to the cell wall (Becker and Noack 1968). In the experiments reported by
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Obataya (2007), the amount of hydrated (mono-layered) water, which mostly reflects the
number of active adsorption sites in wood, decreased similarly in both dry-heated and
steamed wood along with the degradation of hemicelluloses Exposure of wood heated
under dry, moist and water-saturated conditions to cycles of low and high relative humidity
may be needed to further elucidate the effects of relative humidity in the heating
atmosphere on the quantitative and qualitative sorption of water.

The mechanical behaviour of wood is expected to be altered as a result of increased
internal bonding within the fibre cell wall. Hornified fibres have been reported to be stiffer
than undried fibres (Young 1994, Kato and Cameron 1999). Therefore, irreversible
hydrogen bonding in wood specimens heated at intermediate relative humidity might
account for their greater mechanical performance, including their inelastic ductility (Paper
I11). The formation of hydrogen bonds in the amorphous carbohydrates may be manifested
as an increase in cellulose crystallinity, which could improve the mechanical properties of
wood in the longitudinal direction. Furthermore, the crystallization of cellulose was
probably promoted by the heat treatment, particularly in the presence of moisture (Bhuiyan
et al. 2000). As thermal treatments appear to yield wood products with properties similar to
those of naturally aged wood (Obataya 2007, Matsuo et al. 2011), the overall superior
performance of wood heated at intermediate relative humidity could be important for
developing processes such as the artificial ageing of wood.

In Papers IV-V, the EMC of dried wood was shown to decrease along with increasing
final dryness. This was in agreement with previous studies reporting that the extent of
hornification depends on the severity of the drying treatment (Matsuda et al. 1994, Weise
1998, Crawshaw and Cameron 2000). Furthermore, as a function of final dryness, slowly
dried specimens clearly showed lower EMC than rapidly dried specimens. This could be
partly explained by the higher mass loss that occurred in slowly dried specimens.
Nonetheless, additional hornification may occur in drying treatments with extended drying
times.

In order to better understand this, it is necessary to consider the case of a water droplet
located in a small pore within the wood cell wall. During the drying process, the droplet
will exit the pore, and the surface tension of the diminishing water droplet will bring the
pore walls closer to each other, attempting to close the cavity. The pore closure, however,
deforms the cell wall structure, thus inducing elastic stresses within the cell wall material
which counteract the pore closure. Wood polymers show time-dependent mechanical
behaviour, manifested either as creep or as stress relaxation (Bodig and Jayne 1993). Along
with time, the elastic stresses in the cell wall relax, and the cell wall material creeps. Thus
the pore closure is likely to be more complete in a slow drying process, in comparison with
arapid one, because it is aided by stress relaxation and creep. This is the reason why greater
levels of hydrogen bonding between wood elements can be expected in slow drying
processes.

The strength and the stiffness of high-temperature dried wood in longitudinal and radial
loading were found to be hardly affected by large variations in mass loss (Papers 1V-V).
This was particularly true in the case of slowly dried wood, which not only experienced
higher mass losses, but also a higher degree of hornification. It thus appears that, regarding
the mechanical behaviour of wood, irreversible hydrogen bonding within the wood
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structure competed with the effects of mass loss. Additionally, reduced EMC due to
hornification may further increase the mechanical properties of dried wood. On the basis of
the results in Papers V-V, mechanical properties in radial loading were somewhat more
sensitive to mass loss than in longitudinal loading.

Inelastic ductility of dried wood was negatively affected by the hornification and the
mass loss in Paper IV. However, the occurrence of hornification has been suggested above
as a possible explanation for the highest inelastic ductility of wood heated at intermediate
relative humidity (Paper 111). This apparent contradiction with the results in Paper IV could
be due to different experimental arrangements. In Paper Ill, the wood specimens were
subjected to a heat-bath which included wetting, high-temperature drying, and rewetting
along with decreasing temperature. In Paper 1V, high-temperature drying was not followed
by rewetting, which might have recovered the inelastic ductility of the samples tested.

