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ABSTRACT

Predicting the performance of wood for decades ahead is important when using the material for
structural purposes. The performance is closely related to the hierarchical material structure of
wood and the dependent interaction with water in the structure. Accurately predicting wood
performance therefore requires an understanding of material structure from molecular to
macroscopic level as well as of the impact of water molecules.

The objective of this work is to investigate the performance of wood in terms of
mechanical response of the material and effect of water. To understand the latter, one must first
know in which parts of the wood structure, water is located. If parts of the water in wood are held in
capillaries in the wood structure, these water molecules interact with the material differently than
those held within wood cell walls. In this study, the occurrence of capillary water in wood is
investigated at high levels of relative humidity (RH), where capillary water might be present. Three
different techniques are employed in overlapping RH regimes. The three techniques give similar
results and show that the amount of capillary water is insignificant up to at least 99.5 % RH. Thus,
for wood in equilibrium with surrounding climate in the RH range 0-99.5 %, water is only
significantly present within cell walls.

A structural model of a wood cell is developed in this study using Finite Element
Method for predicting the mechanical performance of wood. The starting point for the model is the
physical behaviour on the molecular level since water interferes with wood at this level. The elastic
material properties of the wood cell wall are explained by the organisation of wood constituents and
their properties. The effect of water as well as temperature is incorporated by considering the
amount of hydrogen bonds between wood constituents and the stiffness of these bonds. The
mechanical response of wood includes a substantial time-dependent response, which previously has
been explained by sliding between wood constituents on the molecular level. In this study, this is
incorporated in the model as time-dependent shearing of the material planes of the cell wall. The
calculated results of the model is verified against various experimental results from literature as
well as from measurements presented in this work. It is shown that the structural model is able to
describe a diverse range of mechanical responses of wood cells in both elastic and time-dependent
domains. Furthermore, comparison of results from experiments and model suggests that the
mechanical response of wood tissue, i.e. the hierarchical level above single wood cells, is a sum of

responses from both wood cells and intercellular layer, i.e. the middle lamella.






SAMMENFATNING

Nar tree anvendes til konstruktioner, er det yderst vigtigt at dets mekaniske opfe@rsel kan forudsiges
langt ud i fremtiden. Traes opfgrsel haenger ngje sammen med bade den hierarkiske opbygning af
materialet og interaktionen med fugt i materialet. At kunne forudsige traes opfgrsel krever derfor en
dybere forstaelse af materialets struktur fra molekylert til makroskopisk niveau samt mekanismen
hvormed fugten pavirker materialet.

Formalet med denne afhandling er at afdekke traes mekaniske opfgrsel og fugtens
effekt herpa. For at kunne forsta sidstnzvnte, er det ngdvendigt fgrst at undersgge hvor fugten er til
stede i traeets struktur. Hvis en del af fugten findes i kapillarer i treeet, pavirker den materialet pa en
anden made end vandmolekyler bundet i traeets cellevegge. I dette projekt er tilstedeverelsen af
kapillarbundet fugt i tree undersggt under hgje relative luftfugtigheder (RF), hvor sandsynligheden
for at finde kapillarbundet fugt er stgrst. Tre forskellige maleteknikker er anvendt med overlap i
intervallet i RF for hver teknik. Alle tre teknikker gav ensartede resultater, og det vistes at ma&ngden
af kapillarbundet fugt er forsvindende lille for luftfugtigheder under 99,5 % RF. Det konkluderes
derfor at tre i ligevaegt med luftfugtigheder mellem 0-99,5 % RF i langt overvejende grad har
fugten bundet i cellevaeggene.

I denne athandling udvikles endvidere en strukturel model af en trecelle ved brug af
Finite Element-metoden. Formalet er at forudsige trees mekaniske opfgrsel ud fra denne model.
Udgangspunktet for modellen er den fysiske opfgrsel pa molekylart niveau, eftersom det er pa dette
niveau fugten interagerer med treet. Cellevaeggenes elastiske materialeegenskaber forklares ud fra
deres kemiske opbygning. Effekten af bade fugt og temperatur forudsiges ud fra antallet af
hydrogenbindinger mellem traets bestanddele og stivheden af disse. Tres mekaniske opfersel er i
betydelig grad tidsath@ngig. Baggrunden for den tidsath@ngige opfarsel er tidligere blevet forklaret
ved glidninger pa molekylert niveau mellem traets bestanddele. Dette medtages i denne afthandling
gennem tidsath@&ngige forskydningsdeformationer i celleveggens materialeplaner. Resultaterne fra
den strukturelle model verificeres mod forsggsresultater fra litteraturen savel som fra forsgg
beskrevet i denne afhandling. Det vises at modellen er i stand til at beskrive en bred vifte af traes
forskelligartede elastiske og tidsatha@ngige fenomener. Endvidere vises det at trees mekaniske

opfarsel er en sum af bidrag fra traets celler og materialet mellem cellerne, kaldet midtlamellen.
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INTRODUCTION
Motivation

Modern society is filled with products made of or derived from wood, e.g. paper and packaging
materials, furniture, tools, and structural components in buildings. The last decades have seen a
growing European consumption of wood (Kangas and Baudin 2003) of which about half is used for
construction purposes (CEI Bois 2008). There is good reason to believe that wood will remain an
important building material for future generations. For instance, growing concerns over
environmental issues and global warming have led to new sustainable building practices (Rocco et
al. 2010). These encourage the use of materials with small or moderate environmental footprint,
which favours renewable resources such as wood (Rocco et al. 2010). The choice of wood is,
however, also favoured by a natural human affinity for wood; we have an innate fondness of the
visual and tactile characteristics of wood (Nyrud and Bringslimark 2010).

In order to build safe and durable structures, a proper understanding of physical
characteristics of the building materials is required. The serviceability of a structure is not only a
question of the strength of components, i.e. whether the building will stand for a required service
life. The serviceability also incorporates lasting functionality of the structure. Thus, structures are
designed to avoid function interfering deformations, e.g. the sagging of a beam should not exceed
the serviceability limit criteria. When building with wood, this latter requirement is many times the
designing factor. This is because of the significant time-dependent mechanical response of the
material. For instance, after one year of service the deflection of a wooden joist has typically
increased 50 % compared to the immediate deflection. The time-dependent response, however, is
variable and heavily influenced by both moisture and temperature. One of the primary goals of
wood science for many decades has therefore been to predict the time-dependent mechanical
behaviour as function of moisture and temperature.

The first attempts at predicting the time-dependent mechanical behaviour of wood
were purely empirical. Thus, correlations in experimental results led to mathematical models. The
empirical approach is illustrated in figure 1.1, where measured parameters by extrapolation directly
lead to the predicted parameters. One example is the work of Clouser (1959) based on experiments
with small wood beams in bending. In this work, a power law function was fitted to the deflection
over time. The parameters determined in this way are, however, not linked to any physical reality

(Hunt 1997). They can thus not provide a deeper scientific understanding of the behaviour of wood.
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Figure 1.1: Empirical approach for predicting wood properties.

Another approach is the introduction into wood science of various theoretical mathematical models
from other scientific fields where they have been successfully applied. These models are based on
assumptions regarding the physical reality, and therefore their parameters may or may not have
physical meaning when used for wood. Often, the models fail to describe experimental results. This
is possibly because of deviations between the physical reality in which the models have been
established and that in which they are set to operate. The approach is illustrated in figure 1.2 where
measured parameters serve as input data in a theoretical model from which predicted parameters are

drawn.
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Figure 1.2: Theoretical approach for predicting wood properties.

One example of this is the work of Hanhijdrvi (1995) which describes a simple mathematical model
for predicting the time-dependent mechanical behaviour of solid materials. In fact, the model is
similar to the one used in this work. It is a statistical mechanical description of how fast time-
dependent processes occur. However, the model as it is does not consider the microstructure of the
material concerned, and it fails to describe experimental data. Therefore, Hanhijirvi (1995) expands
the model by introducing the sum of terms of similar form but with different parameter values.
Hereby, predictions of the model are improved by incorporating several (physical unjustified)
parameters as are many other mathematical models. Consequently, the physical interpretation of
parameters is difficult (Hunt 1997; Gril et al. 2004), and models start resembling empirical fitting
models, rather than physical realistic models. A deeper scientific insight into the physics behind
wood behaviour is therefore lost. A further review of both empirical and theoretical mathematical

models is given by Morlier and Palka (1994). None of these models are able to describe the time-



dependent mechanical behaviour of wood from coherent physical theory. It must here be stated that
the works of Hanhijdrvi (1995) and Clouser (1959) are not brought forward as examples of useless
research efforts. On the contrary, it shows the progression of wood science from basic experiments
and simple mathematical models towards more complex experiments and elaborate models. It is
thus natural that successors of these scientists stand on their shoulders and try to renew and rethink
the theories in order to further advance our knowledge on wood behaviour.

This work attempts a mathematical description of the mechanical behaviour of wood
based on established theories from other scientific fields, while considering the physical reality the
mathematical model is operating in, i.e. wood. Thus, the model must not violate physics, e.g.
degenerate established physical theories, nor make violations to the structural constraints. This kind
of approach is illustrated in figure 1.3 where a structural analysis of the material in question is the
basis for constructing the theoretical model. The measured parameters are used for verifying the

model from which predicted parameters are drawn.
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Figure 1.3: Theoretical approach for predicting wood properties incorporating the structure of the material.

Such approach has previously been used to describe the elastic mechanical behaviour of wood. For
instance, both Mark (1967) and Salmén (1982) described the elastic mechanical behaviour of wood
based on present knowledge about wood microstructure. More recently, Persson (2000) used
numerical modelling to describe the elastic mechanical behaviour. Similarly, several
micromechanical modelling studies have been performed on wood recently and are reviewed by
Hofstetter and Gamstedt (2009). However, so far no study has successfully described the time-

dependent mechanical behaviour of wood.



Structure of the thesis

This thesis rests on both experimental and theoretical work done by the author and co-workers as
well as scientific investigations reported in the literature. To clarify which parts of the thesis are
contributions of the author and co-workers, a brief review of the structure of the thesis is here

stated.

e Chapter 1, “Softwood structure”, is a state-of-the-art on structure and composition of
softwood. The chapter is entirely based on relevant literature, and no contributions of the
author are added. The chapter serves as an introduction to the hierarchical structure of wood

which is important for the mathematical modelling performed in Chapter 3.

e Chapter 2, “Water in wood”, deals with the interaction of softwood with water. The
contribution of the author and co-workers is mixed with contributions during the last 100
years from scientific investigation on the subject. First half of subchapter “Sorption
isotherm” and entire subchapter “First desorption and effect of drying procedure” are based
on work done by the author. The rest of the chapter relies on data and observations from the
literature with some new interpretations by the author. The work of the author and co-
workers related to this chapter is also described in Paper 1, II, and III. The chapter describes
where in the wood structure water is present and how water interacts with wood. This
information is crucial for the mathematical description of effects of water on mechanical

behaviour in Chapter 3.

e Chapter 3, “Mechanical behaviour”, focuses on our current understanding of the mechanical
behaviour of softwood cells, and on basis of this shows how the behaviour can be
mathematically described. The first two subchapters “Effects of water on the elastic
properties of the cell wall” and “Effects of water on the time-dependent properties of the cell
wall” are reviews of the literature relevant for establishing the modelling presented in the
rest of the chapter. The subsequent four subchapters ‘“Modelling the elastic and time-
dependent behaviour of the cell wall”, “Numerical modelling of the elastic behaviour of
tracheids”, “Numerical modelling of the time-dependent behaviour of tracheids”, and

“Effect of water on the mechanical behaviour of softwood” are all based on work done by



the author and co-workers. The work related to this chapter is also described in Paper IV, V,
and VI. The chapter explains elastic behaviour from theories describing the amount of
hydrogen bonds between wood polymers, whereas the time-dependent response is described
by shearing processes at the molecular level where wood polymers are displaced relative to
each other. Many of the assumptions of this chapter are directly based on wood

microstructure and effects of water described in Chapter 1 and 2.

Chapter 4, “Suggested future research”, attempts to briefly introduce two related wood

phenomena which are relevant for the numerical modelling presented in Chapter 3.






CHAPTER 1
Softwood structure

Wood is a hierarchical material with several levels of organisation. Predicting the behaviour of
wood therefore requires substantial knowledge of composition and structural organisation from
molecular level to macroscopic structure. The governing components at the molecular level are the
biopolymers cellulose, hemicelluloses, and lignin. These are organised into a composite and form
the cell walls of the tracheid cells, which in turn are arranged into wood tissue. The structure and
variation at these different levels have a potential influence on macroscopic wood performance. The
following gives a brief review of current knowledge about the organisation of softwood at the

molecular, the cell wall, and tissue levels.

The cellulose microfibril
Cellulose is the most highly ordered and stable wood polymer. The repeating unit of cellulose is
cellobiose shown in figure 1.1, consisting of two glucose monomers. These monomers are

polymerized to a degree of polymerisation of about 10,000 in wood (Goring and Timell 1962).

OH OH
OH OH OH OH
o o o o
o © o
OH OH OH OH
OH OH

Figure 1.1: Two cellobiose units connected to form a small part of a cellulose chain.

The cellulose chains are aligned and arranged into microfibrils which are long aggregates (Atalla et
al. 2008) that for softwood consists of 36 chains each (Ding and Himmel 2006; Li and Renneckar
2011). The cross-section of a softwood microfibril is hexagonal as illustrated in figure 1.2 and has a
thickness of about 3.1 nm and a width of about 5.3 nm (Li and Renneckar 2011). Various other
values have been reported for the microfibrillar dimensions (Andersson et al. 2003; Emons 1988;
Ha et al. 1998; Hult et al. 2001; Hult et al. 2003; Ohad and Danon 1964). The variation between
studies result from limitations of the measurement techniques and sample preparation procedures
employed (Ding and Himmel 2006). Microfibrils from other natural sources may, however, have
different dimensions, e.g. algae microfibrils are typically quite large (Sugiyama et al. 1985). The

length of a microfibril is less certain than the cross-sectional dimensions (Hanley et al. 1997,



Somerville et al. 2004). The length can, however, be estimated based on the degree of
polymerisation of glucose monomers and their length. Detailed experimental studies have revealed
that the length of a cellobiose unit, i.e. two glucose monomers, is close to 1.04 nm (Nishiyama et al.
2002; Nishiyama et al. 2003). With a degree of polymerization of glucose of 10,000, this yields an
expected length of microfibrils around 5 pum, i.e. about 1,000 times the width of the microfibrils.

In the softwood microfibril, the cellulose chains are ordered in eight sheets (Li and
Renneckar 2011), see figure 1.2. Every sheet is held together by strong hydrogen bonds between
hydroxyl groups, whereas the interaction between sheets are governed by weaker hydrogen bonds
and van der Waals interactions (Li and Renneckar 2011; Qian et al. 2005; Qian 2008). It has been
proposed (Atalla and Vanderhart 1984) that two different stable conformations of native cellulose
microfibrils exist; cellulose Ia and cellulose IB. The proportions of Ia and If depends on the plant
species studied (Vanderhart and Atalla 1984). Traditionally, cellulose in the microfibril is called
“crystalline” and the forms Ia and If are characterized by differences in the crystalline unit cell and
hydrogen bonding pattern. The two forms are, however, very much alike and can be found in the
same microfibril (Imai and Sugiyama 1998; Sugiyama et al. 1991; Wada and Okano 2001). It has
been suggested that the core of microfibrils was composed of If surrounded by Ia (Yamamoto et al.
1996), but recent studies have shown that the two forms are mixed in the microfibrils (Horikawa

and Sugiyama 2009). The exact distribution, however, remains unclear.

[OH—O/intrasheeth-bonding  CH—O intersheet h-bonding and van der Waals

mmi
W\W W{W\ W(W

W W awv W W W
R % ‘\W W ’\NV W

\
-— 245246nm _

< 4.90-4.93 nm >
< 5.30-5.34 nm >

wu 6€0

Y R A K

Figure 1.2: Cross-section of a microfibril with 36 cellulose chains arranged in a hexagonal pattern.

Reprinted with permission from (Li and Renneckar 2011). Copyright (2011) American Chemical Society.



Previously, microfibrils were thought to be made up of portions of crystalline cellulose interrupted
by regions of less ordered cellulose (Mark 1928; Mark 1940; Mukherjee et al. 1951); see (Hon
1994) for a historical account of models for the arrangement of cellulose in microfibrils. Recent
experimental findings show, however, that the microfibrils are continuous ordered aggregates (Ding
and Himmel 2006) twisted along the length (Hanley et al. 1997). This is confirmed by molecular
dynamics studies (Matthews et al. 2006; Yui et al. 2006), and it thus seems that the aggregated
cellulose has an inherited tendency for twisting along the length. The twisting of microfibrils
probably depends on the dimensions of the cross section (Atalla et al. 2008).

Experimental studies have revealed that part of the cellulose in microfibrils is less-
ordered, and this part has been termed “amorphous”. Unlike previous models of microfibrils, the
amorphous cellulose is not interrupting ordered portions of crystalline cellulose. Instead, it is now
clear that the so-called amorphous cellulose in fact is cellulose chains found at the surfaces of
microfibrils (Larsson et al. 1999; Newman and Hemmingson 1995). This is confirmed by
evaluating the crystallinity, i.e. percentage of “crystalline” cellulose, of different sized microfibrils
from various natural sources. The variation in size gives a variation of surface-to-volume ratio, and
this ratio is directly correlated with the measured crystallinity of the various microfibrils
(O’Sullivan 1997). For wood, about 33 % of the hydroxyl groups of cellulose are located on the
surfaces of microfibrils (O’Sullivan 1997). Although surface cellulose is not amorphous in the strict
sense of the word, the bonding pattern for these chains might be less ordered than for core cellulose

chains (O’Sullivan 1997; Xu et al. 2007).

The tracheid cell

The cellulose microfibril is the most significant structural unit of plant cells. Several different types
of plant cells exist but the most abundant cell in softwood is the tracheid. It constitutes about 95 %
of the softwood volume (Higuchi 1997). Tracheids are about 2-4 mm long and 0.02-0.04 mm wide
hollow tubes (Briandstrom 2001). The inner void volume of the cell is called cell lumen and the
material surrounding the lumen is termed cell wall. In tracheids, the latter has thickness of 0.002-
0.008 mm (Brindstrom 2001). The cell wall of tracheids can be divided into the primary (P) and
secondary wall of which the latter typically consists of three distinct layers: S1, S2 and S3, see
figure 1.3. The dominant wall layer is the S2 layer which constitutes around 80 % of the cell wall

(Fengel and Stoll 1973).
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Figure 1.3: Cell wall layers of a softwood tracheid cut open. P = primary wall, S1-S3 = secondary wall.

In all of the wall layers, the microfibrils have a helical structure as seen in figure 1.4; however, the
inclination of the helix varies between wall layers. In the S1 and S3 layers, the helix has a very low
inclination (Brandstrom et al. 2003), whereas microfibril inclination in the S2 layer typically is
quite large (Barnett and Bonham 2004). The microfibrils in the primary wall are not as aligned and
arranged as those in the secondary wall (Stevanic 2008). The inclination of microfibrils in each
layer is often described by the microfibril angle (MFA). This is defined as the angle between the
microfibrils and the longitudinal direction of the tracheid as seen in figure 1.4. Since the S2 layer is

the dominant layer, it is common that the MFA of the S2 layer is denoted the MFA of the tracheid.

'\<{ MFA

Cell axis

Figure 1.4: Schematic illustration of a wood cell showing the helical structure of microfibrils.

Besides cellulose microfibrils, the most important constituents of the cell wall are hemicelluloses
and lignin. The former is a family of several wood polymers with the arabinoglucuronoxylan and
galactoglucomannans being the most abundant hemicelluloses in softwood (Sjostrom 1993). They
are branched polymers with a lower degree of polymerization than cellulose and consist of various

different saccharides, see figure 1.5.



O OH OH

OH OH

Figure 1.5: Chemical structures of the two most common softwood hemicelluloses: arabinoglucuronoxylan

(left) and galactoglucomannan (right). R = CH;CO or H. Based on (Sjostrom 1993).

Lignin is an aromatic branched polymer. Three types of building blocks, called mono-lignols, exist
of which softwood is mainly made up by the mono-lignol coniferyl alcohol (Sjostrom 1993), see
figure 1.6. Due to differences in the mode of lignin polymerization, two different types of lignin are

found in softwood; condensed and non-condensed (Joseleau and Ruel 2007; Ruel et al. 2006).
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Figure 1.6: Typical covalent bonding in lignin. Based on (Christiernin 2006, Terashima and Seguchi 1988).

The arrangement of the different polymers is illustrated schematically in figure 1.7. Experimental
studies using both electron microscopy and atomic force microscopy have revealed aggregations of
microfibrils termed macrofibrils (Donaldson 2007; Fahlén and Salmén 2003; Fahlén and Salmén
2005). These have varying sizes dependent on the number of microfibrils present in a given
macrofibril. Another study shows that the microfibrils follow a wavy pattern along their length
(Bardage et al. 2004; Ding and Himmel 2006; Fahlén 2005). Salmén and Burgert (2009) therefore
suggest that the microfibrils have various contact points with other microfibrils along their length.
In a given cross-sectional plane of the cell wall, microfibrils in contact with each other in that
particular plane give the impression of macrofibrils (Xu et al. 2007). In a neighbouring cross-
section, however, the observed macrofibrils may consist of microfibrils that were found in different

macrofibrils in the first cross-section.
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Between microfibrils, the hemicelluloses and lignin are found. Glucomannan hemicellulose is the
component closest to the cellulose microfibrils (Akerholm and Salmén 2001; Akerholm and Salmén
2004), whereas non-condensed lignin is farthest from the microfibrils. In between these two, the
xylan and condensed lignin are found (Ruel et al. 2006) which are covalently bonded to each other
(Salmén and Olsson 1998). Experimental studies indicate that glucomannan (Liang et al. 1960;
Stevanic and Salmén 2009; Akerholm 2003), xylan (Liang et al. 1960; Marchessault and Liang
1962; Stevanic and Salmén 2009), and lignins (Fromm et al. 2003; Akerholm and Salmén 2003) are

all oriented parallel to the microfibrils.
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Figure 1.7: Structural arrangement of chemical constituents (upper right), wavy pattern along the
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microfibrils in the S2 layer (left), and concentric arrangement of lamellas in the cell wall (lower right).

Based on (Salmén and Burgert 2009).

The cell wall appears to have a lamellar structure (De Micco et al. 2010; Fahlén and Salmén 2002;
Fromm et al. 2003; Ruel et al. 1978) with concentric lamellar orientation as shown in figure 1.7.
This is possibly a result of the deposition of the different layers during cell growth. The last

component to be deposited in the cell wall is non-condensed lignin which is mostly found between
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the lamellae (Ruel et al. 2006). The less cross-linked mode of polymerization of this lignin
compared with condensed lignin is a result of spatial constraint from the already deposited structure

(Jurasek 1995; Roussel and Lim 1995).

Softwood tissue
The softwood tracheids are held together in tissues by the middle lamella, see figure 1.8. This layer
is almost entirely composed of condensed lignin (Christiernin 2006; Meshitsuka and Nakano 1985;

Terashima and Fukushima 1988).
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Figure 1.8: Tracheids in a softwood tissue held together by the middle lamella.