Significant microscopic damage occurs in the wood cell wall during drying. This
damage is due to anisotropic drying shrinkage of cell wall elements, inducing internal
stresses large enough to damage the wood cell wall (Van den Akker 1961, Thuvander et al.
2002). The microscopic damage strongly affects the mechanical properties of wood. The
impregnation of wood with a chemical that reduces drying shrinkage appears to more than
double the tensile strength of thin earlywood specimens (Thuvander et al. 2001).

Impregnation of wood with chemicals might not be the only way to reduce microscopic
cell wall damage. Relaxation of internal stresses in wood during drying, and the consequent
reduction of cell wall damage, may also be accomplished by conducting high-temperature
drying processes with extended drying times. This is because stress relaxation within the
wood amorphous polymers is favoured by increasing temperature, moisture content, and
available time for molecular reorganization (Williams et al. 1955, Back and Salmén 1982,
Kelley et al. 1987).

Slow high-temperature drying experiments were conducted in Papers IV-V. According
to the results, the effects of microscopic cell wall damage on the mechanical properties of
macroscopic wood specimens were not clearly identified. The incompatibility of drying
shrinkage is pronounced when the microfibril angle varies within or between cell wall
layers. In wood fibres, the S1 and S3 layers have large and widely varying microfibril
angles, whereas in the S2 layer the microfibril angle is rather uniform (Paakkari and
Serimaa 1984, Sahlberg et al. 1997, Brandstrém 2002). The drying damage is thus most
pronounced in the S1 and S3 layers, as well as in tracheids with a small proportion of the
S2 layer, i.e., earlywood tracheids. In longitudinal tension, latewood fibres carry a
significant portion of the total load. This is not only due to the greater density of latewood,
but also because it contains a higher proportion of the S2 layer, with a relatively small
microfibril angle (Paakkari and Serimaa 1984, Sahlberg et al. 1997, Brandstrom 2002). In
the bending experiments reported in Paper 1V, drying damage was most pronounced in
those sections of the microscopic structure of wood which actually carried a relatively small
part of the total load. Consequently, drying damage may drastically reduce the strength of
thin earlywood specimens (Thuvander et al. 2001), but it hardly affected the strength of the
entire wood structure loaded in the longitudinal direction (Paper V).

In radial loading, the contribution of the S1 and S3 layers to the mechanical properties
of wood is notable (Akerholm and Salmén 2001, Bergander and Salmén 2002, Salmén
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2004, Salmén and Burgert 2009). Therefore, the effects of drying damage might possibly be
observed not only in microtomed sections, but also in macroscopic wood specimens loaded
in the radial direction. According to Paper V, however, such effects could not be identified.
The mechanical behaviour of wood loaded in different directions is largely determined by
the structural composition of the cell wall. The hemicelluloses in the S1 and S3 layers have
a strong influence on the radial mechanical properties of wood, whereas cellulose
microfibrils mainly govern the mechanical properties in longitudinal loading (Akerholm
and Salmén 2001, Bergander and Salmén 2002, Salmén 2004, Salmén and Burgert 2009).
In a slow high-temperature drying process, stress relaxation may indeed reduce the
microscopic cell wall damage, but hemicelluloses in wood will also degrade, thus reducing
the radial mechanical behaviour of wood. As shown in Paper V, the degradation of wood
components, mainly hemicelluloses, during a slow high-temperature drying process
appeared to counter any benefit achieved by stress relaxation.