In geographical regions with seasonal changing climate, e.g. temperate regions, softwood tissue
formed varies over the season. In spring when trees reassume growth after being dormant during
winter, the tissue formed consists of tracheids with thin cell walls and wide lumens. This tissue is
known as earlywood. As growth progresses the cells formed start having smaller and smaller
lumens and thicker cell walls until the end of the growing season. The tissue formed in this part of
the season is called latewood. For some wood species, the intermediate tissue between earlywood
and latewood is referred to as transition wood. The change might, however, also occur abruptly
rather than gradually. The difference in cell geometry between earlywood and latewood results in a

higher density of the latter (Vintila 1939).
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CHAPTER 2
Water in wood

Water has an undisputable effect on the properties of wood. The wood cells are formed in an
aqueous environment inside the tree, and have a natural affinity for water. For wood engineering
purposes, water is of great importance since it alters the mechanical behaviour of wood
dramatically. Understanding sorption of water in the cells is therefore important in terms of
predicting macroscopic wood performance. The general concept of water in wood used in the
following is largely based on the work of Salmén and co-workers (Berthold et al. 1994; Berthold et
al. 1996; Berthold et al. 1998; Olsson and Salmén 2004a).

Wood cell affinity to water
The wood cell wall is made from polymers which are all more or less hydrophilic. Therefore, wood
can accommodate a substantial amount of water inside its cell walls. The most important chemical
component in terms of attracting water molecules are hydroxyl groups found in all wood polymers.
Other chemical groups such as carboxyl groups may also attract water (Berthold et al. 1994) but
their amount in the cell wall is negligible. All chemical groups capable of attracting water
molecules are termed sorption sites. Their affinity to water derives from their ability to form
hydrogen bonds with water molecules (Jeffrey and Saenger 1991). The most sorption sites are
found in hemicelluloses followed by cellulose and lignin (Christensen and Kelsey 1959). Since
condensed lignin has fewer hydroxyl groups than non-condensed lignin, there should be more
sorption sites available in the latter. There exists, however, no experimental proof of this.
Conformational analysis indicates that the amorphous nature of hemicelluloses and lignin makes all
their sorption sites more or less equally energetically favourable for water molecules (Pizzi et al.
1987a). For cellulose only the surfaces of microfibrils are accessible for water (Hofstetter et al.
2006; Matthews et al. 2006; Wickholm et al. 1998). Due to the rigid structure of cellulose
microfibrils, the calculated sorption energy of their sorption sites shows greater variation than for
the amorphous wood polymers (Pizzi et al. 1987b).

Traditionally, water in wood has been divided into several classifications. As Stamm
(1950) shows the different classifications do not always agree. Following the classifications held by
Salmén and co-workers, water in wood cells can be held as non-freezing bound water, freezing

bound water, and free water. Non-freezing bound water is water specifically bound to sorption sites.
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For hydroxyl groups, the amount of water molecules they can bind is one in average but no more
than two per sorption site (Berthold et al. 1994; Pizzi et al. 1987b). Freezing bound water is more
loosely bound than non-freezing bound water. It appears as clusters of water around strongly polar
sorption sites such as carboxylic acid groups (Berthold et al. 1996). Thus, freezing bound water is
only indirectly bound to the hydrophilic sites of wood polymers and it is only found when air
humidity is high (Berthold et al. 1994). The negligible amount of strong polar groups in untreated
wood means that no freezing bound water is found in untreated wood (Paper I). Another study
suggests, however, that freezing bound water can be found at moisture content (MC), i.e. mass ratio
of moisture to wood, down to at least 8 % MC (Handa et al. 1982) which roughly corresponds to an
air humidity of 40 % at room temperature (Forest Products Laboratory 2010). Free water in wood is
held in voids in the cell structure by capillary forces. Thus, the term free only signifies that water
molecules are not bound to specific sorption sites. Stamm (1950) refers to this type of water in

wood as capillary water.

Sorption isotherm

The amount of moisture in wood depends on the surrounding climate. The maximum amount of
water which can be accommodated within wood cell walls is termed the fibre saturation point
(FSP), although the exact definition varies among researchers (Paper III). For softwood the FSP is
in the range of 40 % MC (Griffin 1977; Herndandez and Bizon 1994; Hill et al. 2005; Stone and
Scallan 1967). After harvesting and in the absence of direct contact with liquid water, the moisture
content of wood is controlled by temperature and relative humidity (RH). This dependence can be
described by sorption isotherms for given constant temperatures as seen in figure 2.1. Besides RH
and temperature, the equilibrium moisture content (EMC) of wood depends on its moisture history.
For instance, drying (desorption) from a saturated state in certain climatic conditions yields a higher
EMC than moistening (adsorption) from a dry state to the same conditions. This will be described in
the next subchapter.

The sorption isotherm of wood has a sigmoid shape. The physical background for this
shape has over the decades been attributed to various phenomena and attempted predicted by
different mathematical models. Sorption behaviour at low to intermediate relative humidity has
been explained by water molecules gradually covering internal surfaces of the wood (Stamm and
Hansen 1938). At high RH, the upward bend of the sorption isotherm has been attributed to
capillary condensation (Babbitt 1942; Barkas 1937; Kollmann 1962; Sheppard 1933; Spalt 1958;
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Stamm 1950), i.e. sorption of free water. However, capillary condensation has been speculated only
to be possible above 90 % RH, whereas the upward bend occurs around 60-70 % RH (Stamm
1964). It appears now that capillary condensation does not play any significant role in the water

vapour sorption of wood (Paper I, II).
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Figure 2.1: Softwood sorption isotherms in the range 0-95 % RH (Forest Products Laboratory 2010).

Assuming an idealized tracheid geometry, it is possible to calculate the amount of water held as free
water in pits and lumens of softwood by the Kelvin equation (Paper II). This is illustrated in figure
2.2 from which it is seen that the theoretical calculations dismiss capillary condensation as being
significant in sorption of water vapour by wood. Even at RH as high as 99.9 % the contribution of
free water to the EMC is still below 0.5 %.

The role of capillary condensation has also been investigated experimentally (Paper I).
Comparison of desorption isotherms at high RH for untreated and acetylated softwood are in
agreement with conclusions found from theoretical calculations. The acetylation process replaces a
certain amount of sorption sites with other functional groups which do not bind water. Thus, the
EMC of acetylated wood is reduced by the fraction of sorption sites replaced. Due to the small size
of the replacing functional groups, capillary condensation remains unaffected by the procedure
(Paper I). Thus, if capillary condensation plays a significant role in sorption behaviour at high RH,
the upward bend of the sorption isotherm would be similar for both untreated and acetylated
samples. However, if the amount of water held in the wood at high RH is directly related to the

amount of available sorption sites, the EMC of acetylated wood should be reduced by a constant

fraction.
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Figure 2.2: Calculated amount of capillary water in an idealized softwood structure. Data from (Paper II).

The desorption data in figure 2.3 clearly shows that the EMC of acetylated wood is reduced by a
constant fraction. Therefore, since capillary condensation plays an insignificant role in sorption
behaviour at high RH, sorption behaviour must be governed by mechanisms related to the binding

of water to sorption sites in the cell wall.
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Figure 2.3: a) Desorption data for untreated and acetylated spruce samples. For each data point the method
for establishing constant relative humidity is indicated. b) Ratio of moisture content of acetylated samples to

that of untreated ones as function of relative humidity. Data from (Paper I).

The sorption isotherm of wood reflects to a large extent that of its constituents. Thus, the amount of
water bound to either of the wood polymers is in a constant relation with the wood EMC as
illustrated in figure 2.4. It is clear that hemicelluloses dominate the sorption behaviour due to their
large amount of sorption sites. Lignins have the lowest sorptive capacity, whereas cellulose is

intermediate between these two. The latter is not shown in figure 2.4 due to problems with isolating
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cellulose without changing the degree of crystallinity, i.e. percentage of accessible sorption sites.
However, transforming the sorption data to number of water molecules per accessible sorption site
in cellulose reveals a sorption isotherm of similar shape as that for wood (Berthold et al. 1994).

The sorption isotherms of many polymeric materials have a sigmoid shape. For
amorphous polymers it has been suggested that the upward bend is related to softening of polymers
(Mauze and Stern 1984; Pierlot 1999; Vrentas and Vrentas 1991). Softening is the transition from a
glassy to rubbery state of amorphous polymers. The glassy state is characterized by high viscosity
and rigidity of the polymers, whereas polymers in rubbery state have a much lower viscosity and
rigidity. When a hydrophilic polymeric material experiences a change in moisture content it is
accompanied by shrinkage/swelling, i.e. a change in volume. The capacity to accommodate water

molecules must therefore be related to the rigidity of the polymers.
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Figure 2.4: a) EMC ratio between hemicellulose (diamonds) or lignin (triangles) and wood as function of
RH, and b) EMC of hemicellulose (diamonds) and lignin (triangles) as function of wood EMC. Experimental
data for hemicelluloses (temperatures 16-80 °C) and lignin (20-25 °C) (Christensen and Kelsey 1958;
Christensen and Kelsey 1959; Cousins 1976; Cousins 1978; Goring 1963; Olsson and Salmén 2004b; Reina
et al. 2001; Sadoh 1960; Sadoh and Christensen 1964; Seborg et al. 1938). The wood EMC is calculated
Jfrom the standard softwood isotherm at the different experimental temperatures (Forest Products Laboratory

2010).

Softening is accompanied by a marked decrease in rigidity of the polymers which also reflected is
in an increasing diffusivity (Meares 1954), i.e. the ability of adsorbed molecules to move inside the
polymers. At room temperature, softening of hemicelluloses occur around 75 % RH (Olsson and

Salmén 2004b). It depends, however, on both temperature and EMC of the wood as illustrated in

19



figure 2.5. The figure clearly shows that the softening curve for hemicellulose crosses the isohumes,

i.e. lines of constant RH, in the region 70-90 % RH at room temperature.
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Figure 2.5: Softening of hemicelluloses (diamonds) and lignin (triangles) as function of wood EMC.
Experimental data from (Becker and Noack 1968; Irvine 1984; Kelley et al. 1987; Olsson and Salmén
2004b, Stevens et al. 1983). Grey lines marks isohumes, i.e. lines of constant RH, derived from the standard

softwood sorption isotherm (Forest Products Laboratory 2010).

That softening of amorphous polymers can have such an effect on the sorption isotherm is
illustrated by several experimental investigations on various polymers (Berens 1975; Chiou et al.
1985; Kamiya et al. 1986; Wissinger and Paulaitis 1987). The results indicate that when polymers
are in the glassy state, the inclination of the vapour sorption isotherm, i.e. the derivative
dEMC/dRH, decreases with increasing RH. When polymers are in the rubbery state for all vapour
pressures, the sorption isotherm is either linear or has an upward bend at high vapour pressures
(Berens 1975), i.e. increasing inclination with increasing RH. However, when the sorption isotherm
covers conditions both above and below the softening point, a sigmoid shaped isotherm appears
(Chiou et al. 1985; Wissinger and Paulaitis 1987). In figure 2.6, sorption isotherms for
hemicelluloses and lignin are shown. The hemicellulose isotherm is below the softening point at
low RH and above at high RH, see figure 2.5, whereas the lignin isotherm is below the softening
point for all RH. Whereas the hemicellulose sorption isotherm has a sigmoid shape, the lignin
isotherm shows decreasing inclination with increasing RH. Furthermore, it seems that the onset of
the upward bend of the hemicellulose isotherm is slightly lowered with increasing temperature. This
could be related to the influence of moisture on softening as illustrated in figure 2.5 or to

differences in chemical composition of the extracted hemicelluloses. Nonetheless, the curves
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indicate that the upward bend of the wood sorption isotherm at room temperature are due to

softening of hemicelluloses.
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Figure 2.6: a) Sorption isotherms for hemicelluloses at 16 °C (Sadoh 1960), 25 °C (Sadoh and Christensen
1964), 34 °C (Olsson and Salmén 2004b), and 50 °C (Olsson and Salmén 2004b), and b) sorption isotherms
for lignin at 20 °C (Cousins 1976) and at 25 °C (Christensen and Kelsey 1958; Reina et al. 2001 ).