4.3. Effects of high-temperature drying on the porosity of the wood cell wall

As discussed above, three mechanisms that occur during high-temperature drying, i.e.,
thermal degradation, hornification and microscopic cell wall damage, affect the physical
and mechanical properties of wood. These three mechanisms may also affect its porosity. In
the first case, thermal degradation of wood components after exposure to elevated
temperatures (Stamm 1956, Hill 2006, Esteves and Pereira 2009) may result in the
formation of cavities within the cell wall. It has been shown that the removal of
hemicelluloses and lignin during pulping created new pores within the fibre cell wall (Stone
and Scallan 1967, Maloney and Paulapuro 1999). In the second case, as water exits the
pores during drying, the pore walls start to collapse, eventually evolving into pore closure
by irreversible hydrogen bonding, i.e., hornification (Scallan 1977, Weise et al. 1996,
Crawshaw and Cameron 2000, Park et al. 2006). In the third and final case, anisotropic
drying shrinkage of cell wall layers induces internal drying stresses, which can be large
enough to damage the wood cell walls (Van den Akker 1961, Kifetew et al. 1998,
Thuvander and Berglund 1998, Thuvander et al. 2001). Drying damage is manifested as
microcracks irregularly distributed within the cell wall (Wallstrom and Lindberg 1999,
Wallstrém and Lindberg 2000). Moreover, the NFW content in earlywood significantly
increases after drying (Kérenlampi et al. 2005), most likely because of the microscopic
drying damage. Changes in wood porosity due to drying may be reversible after rewetting
for a prolonged time (Tynjald and Karenlampi 2001).

Cell wall porosity in spruce wood after high-temperature drying and rewetting was
investigated in terms of thermoporosimetry in Paper VI. The NFW content was
predominantly between 20-30 % of the dry wood mass. Recent studies indicate that the
NFW content of dried wood specimens is between 30-40 % (Maloney and Paulapuro 1999,
Tynjald and Kérenlampi 2001, Kérenlampi et al. 2005). An obvious explanation for this
difference is that these studies have not succeeded in determining correctly the specific heat
capacity of the wood specimen. The heat capacity changes along with a thawing process, as
described in Section 2.5.1. Previous studies probably indicated overestimated values of heat
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capacity, consequently underestimating the amount of melting water, and subsequently
overestimating NFW content.

Similar NFW values between earlywood and latewood were found in Paper VI. The
same observation had also been reported by Karenlampi et al. (2005). Those authors,
however, found that drying increased the amount of NFW in earlywood. Such a
phenomenon was not detected in the present study, possibly due to the reference specimens
being stored in a freezer for a few months, which might have induced some freeze-drying.

The greater porosity of earlywood, as compared to latewood, shown in Paper VI may be
related to the higher density of pits between fibres (Sirvio and Karenlampi 1998).
Nonetheless the total amount of bound water, i.e., water in the cell wall, in earlywood was
very high, well exceeding the dry mass of wood. Such a high amount of pore water may be
associated to artifacts created during the microtoming of samples. Porosity may also depend
on the rewetting time.

The eventual effects of microtoming and rewetting time were investigated by preparing
undried earlywood samples with microtomed slices of 60 um and 200 pum thickness, and
keeping them immersed in deionized water for 48 hours before DSC experiments. The
results in Paper VI showed that increasing rewetting time opened up pores larger than 145
nm. Moreover, preparing wood slices with a sliding microtome appeared to create new
cavities in the cell wall, due to mechanical damage. The thinner the microtomed wood slice,
the greater the damage experienced. This effect was most clearly pronounced when
examining thin-walled earlywood fibres.

In this study, a pierced aluminium pan was used in the DSC experiments, instead of a
sealed pan as used previously (Maloney and Paulapuro 1999, Tynjald and Kérenlampi
2001, Karenlampi et al. 2005, Park et al. 2006). This obviously affects the depressed
melting temperature of water as a function of pore size. In the case of a pierced pan, the
pressure is atmospheric, regardless of temperature, whereas in a sealed pan, the pressure
changes as a function of temperature. As the wood sample was placed in the pan at room
temperature, lower temperatures within the pan corresponded to lower pressure. Therefore,
the melting temperature of water in a sealed pan was slightly higher than that at
atmospheric pressure. Consequently, at any depressed melting temperature, the
corresponding pore size as given by the Gibbs-Thomson equation (Eq. 13) became
underestimated by using a sealed pan. Moreover, the total amount of bound water
determined in a sealed pan might be somewhat lower than that determined in a pierced pan,
due to some additional pore water eventually melting between -0.1°C and the melting
temperature of free water.