The sorption isotherm of wood at low RH levels resembles that of glassy polymers below their
softening point (Vrentas and Vrentas 1991). Water molecules entering the wood cell wall in a
completely dry state will be adsorbed to the most favourable sorption sites. These are presumably
the weakest intramolecular hydrogen bonds (Cocinero et al. 2009) or tiny voids on the molecular
scale, i.e. free volume (Vrentas and Vrentas 1996) where water molecules do not have to create
space for them to be accommodated. This could also explain the slightly lower degree of
dimensional change for moisture changes in the low end of the sorption isotherm, i.e. up to about 5
% MC (Hartley and Avramidis 1996; Weichert 1963). The first water molecules entering the cell
wall might even increase the structural order of the hydrogen bonding pattern. Such behaviour has
been experimentally observed in monosaccharides and confirmed by molecular modelling of one
water molecule interacting per sugar unit (Carcabal et al. 2005). Since there are about three sorption
sites per sugar unit in wood polymers, one water molecule per sugar unit corresponds to around
0.33 H,O per sorption site. Figure 2.7 shows the average number of water molecules per accessible
sorption site, i.e. not counting the unavailable hydroxyl group within microfibrils. It appears that

0.33 H,O per sorption site corresponds roughly to 5-6 % MC.
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Figure 2.7: Sorption isotherm for wood at room temperature (Forest Products Laboratory 2010) and

average number of water molecules per sorption site (Berthold et al. 1996).

Sorption hysteresis
As mentioned previously, the EMC of wood depends on the moisture history. This is typical for
amorphous polymers in the glassy state (Fleming and Koros 1986) and is called sorption hysteresis.
Sorption hysteresis can be illustrated by the isotherms for moisture uptake (adsorption) from dry
condition and moisture release (desorption) from saturation condition. Of these isotherms, the
desorption isotherm lies above the adsorption isotherm. Thus, a lower vapour pressure is needed to
maintain a given moisture content during desorption than during adsorption (Vrentas and Vrentas
1996). Any other isotherm generated from a different moisture history than desorption from
saturated condition or adsorption from dry condition, will either coincide or lie between these two
isotherms.

For polymeric materials like wood, sorption is accompanied by shrinkage/swelling.
The structure of amorphous polymers is collapsing during desorption, whereas adsorption will re-
open and swell the structure. Above their softening point, amorphous polymers can freely adjust to
accommodate the volume change produced by adsorption or desorption (Meares 1954) as illustrated
in figure 2.8. In the glassy state, however, movement of polymers is restricted. Therefore, an
amount of free volume is “frozen” as polymers enter the glassy state (Vrentas and Vrentas 1991).
Thus, it is more or less locked in a local thermodynamic equilibrium state which not necessarily
equals the global thermodynamic equilibrium state. The occurrence of free volume can be seen
from the total volume of swollen glassy polymers, which is greater than the sum of volumes of

glassy polymers and swelling agent (Fleming and Koros 1986). Furthermore, examination of the
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experimental results by Fleming and Koros (1986) shows that the swelled volume for similar

amounts of swelling agent is larger during desorption than adsorption (Vrentas and Vrentas 1996).
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Figure 2.8: Schematic illustration of total volume as function of EMC for amorphous polymers below and
above the softening point. Curves generated based on theoretic model by Vrentas and co-workers (Vrentas et

al. 1988; Vrentas and Vrentas 1991; Vrentas and Vrentas 1996).

This is similar to findings for wood, where the volume for a given EMC is greatest during
desorption. The difference in swollen volume is, however, small (Arevalo and Herndndez 2001;
Chauhan and Aggarwal 2004; Djolani 1972; Hartley and Avramidis 1996; Hernandez 1993; Seifert
1972). As the structure collapses during desorption, the polymer structure cannot fully adjust,
whereas during adsorption, a greater external pressure is required to re-open the structure.
Therefore, at a given RH the EMC is greater during desorption than adsorption as illustrated in
figure 2.9. If the polymers were in the rubbery state, however, equilibrium between RH and EMC
would yield an even lower EMC than for equilibrium after adsorption in the glassy state (Vrentas
and Vrentas 1991). Sorption hysteresis disappears for amorphous polymers when entering the
rubbery state (Kamiya et al. 1986; Kamiya et al. 1992; Vrentas and Vrentas 1991), where the
polymer chains once again are free to adjust to changes in external or internal condition. Hereby,

thermodynamic equilibrium within the polymer is re-established.
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Figure 2.9: Schematic sorption isotherms for amorphous polymers above and below their softening point.
Curves generated based on theoretical model by Vrentas and co-workers (Vrentas et al. 1988; Vrentas and

Vrentas 1991; Vrentas and Vrentas 1996).

Extracted hemicelluloses and lignin from wood exhibit sorption hysteresis at room temperature as
illustrated in figure 2.10. For hemicellulose, however, the hysteresis is diminished at high EMC
when the polymer is in the rubbery state. The sorption hysteresis of lignin, on the other hand, is
present from dry to saturated conditions. It therefore appears that differences in free volume in the

glassy state of the wood polymers can explain sorption hysteresis of wood.

~

(&)
)

N

(S}
J

- |a - |b
2560 .20 A
2 2
45 15 A
£ £
2 3
5 30 ._§ 10 A
= = A7
5-15 S 5 La” _-—"‘—‘Lignin
wl - -, A - .
0 0 ~ -~ ~ (methanol precipitated)
0 20 40 60 80 100 0 20 40 60 80 100
Relative humidity [%] Relative humidity [%]

Figure 2.10: Adsorption and desorption isotherms at 25 °C for a) hemicellulose and b) lignin extracted by

two different methods. Experimental data from (Christensen and Kelsey 1958).

For wood, however, sorption hysteresis remains even above the softening points of both
hemicelluloses and lignin. This could be explained by the constraints from the rigid microfibrils on

nearby amorphous wood polymers that raise their softening point as described by Struik (1987a;
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1987b). A proportion of amorphous wood polymers might therefore never find their optimal
configuration at any climate condition due to these constraints. In theory, this could imply that upon
the first change in climatic conditions after felling a tree, the wood will never again be in the same
thermodynamic state. The sorption and swelling behaviour of wood would therefore not be
reversible. This supports the commonly accepted notion, but challenged in this thesis, that the first
desorption after felling deviates from any subsequent desorption, no matter how much water is

added to the cell wall before desorption commences.

First desorption and effect of drying procedure

For many decades it has been a commonly accepted notion that the first desorption after harvesting,
1.e. from the green condition of wood, yields the highest EMC at a given RH. More specifically, it is
commonly accepted that after drying, any subsequent desorption from saturated condition produces
lower values of EMC above 60-70 % RH ‘indicating that there is an initial irreversible loss in
hygroscopicity’ (quote by Skaar 1988), i.e. the ability to accommodate water within the cell wall.
The scientific basis for the notion that the second desorption universally gives lower EMCs than the
first is often ascribed to Spalt (1958), though similar observations had earlier been reported for
cotton (Urquhart 1929; Urquhart and Eckersall 1930), beech wood (Barkas 1936), wood pulp
(Seborg et al. 1938) and cellulose objects (Hermans 1949). Recent investigations (Paper III) show
that the lower EMCs produced during the second desorption was due to incomplete saturation of the
cell wall, i.e. the FSP was not reached before desorption commenced. This is clear from figure 2.11
where desorption from green condition, i.e. the first desorption, is compared with second
desorptions. In figure 2.11a, the comparison is made with samples saturated over saturated water
vapour; a method equivalent to that employed by Spalt (1958). This method yields lower EMCs,
however, if the sample is water saturated by vacuum saturation in liquid water, the curves for first
and second desorptions are much more similar as seen in figure 2.11b.

There are, however, deviations between first and subsequent desorptions although of
smaller magnitude than previously reported. This is illustrated in figure 2.12 which depicts the ratio
of EMC of green samples, i.e. for the first desorption, and EMC of dried and re-saturated samples,
i.e. second desorptions. First of all, it seems that vacuum water saturation is able to press slightly
more water into the cell wall than what appears naturally in green condition. Secondly, the drying

method employed influences the magnitude of deviations between first and second desorptions.
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Figure 2.11: Desorption isotherm from green condition, i.e. initial desorption, compared with second
desorptions from two different conditions: a) ‘saturation’ by prolonged exposure to saturated water vapour

and b) vacuum saturation in liquid water. Data from (Paper IIl).

The most gentle of the investigated drying methods is vacuum drying over a desiccant. This method
generally produces lower EMCs but the deviations disappear at full saturation. A greater deviation
between first and second desorptions is seen for ovendried samples. However, at very high RH the
ovendried wood is suddenly capable of accommodating more water in the cell wall than both the

green and the green, vacuum saturated wood.
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Figure 2.12: Ratios of EMC of green samples to that of differently dried and saturated samples as function of

RH. All samples have been vacuum saturated before desorption. Data from (Paper I11).

As described previously, the structure is gradually collapsing during desorption and hydrogen bonds
between wood polymers are established during this process. It has been suggested that some of

these might be energetically very favourable and therefore hard to break again (Urquhart 1929).
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Thus, some fraction of the sorption sites accessible in green condition should become permanently
inaccessible after the first desorption. This could explain why dried wood holds less moisture for a
given RH below 95 % than during first desorption. The argument is, however, contradicted by the
results at very high RH in figure 2.12 where dried wood is seen to hold as much, if not more,
moisture at saturation than before the first desorption. This could be explained by capillary
condensation in microvoids or microcracks caused by the drying procedure (Paper III). These might
develop as a result of chemical degradation and removal of cell wall material (Stamm 1956) or
because of drying stresses. The microvoids or microcracks would cause an increased hygroscopicity
at high RH due to capillary condensation, but a decreased hygroscopicity at lower RH due to loss of
sorption sites in the cell wall (Hoffmeyer et al. 2003). Nevertheless, experimental investigations of
neverdried and ovendried wood show no capillary water present in either type of wood (Paper III).
The higher EMC of ovendried wood at very high RH must therefore constitute a greater amount of
bound water in the cell wall. The conclusion is that the mechanism causing such behaviour of

ovendried wood remains unexplained.
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CHAPTER 3
Mechanical behaviour

In order to understand and describe the mechanical behaviour of wood, interactions at several
different levels need to be considered. For instance, the organisation of polymers at the molecular
level and amount of moisture adsorbed affects the stiffness of microfibrils and surrounding matrix
material. On a higher level, however, the behaviour is also affected by the orientation of
microfibrils in the cell wall. Furthermore, on an even higher level the organisation of cells in the
wood tissue will also impact mechanical behaviour. A mathematical description has to incorporate
effects on all these levels. Figure 3.1 illustrates the direction followed in this chapter, starting with

effects on the molecular level and ending at the description of softwood tissue.
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Figure 3.1: Organization of softwood from molecular level to microscopic level and direction of this chapter.

The first two subchapters briefly review current knowledge on mechanical behaviour of wood
polymers and the effects of moisture. The third subchapter incorporates this knowledge into a
mathematical description of the behaviour of the composite cell wall material. The following fourth

and fifth subchapters show how the orientation of composite material affects the mechanical
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behaviour of modelled softwood tracheids. This is done by using numerical modelling to describe
and predict the mechanical behaviour. Finally, the sixth subchapter focuses on the mechanical

behaviour of softwood.

Effects of water on the elastic properties of the cell wall

The response of wood polymers to a mechanical excitation depends on the chemical bonds within
and between them. The response differs, however, between the cellulose microfibrils and the
amorphous wood polymers surrounding these. In the direction of the microfibrils, applied loads are
carried both by covalent and hydrogen bonds of the aggregated cellulose. This is evident from
infrared and Raman spectroscopic investigations which show elongation of both covalent and
hydrogen bonds upon stretching (Eichhorn et al. 2001; Hinterstoisser et al. 2003). On the other
hand, the covalent bonds of lignin do not seem to respond (Eichhorn et al. 2001; Gierlinger et al.
2006) or only vaguely respond to extension of the wood cell (Akerholm and Salmén 2003). This is
confirmed by molecular modelling showing that loading “amorphous cellulose” in tension does not
affect covalent bonds at low extensions, but only lengthens hydrogen bonds (Chen et al. 2004b).
Other modelling studies show that it is the secondary chemical bonds such as hydrogen bonds and
van der Waals interactions that dominates the strain energy, i.e. are responsible for most of the
deformation, upon loading amorphous polymers (Fan 1995; Hossain et al. 2010; Jang and Jo 1999a;
Jang and Jo 1999b). Deformation in terms of stretching and bending of hydrogen bonds as a
response to mechanical excitation of the cell wall has been extensively documented by
spectroscopic techniques (Gierlinger et al. 2006; Hinterstoisser et al. 2003; Stevanic and Salmén
2006). It is therefore expected that the only chemical bonds affected by mechanical excitation of
hemicelluloses and lignin are hydrogen bonds. Thus, the mechanical properties of hemicelluloses
and lignin are assumed entirely dominated by hydrogen bonding, whereas those for cellulose also
are heavily influenced by its covalent bonds.

The substantial influence of moisture on the mechanical performance of the wood cell
wall is derived from the significant role of hydrogen bonding. The predominant sorption site is the
hydroxyl group and this is also the one responsible for hydrogen bonding between wood polymers
in the absence of an attached water molecule. When water molecules enter the cell wall, hydrogen
bonds between wood polymers are broken and replaced by bonds to water molecules. Furthermore,
the spacing between wood polymers is increased to accommodate moisture. Both of these effects

are depicted in figure 3.2.
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Figure 3.2: Schematic illustration of the effect of a water molecule on amount of hydrogen bonds between

wood polymers and their spacing.

Since water molecules cannot enter the aggregated cellulose, swelling occurs only in the
hemicellulose and lignin fractions, hereby causing an increased spacing between microfibrils
(Donaldson 2008). The swelling will also result in increased cell wall dimensions. As the
dimensions of cell lumens are more or less constant, macroscopic swelling of wood is directly
proportional to that of its cell walls (Murata and Masuda 2006). On the macroscopic scale, however,
swelling in the tangential direction is greater than in the radial direction. This is presumably due to
an interaction effect between earlywood and latewood, since on the cell wall level swelling in both
directions is similar (Murata and Masuda 2006).

The swelling of wood is linear with equilibrium moisture content (EMC) in the range
5-20 % moisture content (MC) (Hartley and Avramidis 1996; Stamm 1959), and the inclination of
this linearity is termed the swelling coefficient, Bsy. For softwood, Bsy has typically a value of 0.36-
0.45 and 0.17-0.23 for the tangential and radial directions, respectively (Hartley and Avramidis
1996; Murata and Masuda 2006; Seifert 1972). The coefficient for swelling of the cell wall is
similar to that for macroscopic tangential swelling (Murata and Masuda 2006). In the longitudinal
direction of wood, Bsw is small for normal mature wood since water molecules only increase the
distance between wood polymers, and a majority of these are aligned more or less in the
longitudinal direction of wood. Thus, Hunt and Shelton (1988) found longitudinal B in the range
0.004-0.011 for Scots pine.

The breaking of hydrogen bonds by water molecules has a marked influence on the
elastic properties of wood polymers. This effect can be explained by the theory of hydrogen bond
dominated solid materials (Caulfield 1990; Nissan 1957a; Nissan 1957b; Nissan 1976a; Nissan
1976b; Nissan and Batten 1990).
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Nissan (1957b) found that for solid materials dominated by hydrogen bonds, the effective number
of hydrogen bonds is related to the modulus of elasticity by

E = kygN'/3 (1)

where E is modulus of elasticity [Pa], kyg is the average force constant of hydrogen bonds [N/m]
and N is the number of effective hydrogen bonds per unit volume [m™]. When the amount of
moisture increases, the number of effective hydrogen bonds is reduced resulting in a decreasing
modulus. A lengthening of the intact hydrogen bonds, i.e. unbroken by water molecules, might also
be expected due to swelling. Nonetheless, the average force constant of the intact hydrogen bonds is
assumed to be constant with respect to moisture (Nissan 1977a; Nissan et al. 1985). Even though
this assumption may be questioned, the variation in force constant with distance is small for
hydrogen bonds of distances typical for wood (Novak 1974). It is therefore assumed that the force
constant is only a function of temperature, whereas the number of hydrogen bonds is only a
function of moisture. The term “number of effective hydrogen bonds” relates to the distribution in
orientation of hydrogen bonds in the solid material. Typically, this number equals one third of the
total amount of hydrogen bonds in the solid (Nissan 1976b). Mechanical excitation of a solid with a
random distribution of hydrogen bond orientations is mathematically equivalent to distributing one
third of the bonds parallel to each main direction (Nissan and Batten 1990). The amount of intact
hydrogen bonds relative to the amount in dry condition, N/Njy, can be related to the relative amount
of moisture. This quantity is described by the relative moisture coverage, MC/®. In this subchapter,
amount of moisture is described by moisture content (MC) rather than EMC, since global moisture
equilibrium is not required for the validity of the relations (Berger 1988; Berger and Habeger 1989).
The relative moisture coverage is the ratio of moisture content in a wood polymer to the
hypothetical moisture content required to attach one water molecule to each polymer sorption site,
O [%]. It 1s found from

nsorption site Mwater

D =

(2

1v[polymer unit
where Ngorption site 15 the number of sorption sites available at each polymer unit [-], Myaer 1S the
molar mass of water [g/mol], and Mpolymer unit 1S the molar mass of the given polymer unit [g/mol].
For hemicelluloses, no theoretical value of ® has been derived. In terms of basic chemical structure

and number of sorption sites, however, hemicelluloses are roughly similar to cellulose. Batten and
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Nissan (1987) have calculated @ for cellulose based on a molar mass of 324 g/mol for a cellobiose
unit which contain six hydroxyl groups. With a molar mass of water of 18 g/mol this yields a value
for @ of 33.3 %. For lignin, the value of ® of 12.3 % has been derived by Nissan (1977b).

When a hydrogen bonded solid material in dry condition absorbs moisture, water
molecules are assumed to interact with one hydrogen bond each (Nissan 1976b). If the total number
of effective hydrogen bonds in dry condition is Ny and the number of bonds between wood
polymers is N, the number of bonds broken by water molecules is Nyo-N. Nissan (1976b) assumes
that the free energy of interaction of a water molecule is similar both for interacting with bonds
between wood polymers and with bonds between wood polymers and bound water. All vacant
sorption sites are hereby viewed as equally energetically favourable to an entering water molecule
which agrees well with the theory described in Chapter 2. Whether a sorption site with one water
molecule attached is as energetically favourable as a vacant sorption site may be questioned.
However, sorption sites, which predominantly are hydroxyl groups, and water molecules are quite
similar chemically. Therefore, the energy difference between vacant sites and those with one water
molecule is presumably not large enough to invalidate the assumption of equal attractiveness stated
in the Nissan theory. Because of the equal attractiveness of all Ny effective bonds in the material, an
entering water molecule may interact with all of these bonds, whether broken by another water
molecule or not. Hereby, an increase in amount of water molecules does not equal a similar
decrease in amount of wood polymer bonds. The relation between relative amount of hydrogen

bonds between wood polymers and relative moisture coverage can instead be described by

N
() N
MC\ N, )
== 0
4(F)
which is a linear first order differential equation with the following solution
1 <N) _ MC 1
"N T T o 4)

for MC [%] between zero and a critical moisture content, MC, [%]. The boundary condition is that
the ratio N/Nj is unity at zero relative moisture coverage. Above MC, the water molecules tend to
break more than one bond between wood polymers each (Nissan 1976b). For wood polymers, this

transition from the low moisture regime to the high moisture regime occurs at a wood moisture
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content of about 5 % (Nissan 1957b). This amount of moisture corresponds with approximately one
water molecule per sugar unit as illustrated in figure 2.7 in Chapter 2. Below 5 % MC, entering
water molecules result in less swelling and perhaps even an ordering of the hydrogen bonding
pattern as discussed in Chapter 2. Above 5 % MC a larger degree of swelling is observed, which
indicate that a greater number of hydrogen bonds are broken per entering water molecule, C. This is

accounted for as

N
d —_
e o .
d(F) °

which results in the following relation

OB -

for MC greater than MC.. The boundary condition is N/Nj being equal at MC, for both (3) and (5).
The number of bonds broken per water molecule in the high moisture regime, i.e. parameter C, is
independent of amount of water already present in the cell wall (Nissan 1977a). This is in line with
experimental investigations of the sorption of plasticizing gases in polymers (Kamiya et al. 1992).
The effect of moisture on modulus of elasticity can be expressed by the ratio E/E, where Ej is

modulus of elasticity at zero moisture content. The ratio is related to N/Nj by the simple relation

E  k N\ 1/3 N\ 1/3

= _ XuB <_) _ <_) (7
Eo  kng \Np No

The relation is based on the general assumption that moisture only affects the number of hydrogen
bonds and not their average force constant. The number of bonds between wood polymers as

function of relative moisture coverage is illustrated in figure 3.3 along with E/Ey. The dependence

of modulus of elasticity on moisture content can be conveniently expressed as

dln (E%)

dMC

®)

= —Kymc
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Where

Kuc =z [/%] for MC < MC,

Kyc = % [/%] for MC > MC,

Based on literature values of @, the value of Kyc for hemicellulose and lignin in the low moisture
regime is 1.0-107 /% and 2.7-107 /%, respectively. In the high moisture regime, the values are
6.7-10% /% and 7.2-10 /%, respectively (Caulfield 1990; Nissan 1977b). The value of Ky for
cellulose is zero since water does not affect the mechanical properties of cellulose. It is worth
noting that the modulus of elasticity has been found to be directly correlated with moisture content
independently of moisture history (Berger et al. 1989; Higgins 1958; Ishimaru et al. 2001).This
indicate that although sorption hysteresis may lead to various equilibria between moisture content
and ambient climate, as described in Chapter 2, the number of effective hydrogen bonds within the
material is always directly correlated with amount of water molecules present.
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Figure 3.3: Schematic illustration of the relative number of effective hydrogen bonds and relative modulus

as function of relative moisture coverage.