According to the International Union of Pure and Applied Chemistry (IUPAC), pores
can be classified as micropores (< than 2 nm), mesopores (between 2 and 50 nm) and
macropores (> than 50 nm) (Rouquerol et al. 1994). In Paper VI, earlywood sections in all
dried specimens contained less bound water than native earlywood, as drying seemed to
close macropores over 145 nm. Moreover, the amount of bound water in dried earlywood
decreased with increasing drying temperature and time. Apparent closure of macropores
may imply the formation of irreversible hydrogen bonds within the cell wall during high-
temperature drying, and in particular with extended drying times. Earlywood and latewood
sections from specimens slowly dried at 130 °C had the lowest amount of bound water,
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regardless of the pore size and despite the fact that these specimens experienced the greatest
mass loss during drying. Therefore, pore closure promoted by irreversible hydrogen
bonding appeared to dominate over the creation of new cavities by degradation of wood
components.

In contrast to the closure of macropores, the amount of mesopores in both earlywood
and latewood was almost the same regardless of drying conditions. Kojiro et al. (2010)
have also reported that the mesopore volume in wood remains unchanged after heating.
However, increasing the heating temperature appears to decrease the amount of micropores,
possibly located in the lignin complex (Nakatani et al. 2008, Kojiro et al. 2010). A reduced
amount of microcracks, due to stress relaxation, may be partly responsible for the lower
amount of bound water found in dried earlywood along with increasing drying temperature
and time. In particular, slow drying processes appeared to result in lower NFW content in
earlywood. In latewood sections, however, microscopic cell wall damage was less
pronounced, and thus the effects of stress relaxation on the cell wall porosity could not be
clearly identified.

5. CONCLUSIONS

In this study, heat treatments and high-temperature drying experiments of Norway spruce
(Picea abies) wood specimens were conducted under different process conditions. The
hygroscopicity and the mechanical behaviour of the heat-treated and the high-temperature
dried wood were then determined. The pore size distribution within the wood cell wall after
drying was further investigated by means of thermoporosimetry. Three mechanisms
affecting the structure and properties of heat-treated and high-temperature dried wood were
evaluated.

At temperatures beyond 120 °C, the thermal degradation of wood, as indicated by the
mass loss, increased with increasing temperature, treatment time and relative humidity in
the heating atmosphere. The mass loss was attributed to the degradation of the
hemicelluloses, given that these are the least thermally stable polymers of the wood
structural components. The higher thermal degradation of wood along with increasing
relative humidity appeared to be dependent on the glass transition temperature of the
hemicelluloses. In other words, at any temperature, increasing relative humidity in the
heating atmosphere had a greater effect on the rate of mass loss if the hemicelluloses were
plasticized along with increasing relative humidity.

The hygroscopicity of heat-treated wood decreased with increasing mass loss. This was
a direct consequence of mass loss being due to the degradation of the hygroscopic
hemicelluloses. However, reduced hygroscopicity of wood was not solely explained by the
mass loss, but another mechanism related to the ambient humidity existed. Wood
specimens heated at intermediate relative humidity showed about 2 % lower EMC than
specimens heated in dry or in water-saturated conditions. As compared to the latter, wood
specimens heated at intermediate relative humidity experienced a wetting and high-
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temperature drying cycle during the heat-bath treatment. This induced irreversible hydrogen
bonding (hornification) within the wood structure, thus reducing the amount of bonding
sites available for water sorption. Intermediate relative humidity during a heat-bath
treatment would not probably result in reduced hygroscopicity if the relative humidity
remained constant during the heat-bath treatment.