Another climatic factor influencing the modulus of elasticity is temperature. Increasing the
temperature will extend and hereby weaken hydrogen bonds (Imamura et al. 2006; Lutz and van der
Maas 1994). The number of hydrogen bonds will, however, remain constant. This can be described

by a decreasing force constant of hydrogen bonds in (1).
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Batten and Nissan (1987) derived the following relation from the Lippincott-Schroeder potential
function for hydrogen bonds (Lippincott and Schroeder 1955).

dInE
- _ 9
dT Kr ©)

The value of Ky [K™'] for solids dominated by hydrogen bonding varies between literature sources
but is reportedly within the range 1.8- 6.3-10° K (Caulfield 1990). Based on theoretical
considerations, Nissan and co-workers suggest a value of Kt of 24107 K (Batten and Nissan
1987; Caulfield 1990; Nissan and Batten 1990; Nissan and Batten 1997). The influence of moisture
and temperature on modulus of elasticity given by (8) and (9) can be assembled to yield the

following relation for the combined effect of both climatic factors
E(MC’ T) = Eref ) eXp[_KMC(MC - Mcref) - KT(T - Tref)] (10)

where E is elastic modulus [GPa], MC is moisture content in the constituent [%], T is temperature
[K], and the index refers to the reference condition. The assumption behind (10) is still that
moisture only affects the number of hydrogen bonds, whereas temperature only affects the average
force constant of the bond, i.e. no interaction effect is included. The shear modulus of a hydrogen
bonded solid material depends on the number of unbroken hydrogen bonds in the same way as the
elastic modulus. Therefore, the shear modulus can be described by (10) with the elastic modulus, E
replaced by the shear modulus, G, but with similar parameter values, Kyc and Ky (Nissan 1977b).
The Poisson’s ratios remain unaffected by moisture (Baum et al. 1981) and is assumed to be

unaffected by temperature as well.

Effects of water on the time-dependent properties of the cell wall

The wood cell wall does not only respond elastically to a mechanical excitation. Often, there is a
significant non-elastic response dependent on the duration of the mechanical excitation. The
mechanism behind this time-dependent mechanical behaviour has been ascribed to sliding between
microfibrils (Balashov et al. 1957; Lotfy et al. 1972; Olsson and Salmén 2001). Hereby, hydrogen
bonds between adjacent wood polymers are broken and re-formed in new configurations (Bonfield
et al. 1996; van der Put 1989) as the polymers gradually slide past each other. If water molecules
interfere with the hydrogen bonding between polymers, the sliding is further facilitated. This is

documented by molecular modelling (Chen et al. 2004a). The result is greater rate of time-
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dependent mechanical processes seen in experimental studies on various polymeric fibres (Holland
et al. 1946; Steinberger 1936).

The process of sliding of polymers can be described by deformation kinetics (Eyring
et al. 1958; Tobolsky and Eyring 1943) which is derived from the theory of absolute reaction rates
developed by Eyring and co-workers (Eyring 1935; Eyring 1938; Kauzmann and Eyring 1940;
Wynne-Jones and Eyring 1935) and extended to the deformation of solid materials (Krausz and
Eyring 1971; Krausz and Eyring 1975). In deformation kinetic theory, the sliding of polymers is
viewed as an activated process where a length section of a polymer has to attain a certain energy
level in order to move across an energy barrier and form a new configuration of hydrogen bonds,
see figure 3.4. The energy state related to the top of the barrier is termed the activated state (Eyring
1936). In a state of stress free rest, the potential energy of each mobile unit oscillates due to
thermally induced molecular motions (Kauzmann and Eyring 1940). A certain percentage of mobile
units will hereby have a potential energy equal to the activation energy, i.e. be in the activated state

and free to move.
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Figure 3.4: Energy barrier for shearing of polymers with hydrogen bonds between hydroxyl groups.

The specific rate of reaction, i.e. number of jumps per second, is described by

KT -AGH
V—GYeXp (W) (11)
where v is the specific rate [s'l], 0 is the transmission coefficient [-], k is Boltzmann’s constant
[J/K], h is Planck’s constant [J s], T is absolute temperature [K], and AG* is termed the activation
free energy. The transmission coefficient represents the probability that upon mounting the energy
barrier, the activated segment moves across the barrier, i.e. do not return to the original state

(Wynne-Jones and Eyring 1935). Typically, this coefficient is unity or close to unity (Eyring 1962;
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Krausz and Eyring 1975). The ratio kT/h is the rate of decomposition, i.e. from falling from the
activated state into the lower energy state on the other side of the barrier. It is a universal frequency
which is derived from statistical mechanics. The exponential term is related to the fractional amount
of activated segments at a given temperature and is derived from thermodynamics.

For chemical and physical reactions in general, the lowest energy barriers of a given
reaction are favoured. Thus, movement of an activated segment in a given direction will occur via
the intermediate state with lowest free energy. Although the process is described as breaking and re-
forming of hydrogen bonds, a more continuous process is likely. For instance, Jeffrey and Saenger
(1991) believe that three-centre bonds play an important role in the shifting of hydrogen bonds
during water movement. The same is possibly true for the shearing of wood polymers past each
other. This is illustrated in figure 3.5 where the energy barrier depends on whether the intermediate

state is a “no bond” state or a “three-centre bond” state.

Energy

N
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Figure 3.5: Energy barrier for two intermediate states in breaking and forming of a hydrogen bond: a no-

bond intermediate (upper) and a three-centre hydrogen bond intermediate (lower).

Since the energy barrier for sliding of wood polymers is symmetric the probability of mobile units
moving both forwards and backwards is equal. Therefore, the overall movement is zero if no force
is applied. If a force is applied, however, the energy needed to cross the energy barrier is shifted as

seen in figure 3.6.
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Figure 3.6: Energy barrier shifted due to shearing forces.

Hereby, movement along the direction of force is favoured over that in the opposite direction. The
rate of resulting deformation can be found by incorporating the mechanical work and contribution
of each movement of a segment to the deformation. The mechanical work raises the ground state
energy level on one side of the barrier and lowers the level on the opposite side as seen in figure
3.6. The total mechanical work done on the system is therefore the sum of work done on each side

of the barrier. The resulting rate of deformation is (Halsey et al. 1945; Tobolsky and Eyring 1943)

= ren (=30 [ew () — e (7)) =2 e (- 5) 2sinn (57) 12

where g, is shear strain [-], t is time [s], W is half the total mechanical work [J], and o is shear stress
[Pa]. The parameters Vj, and V,, [m’] are volume swept by the motion and volume of the moving
segment itself, respectively. The V/Vy, ratio is a measure of the relative length of each movement.

(12) can also be written
£ = A(MC, T) - 2sinh[B(T) - o] (13)

where

Vy, KT AGH v
AMC,T) = 7thexp (—4x) and B=gb

The volume of the moving segment in cellulosic materials can be estimated to be 0.68 nm’ based on
the molecular dimensions of a cellulose residue (Halsey et al. 1945; Kingston and Clarke 1961).
This is close to the volume of the cellulose unit cell experimentally determined to around 0.65 nm’
at room temperature (Hidaka et al. 2010; Hori and Wada 2005). The volume is, however, often

found by fitting the model to experimental data yielding values between 0.27 nm’ and 0.94 nm” for
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cellulose acetate (Reichardt et al. 1946; Reichardt and Eyring 1946), cotton (Holland et al. 1946),
and viscose rayon (Eyring and Halsey 1946; Holland et al. 1946). For lignin, the value of Vy, is
more uncertain since the theory of deformation kinetics has not been applied to this compound
before.

The volume swept by the motion of the moving segment, Vj, is often found from the
ratio Vi/Vy,. For cellulosic material this ratio has been calculated to 0.47 (Halsey et al. 1945), but a
value of 0.5 is often assumed (Reichardt et al. 1946). A ratio of 0.5 for hemicelluloses corresponds
to moving a hydroxyl group from one bonding site to the neighbouring site as depicted in figure 3.5.
The ratio for lignin is, as with the volume V,,, uncertain due to the complex structure and bonding
pattern of the lignin molecule and lack of data. For many polymeric materials, however, a ratio

between 0.5-1.0 is typical (Krausz and Eyring 1975; Ree et al. 1951).

Modelling the elastic and time-dependent behaviour of the cell wall

The elastic moduli and Poisson’s ratio of the composite cell wall in the material directions can be
calculated by assuming a layered composite of the three main wood polymers, see figure 3.7. This
is in good agreement with the actual distribution and structure of the cell wall illustrated in figure
1.7 in Chapter 1. The properties in the longitudinal direction, i.e. along the microfibrils, and the
transverse direction is found from Voigt (1889) and Reuss (1929) bounds (Bohm 2004; Paper 1V).
The shear modulus of the composite cell wall is in (Paper V) found from a mathematical model

given by Kerner (1956).

[y oy gy
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Figure 3.7: Schematic illustration of a three-phase layered composite material. Three modes of deformation
are shown: a) tension along layers, b) tension perpendicular to layers, and c) shearing. The moduli for the

three modes of deformation are calculated using Voigt, Reuss and Kerner models, respectively.

In order to use this model, one of the three phases must be defined as matrix material which embeds

the other two phases. Lignin is selected as matrix material which embeds both cellulose microfibrils
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and hemicelluloses. The Poisson’s ratio in the LT plane can be found from Voigt bounds, whereas
in the TT plane it is assumed equal to that of the matrix material, i.e. lignin (Paper IV). The
calculation of elastic properties presented here and in (Paper V) is an improvement of the model
presented in (Paper IV). In the latter a simpler model is used for calculating moduli of the
composite cell wall in which cellulose microfibrils are embedded in a hemicellulose/lignin matrix.
Calculating composite elastic and shear moduli of the cell wall requires knowledge of
volume concentrations of the three constituent phases. This concentration depends on amount of
moisture in the cell wall since only hemicelluloses and lignin swell upon a moisture increase. These
two polymers comprise about 56 % of the entire wood volume (Berg and Gradin 1999). The
swelling of hemicelluloses and lignin can be estimated by assuming a swelling coefficient of the
cell wall, Bsw.cen of 0.40 which is similar to the macroscopic tangential Bgy,. Since a majority of wood
polymers are oriented in the longitudinal direction of wood, it is reasonable to directly relate the
transverse swelling of wood cell walls with the swelling of hemicelluloses and lignin. The increase
in volume by water entering these two polymer phases are assumed to be equal, i.e. the swelling
coefficient Bgwpolymer 18 similar for both polymers. From these considerations, the Bgw polymer Can be

estimated from (14).

Bsw,cell = (cuc + CLG)Bsw,polymer (14)

where c denotes the volume concentration and the indices “HC” and “LG” refer to hemicelluloses
and lignin, respectively. The result is a Bgw polymer Of 0.71 for hemicelluloses and lignin. Based on
this parameter, the change in volume concentration of the three main wood polymers with moisture
can be found. Table 3.1 shows the volume concentration for the S2 layer. The volume

concentrations in dry condition are according to Berg and Gradin (1999).

Table 3.1: Volume concentrations of wood polymers in the S2 layer at different levels of EMC.

Moisture 0% MC 5 % MC 10%MC 15%MC 20 % MC
Cellulose 45.0 % 44.1 % 43.3 % 42.5 % 41.7 %
Hemicelluloses 35.0 % 355 % 36.1 % 36.6 % 37.1 %
Lignin 20.0 % 20.3 % 20.6 % 20.9 % 212 %

Based on these volume concentrations, the composite elastic properties can be found if the
properties of the constituents are known. These are described by the theory of hydrogen bonded

dominated solid materials. However, three of the parameter values are different than those
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previously described. For hemicelluloses, the hypothetical moisture content at full coverage, @
differs between the units of xylan and glucomannan shown in figure 1.5 in Chapter 1. The molar
mass of a xylan unit is 835 g/mol, whereas that for glucomannan has a range of 796-1049 g/mol
depending on the chemical nature of the six RO-sites. The number of sorption sites differs between
xylan and glucomannan in that the previous has 12 sorption sites, whereas the latter has between 9
and 15. Furthermore, the amount of glucomannan in the cell wall is about twice the amount of xylan
(Sjostrom 1993). This yields a value of @ in the range 18.4-31.1 %, which is lower than that
calculated for cellulose of 33.3 %. A value of ® of 24.2 % is selected for hemicelluloses.

For lignin, it seems obvious that @ differs between non-condensed and condensed
lignins due to their difference in amount of sorption sites. In figure 1.6 in Chapter 1, the methoxy
groups of the three types of lignin are most capable of acting as sorption sites. Whereas non-
condensed lignin subunits have four of these groups, condensed types have two or three groups. On
the basis of the molar mass of each of the types of lignin subunits, the value of ® is in the range
11.2-20.9 %. By taking into account the uneven distribution of these subunits of lignin (Christiernin
2006), an average value of 18.6 % for @ is found. These different values of @ for hemicellulose and
lignin than previously reported in this chapter, have implications for the value of Ky in the low
moisture regime. Based on the newly derived @, the values of Ky become 1.38-102 /% and
1.80-10% /% for hemicellulose and lignin, respectively. In the high moisture regime, Kyc remains
similar to the previously reported values.

For cellulose, the parameter Kt must differ along the microfibrils from that derived
from the Lippincott-Schroeder potential for hydrogen bonds. The reason for this is the significant
impact of covalent bonds on the elastic modulus in this direction. The covalent bonds are less
affected by temperature than hydrogen bonds, which is why the thermal expansion along
microfibrils is very small compared to their transverse thermal expansion (Hori and Wada 2005).
Figure 3.8 shows the longitudinal modulus of elasticity (Ep) for cellulose as function of
temperature. A value for Kt of 0.75-10° K™ seems more appropriate for cellulose in this direction.
If only the computational simulations by Bergenstrahle et al. (2007) were considered the value of
Kt would be 1.4-10° K. In the transverse directions, the value of Kt of 2.4-10° K is used since in

these directions the elastic response is governed by hydrogen bonds.
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Figure 3.8: Moduli of elasticity along cellulose microfibrils as function of temperature. Data from
experimental studies (triangles) (Iwamoto et al. 2009; Matsuo et al. 1990; Nishino et al. 1995; Sakurada et

al. 1962; Sturcovd et al. 2005) and computer simulations (crosses) (Bergenstrdhle et al. 2007; Sturcovd et

al. 2005; Tanaka and Iwata 2006) are included.

It could be argued that an interaction effect between moisture and temperature should be
incorporated in the calculation of the modulus of elasticity (10). However, according to Kamiya et
al. (1992), the number of hydrogen bonds broken per water molecule is proportional to the partial
molar volume of adsorbed water. If there is a difference in thermal expansion between wood
polymers and adsorbed water, the number of bonds broken per water molecule will also change.
The thermal expansion of both wood polymers and adsorbed water is dominated by the expansion
of similar hydrogen bonds, i.e. between hydrogen and oxygen. Therefore, the change in partial
molar volume with temperature should be approximately similar. The volumetric thermal expansion
coefficient of cellulose has been measured to 1.11-10* K! (Hori and Wada 2005), whereas the
coefficient for bound water in wood has not been determined experimentally. However, ice, which
is a solid material dominated by hydrogen bonding between water molecules, has a volumetric
thermal expansion coefficient of 1.5 10* K! (Butkovich 1959; La Place and Post 1960).
Furthermore, water molecules bound to proteins have been found to have a volumetric thermal
expansion coefficient of 0.8-10* K™ (Hiebl and Maksymiw 1991). Thus, the thermal expansion of
both wood polymers and water is expected to be reasonably similar. This supports the exclusion of
an interaction effect between moisture and temperature in (10). Furthermore, analysis of dynamic
mechanical data for wood (Gao 1994) shows an insignificant interaction effect between moisture

and temperature in predicting the dynamic modulus of elasticity.
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Calculated elastic and shear moduli of the three constituents are illustrated in figure 3.9, along with
experimental data for some of the moduli of hemicelluloses and lignin. The mathematical
description of elastic and shear moduli of each constituent is based on the mass of water molecules
relative to that of the constituent, i.e. constituent EMC. In order to describe the elastic properties of
the composite cell wall, the constituent EMC must be converted to wood EMC. Because the
sorption sites in all three major constituents are more or less equally energetically favoured as
discussed in Chapter 2, moisture is distributed between constituents in proportion to their volume
concentration and number of sorption sites. This causes the linear relations between constituent
EMC and wood EMC illustrated in figure 2.4b in Chapter 2. The linear correlations for
hemicelluloses and lignin are 1.80 and 0.72, respectively. Furthermore, as described in Chapter 2
capillary condensation plays an insignificant role in the binding of moisture in wood. It is therefore
safe to assume that all water molecules at a given wood EMC is found within the cell wall
interacting with hydrogen bonds of the material. Based on the linear correlations for converting
constituent EMC into wood EMC, the elastic and shear moduli of the three constituents is
illustrated in figure 3.9 as function of moisture in the wood.

The Poisson’s ratios in the LT-plane used for the three constituents are 0.2 for
cellulose and hemicelluloses (Chen et al. 2004a; Peura et al. 2007) and 0.33 for lignin (Cousins
1976). These are assumed to be unaffected by both moisture and temperature. The resultant elastic
properties of the cell wall calculated by Voigt, Reuss, and Kerner models are shown in figure 3.10.
It is clear that the stiffening effect of cellulose microfibrils is predominant in the longitudinal
direction. In the other directions, the influence of decreasing moduli of the amorphous wood
polymers with increasing EMC is more pronounced. The Poisson’s ratios in the LT and TT-planes

for the composite cell wall are 0.23 and 0.33, respectively.
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The sliding of wood polymers on the molecular scale is equivalent to shearing deformations on the
scale of the composite cell wall, i.e. microscopic scale. These time-dependent deformations are
therefore introduced by adding them to the elastic shearing deformations. However, the shearing
depends on movement of more than one type of molecular unit since both hemicelluloses and lignin
are involved (Paper V). The time-dependent shearing of hemicelluloses and lignin has different Vy,
Vi, and activation free energy, and is described by two deformation processes. Due to the layered
structure of the cell wall shown in figure 3.7, these two processes act in series and their weighted
contribution is added to the overall shearing of the composite cell wall. The stable molecular
configuration and bonding of cellulose microfibrils (Bergenstrahle et al. 2007) prevents time-
dependent shearing in this constituent, except in the boundary layer with the hemicelluloses. The

time-dependent part of the cell wall shearing can be described by

dey . .
% = CycAnc * 2sinh(Byc * 0) + ¢ gALg - 2sinh(Byg - o) (15)

Where c is volume concentration and the indices “HC” and “LG” denotes hemicelluloses and
lignin, respectively. The parameters A and B depend on the volumes V; and V,,, the activation free
energy and absolute temperature. Of these, the first three may differ between hemicelluloses and
lignin. It seems reasonable to describe the time-dependent shearing in hemicelluloses by a Vy, of
0.65 nm’ due to the similarity in molecular structure between cellulose and hemicellulose. As noted
previously, the value of Vp, for lignin is more uncertain. Crystallographic investigations and
molecular dynamics simulations indicate a unit cell volume of a lignin dimer of 0.966-1.020 nm’
(Langer et al. 2005; Petridis and Smith 2009). Half of this volume could be appropriate for
describing the movement of a single non-condensed lignin molecular segment. For the condensed
type of lignin, it is possible that the volume is larger. This is because the condensed lignin does not
have any rotational freedom between two cross-linked coniferyl alcohol groups, and the moving
volume would comprise two coniferyl groups and probably be closer to 1 nm’. No matter the type
of lignin, the volumes described here are considerably larger than what has been assumed for a
single coniferyl alcohol (Jurasek 1995) with a length of 0.86 nm and a diameter of 0.42 nm at the
widest place. These dimensions yield a volume of only 0.152 nm”.

It is assumed that the ratio V,/Vy, is independent of temperature, since it describes the
relative length of a molecular jump. The volumes are, however, not independent of temperature due
to thermal expansion. Nonetheless, Ree and Eyring (1955) suggest that the kinetic parameter B of
(13) is independent of temperature since the flow volume changes linearly with temperature. The

validity of this assumption may be questioned, since the volume of the moving molecular segment
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does not vanish at zero absolute temperature. The effect of temperature on the parameter B is,
nevertheless, smaller if thermal expansion is considered than if the volume Vj, is held constant. For
cellulose the volume of the unit cell changes linearly with temperature with linear thermal
expansion coefficients around 1-10* K' (Hidaka et al. 2010; Hori and Wada 2005). This is of the
same order as the coefficient for softwood in transverse directions which is 0.3-0.8-10* K
(Hendershot 1924; Kubler et al. 1973; Weatherwax and Stamm 1956), as well as the coefficient for
other wood polymers of about 0.5-1.1-10* K (Ramiah and Goring 1965). A thermal expansion

coefficient of V, of 1.10* K is selected.

Numerical modelling of the elastic behaviour of tracheids

The mechanical behaviour of tracheids does not only depend on amount and layered arrangement of
wood polymers in the cell wall. Also the orientation of main directions of the cell wall in the
tracheid is of importance, i.e. the orientation of microfibrils. In this study, the mechanical behaviour
of tracheids is assumed to be controlled by the behaviour of its dominant S2 layer. Even though the
orientation of wood polymers varies between the different layers of the cell wall, only the S2 layer
is considered when constructing a numerical model of a softwood tracheid. Using such an approach,
the elastic behaviour of single wood cells has previously been modelled with required accuracy and
precision (Berg and Gradin 1999). To mathematically describe the mechanical behaviour of a

tracheid it is convenient to define two coordinate systems as illustrated in figure 3.11.
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Figure 3.11: Global and local coordinate systems for tracheid model.
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The global coordinate system is oriented along the longitudinal direction of the tracheid. In this
coordinate system, macroscopic mechanical excitation of the tracheid such as applied force or
deformation is described along with observed macroscopic response. The macroscopic response of
the tracheid originates from the mechanical response of wood polymers on the molecular level. The
response on this level is mathematically described by the elastic and shear moduli of the cell wall.
These are most easily described in the local coordinate system which follows the orientation of the
cellulose microfibrils, i.e. the longitudinal direction of the cell wall. The local coordinate system is
thus rotated in relation to the global coordinate system with an inclination corresponding to the
microfibril angle (MFA) of the tracheid. The geometry of a tracheid can be modelled as a hollow
rectangular tube with rounded corners (Paper V), see figure 3.11. By defining composite cell wall
properties as described previously, the mechanical behaviour of a tracheid can be investigated by
numerical modelling.

The change in dimensions which accompany a change in EMC can be incorporated in
the numerical model by applying a Bsy in the transverse directions of 0.40 similar to the
macroscopic tangential Psy. The unequal swelling of the cell wall in the main directions results
presumably in a change in MFA for tracheids with low MFA. This can be seen from figure 3.12
illustrating results from the numerical model. It can be seen that at low initial MFA, the MFA might
change up to 3-4° for a 15 % change in EMC. At high MFA, the effect is reversed, although the
change in MFA with EMC is very small.
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Figure 3.12: Predicted MFA as function of EMC for both high and low initial MFA.

Little experimental evidence has been produced (Jentzen 1964) to support the changing MFA with

moisture. However, it may be important when describing the mechanical behaviour of wood with
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low MFA, since the behaviour of tracheids is closely connected to MFA. This is illustrated in figure
3.13 which depicts the cell wall modulus of elasticity in the longitudinal direction of the cell as
function of MFA. Clearly, the numerical model is able to describe the decrease in stiffness of the
composite cell wall with increasing MFA and moisture content. The effect of the latter is also

evident when comparing the relative modulus of elasticity of softwood in figure 3.14 with

predictions of the numerical model.
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Figure 3.13: Cell wall longitudinal modulus of elasticity as function of MFA predicted by the numerical
model at two levels of EMC. Included are experimental results by Cave (1968).
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Figure 3.14: Predictions by the numerical model of the relative longitudinal modulus of elasticity of
softwood as function of EMC. The modulus is relative to the value at 12 % MC. Dashed boundary curves
from compiled experimental results (Gerhards 1982).