The mechanical properties of heat-treated wood were negatively affected by the mass
loss. At constant moisture content, the strength, stiffness, ductility and toughness of wood
were clearly reduced as compared to untreated wood. The mass loss had a greater impact on
strength than on stiffness, the latter allowing a certain extent of mass loss before being
reduced. At constant ambient humidity, the mechanical properties of heat-treated wood
were higher than at constant moisture content, owing to its lower hygroscopicity. In those
circumstances, the strength and stiffness of wood were actually improved up to a mass loss
of about 2-3 %. Specimens heated at intermediate relative humidity had the lowest EMC at
constant ambient humidity, and thus they exhibited the best mechanical behaviour, which
surprisingly included inelastic ductility. Such enhancement in inelastic ductility may be
related to hornification. The superior performance of wood heated at intermediate relative
humidity could be important for developing artificial ageing processes for wood.

During high-temperature drying, the mass loss and the hornification increased with
increasing drying time. The extent of hornification in dried wood was further enhanced
with increasing final dryness. Both the mass loss and the hornification resulted in reduced
hygroscopicity of wood. Regarding the effects on the mechanical properties, the mass loss
and the hornification appeared to compete with each other. However, strength and stiffness
results in radial loading were somewhat more sensitive to mass loss than in bending.

Application of slow high-temperature drying to reduce microscopic damage in the wood
cell wall did not seem to have a clear effect on the mechanical properties of dried wood.
Microscopic drying damage due to anisotropic shrinkage of the cell wall layers is most
pronounced in earlywood sections. In longitudinal loading, latewood sections carry most of
the total load, not only because of their greater density, but also because they contain a
higher portion of the S2 layer, with a small MFA. Consequently, reduction of microscopic
damage barely affected the mechanical behaviour of the macroscopic wood structure in
bending. In radial loading, the influence of the hemicelluloses in the S1 and S3 layers on
the mechanical behaviour of wood is notable. Therefore, any benefits achieved by stress
relaxation during slow high-temperature drying processes were offset by the degradation of
the hemicelluloses.

Based on these results, drying processes should carefully schedule drying times
according to temperature and moisture conditions, in order to avoid significant thermal
degradation that would impair the mechanical properties of wood. Moreover, the
application of slow high-temperature drying processes, to minimize microscopic cell wall
damage, does not provide much benefit regarding the mechanical behaviour of dried wood.
Enhancing the mechanical properties of wood may be achieved by conducting a rapid high-
temperature drying process up to high dryness. Such a rapid drying process may avoid
thermal degradation whilst favouring hornification. Additionally, the occurrence of
hornification will result in reduced hygroscopicity, which may not only increase the
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mechanical properties of wood, but also improve other physical properties such as
dimensional stability.

The pore size distribution in wood, after high-temperature drying followed by rewetting,
was investigated by DSC. Earlywood and latewood sections contained a similar amount of
micropores. Earlywood, however, showed a greater density of pores larger than 24 nm, with
almost twice as much bound water as latewood in macropores of 300-800 nm. The high
amount of bound water in earlywood was partially related to the creation of cavities during
sample preparation (artifacts). Prolonged rewetting times further increased the amount of
bound water in wood.

High-temperature drying appeared to close macropores larger than 145 nm in
earlywood, particularly with increasing drying temperature and drying time. The closure of
pores by hornification dominated over the creation of cavities by degradation of wood
structural components. A somewhat lower NFW content was found in earlywood sections
of slowly-dried wood specimens. This was probably due to stress relaxation within the cell
wall structure, which reduced the amount of drying microcracks. The NFW content in wood
was predominantly between 20-30 % of the dry wood mass, which was lower than
previously indicated in the scientific literature. In this study, a new computational method
was developed to determine the heat capacity of wood. This computational method
appropriately considered the effect of phase change on the heat capacity of water, which
had been omitted in previous studies. Nonetheless, further investigations on the pore size
distribution in dried earlywood and latewood appear necessary to clearly elucidate the
effects of high-temperature drying on the structure of the wood cell wall.
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