49



The experimental results reviewed by Gerhards (1982) and shown in figure 3.14 indicate, however,
a slightly increasing modulus of elasticity with increasing EMC in the range 0-5 % MC. This effect
has also been observed in more recent studies (Green and Kretschmann 1994; Kretschmann and
Green 1996; Takahashi et al. 2006). Such increase is not reflected in the elastic behaviour of the
numerical model. One explanation for this behaviour is the previously noted ordering of the
hydrogen bonding pattern by small amounts of water.

The relation between the mechanical behaviour in the longitudinal direction, MFA and
EMC is illustrated by figures 3.12, 3.13, and 3.14: at low initial MFA, a change in EMC may cause
a significant change in MFA which would lead to a significant change in modulus of elasticity.
Reorientation of microfibrils is not only affected by a change in EMC. A mechanical excitation of a
tracheid in its longitudinal direction will also cause the MFA to change (Paper VI). Figure 3.15
illustrates change in MFA for different woody fibres under tensile strain predicted by a simple
mechanical model described in (Paper VI). Good agreement between predicted and observed

behaviour is seen independently of the value of MFA at zero strain.

48 - 28 - 10 -

44 N 8
£ 40 2 T, >

<X ¢ * 6 PO 0000000
=36 1 20 P ©
= 32 4 1
a b ® c
28 16 2

0.00 0.05 010 015 020 000 002 004 006 0.08 0.000 0.005 0.010 0.015 0.020
Strain [mm/mm]

Figure 3.15: MFA in woody fibres under tensile strain. Grey lines mark predictions of a continuum
mechanical model (Paper VI). Included are experimental data for a) and b) Norway spruce with initial MFA
of 46° (Keckes et al. 2003) and 24° (Kdélln 2004), respectively, and c) flax with initial MFA of 6° (Kolln
2004). Data from (Paper VI).

The effect of temperature on the longitudinal modulus of elasticity of softwood is depicted in figure
3.16. An interaction effect of temperature and moisture is seen in the experimental data when
moisture content is changed from zero to 12 %. This change is likely accompanied by a change in
MFA as illustrated in figure 3.12. Therefore, to evaluate the effect of temperature at different
moisture contents, different levels of MFA must be considered. In figure 3.16 the predicted
modulus of elasticity is included as function of temperature for two different cases: 8 % MC and

MFA of 5°, and 20 % MC and MFA of 10°. A slight change in the temperature sensitivity is seen
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between the two cases, i.e. the numerical model predicts an interaction effect between temperature
and moisture. It should be noted that this effect arises despite the fact that no interaction effect is
incorporated at the molecular level. The reason for this effect is the difference in temperature
sensitivity between the covalent and hydrogen bonds. Along the microfibrils, the less temperature
sensitive covalent bonds reduce the effect of temperature in this direction. Thus, the modulus of
elasticity of tracheids with higher MFA, e.g. due to a greater MC, will be more sensitive to
temperature. However, the magnitude of this sensitivity of modulus of elasticity to temperature
varies significantly between different studies as illustrated in figure 3.16. The validity of the small
temperature sensitivity of the numerical model may be questioned. It seems clear, nonetheless, that
the interaction effect of temperature and moisture can at least partly be explained by the difference
in temperature sensitivity of the dominating molecular bonds in the directions along and

perpendicular to the microfibrils.
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Figure 3.16: Predictions by the numerical model of the relative longitudinal modulus of elasticity of
softwood as function of temperature. The modulus is relative to the value at 25 °C. Dashed boundary curves

from compiled experimental results (Gerhards 1982).

In the transverse directions, the numerical model is unable to produce reasonable values for the
modulus of elasticity. For loading of wood in the transverse directions, the stiffening effect of the
microfibrils in the S1 and S3 layers therefore needs to be incorporated as suggested by other authors
(Bergander and Salmén 2000). This is reasonable since the weighted modulus of the S2 layer in the
transverse direction is of similar magnitude as that of the S1 and S3 layers in the same direction.
The contribution of each of these, however thinner cell wall layers, can therefore not be disregarded

as done in the present numerical model.
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Numerical modelling of the time-dependent behaviour of tracheids

When a constant load is applied to wood specimens or single tracheids, the deformation will
increase over time, whereas if a constant deformation is applied the load necessary to sustain the
deformation will decrease over time. These two processes are termed creep and relaxation,
respectively, and are due to time-dependent shearing within the cell wall (Paper IV; Paper V).
Experimental investigations of the influence of temperature and moisture on the time-dependent
response of softwood tissue illustrate how these two parameters affect the tracheids differently
(Paper V). Figure 3.17 shows the time-dependent response during creep under 10 MPa tensile load

and creep recovery after tensile loading at three temperature levels and two levels of EMC.
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Figure 3.17: a) creep strain of Norway spruce tissue under 10 MPa tensile loading, b) creep recovery strain
after tensile loading. Two levels of EMC and three temperatures are employed. Only the time-dependent

strain is shown and this is normalized by the elastic strain. Data from (Paper V).

Only time-dependent strains are shown which have been normalized with the elastic strain. It
appears from figure 3.17a that temperature affects the elastic and creep response equally since the
normalized curves coincide. The same phenomenon is seen for creep recovery in figure 3.17b
except for the sample at 40 °C and 8 % MC. These findings contradict, however, experimental
results for bending tests which show that creep recovery (Davidson 1962) is in fact affected by
temperature in the range 20-60 °C. Although a different mode of loading is employed in the quoted
study, further tensile experiments on softwood tissue are needed to draw final conclusions.

The effect of moisture on creep and recovery behaviour is not similar for elastic and
time-dependent responses; the relative response is greater at higher EMC. The different impact of

temperature and moisture can be linked to their effect on the chemical bonds on the molecular level.
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Increasing the temperature will affect all chemical bonds, whether covalent or secondary like
hydrogen bonds, hereby increasing bond lengths and weakening bonds. Moisture, on the other hand,
predominantly interferes with hydrogen bonds. Even though hydrogen bonds dominate the elastic
behaviour of the amorphous wood polymers, covalent bonds in the cellulose microfibrils greatly
influence the elastic behaviour of the composite cell wall. The time-dependent response of wood
tissue during creep as depicted in figure 3.17a is a result of the combined responses of tracheids and
middle lamella gluing these together (Paper IV; Paper V). During creep recovery, the elastic energy
stored in microfibrils will cause a full or almost full reversal of the response of the tracheids. This is

also predicted by the numerical model as illustrated in figure 3.18.
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Figure 3.18: a) numerical model predicted creep at 10 MPa and recovery after load duration of 90 minutes

Jor two levels of initial MFA, b) creep (solid) and recovery (dashed) strain normalized with the elastic strain.

The developed strains in the middle lamella are, however, not reversed. By isolating the tracheid
response during creep, similar curves for creep and creep recovery of the tracheids are obtained
indicating full or almost full strain reversal, see figure 3.19a. The mechanical response of a tracheid
can therefore be characterized by a decreasing rate of the time-dependent processes which

eventually more or less levels off for both creep and relaxation as illustrated in figure 3.19.
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Figure 3.19: a) normalized creep strain (black) and creep recovery strain (grey) response of only the
tracheids. Experimental data from (Paper V), b) normalized cell stress under relaxation of single tracheids.

Experimental data from (Eder et al. 2000).

For tracheids bundled in a tissue, the time-dependent response of the middle lamella will continue
as seen in experiments on softwood tissues (Paper IV; Paper V). For a constant load, the response of
the middle lamella is apparently linear with time. This is supported by creep experiments in bending
for temperatures of 40 °C and below (Davidson 1962).

In the following, due to a scarcity of experimental data to fully evaluate (15), the
simpler model of (13) describing a single energy barrier is used as done in (Paper IV). In order to
illustrate the performance of the numerical model, the kinetic parameter A is varied to generate
differences in shearing rates. Furthermore, the elastic properties as function of moisture and
temperature are varied in accordance with previously described theory. In the following, the
reference value Ap of parameter A in (13) corresponds to a activation free energy of about 100
kJ/mol at room temperature, which is within the range of 85-140 kJ/mol reported for time-
dependent deformation of viscose rayon (Eyring and Halsey 1946; Halsey et al. 1945; Holland et al.
1946), cotton (Holland et al. 1946; Lasater et al. 1953), cellulose acetate (Halsey et al. 1945;
Reichardt et al. 1946; Reichardt and Eyring 1946), and wood (Bonfield et al. 1996; Kingston and
Clarke 1961). The value of B used in the following is based on the volume of a hemicellulose unit.
The tracheid model is fully capable of describing the behaviour observed in figure 3.19. As
illustrated by the results from a simulated creep test in figure 3.20 and a simulated relaxation test in
figure 3.21, the numerical model predicts levelling off of strain and stress in the respective types of

experiment. It is clear that the magnitude of the final level of strain or stress is determined by MFA
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and elastic properties, but not the rate of time-dependent processes. Whether the time-dependent

process is fast, i.e. high value of A or slow, the final level of stress or strain is the same.
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Figure 3.20: Predicted strain response at 10 MPa for three levels of initial MFA at a) 8 % MC and b) 20 %
MC, and time-dependent strain normalized with elastic strain for c) 8 % MC and d) 20 % MC. The kinetic

parameter A is varied by two orders of magnitude. Based on the kinetic model of (Paper IV).

These observations imply that time-dependent mechanical behaviour of tracheids is controlled by
moisture and MFA. Part of the observed difference between creep at 8 % MC and 20 % MC in
figure 3.17 must therefore be explained by a difference in MFA in these two moisture states. This is
supported by the predicted change in MFA with EMC as shown in figure 3.12. If an initial MFA of
about 5° in the tracheids at 8 % MC is assumed, figure 3.12 predicts the MFA of tracheids at 20 %
MC to be about 3° higher. The low initial MFA at 8 % MC is in accordance with measured MFA of
latewood fibres by Bergander and Salmén (2000). In figure 3.22, the experimental results are fitted
with good agreement by the numerical model with such two levels of MFA. The kinetic parameter
A is doubled for the 20 % MC model in order to achieve a better fit to data. This corresponds with

an expected decreased activation free energy with increased EMC.

55



100 1 8 % MC 1.0 Yoo 8 % MC
- a e C
e MFA = 5° R MEA = Bo s
e, ] RN = 5°
80 \_~---. 0.9 \ noe
Vi T
S T
60 ez MFA = 10° 0.8 4 \ MFA = 100"
40 t\ff\ﬁ ............................... AZO01A . o L\\\ VEA= 1
T 407 MFA=15 A=10A, @ = 1>——"—
s 5
5 20 ; ' . 2 06 ; , .
n o
(_0 § \ \\ ...................................................................
E _ = \ \\\ ...............
3 80 1As,. . MPAZ5 A=o1p, OO el e
z et £ WFA=58%"~--- Tlwe,
© 604 A=i0A, 2084 N 7
MFA = 10° MFA = 10°
T 0.7 1
T MFA= 185" <-eee
20 I 1 1 06 I T 1
0 30 60 90 0 30 60 90
Time [min] Time [min]

Figure 3.21: Predicted stress response at 0.15 % strain for three levels of initial MFA at a) 8 % MC and b)
20 % MC. Time-dependent stress normalized with stress immediately after constant deformation is applied at
c) 8 % MC and d) 20 % MC. The kinetic parameter A is varied by two orders of magnitude. Based on the
kinetic model of (Paper IV).

The effect of temperature found in the present study is, as described previously, not in accordance
with results from literature. The predictions of the numerical model are, however, in agreement with
experimental results achieved in the present study. In figure 3.23 strain development over time and
normalized cell strain are shown for the temperature levels employed in the experiments. It is clear
that when strains are normalized with elastic response, the curves coincide for all temperature
levels. This obvious conflict between the experimental and numerical results of the present study
and the experimental results of Davidson (1962) cannot be resolved until further experimental
results are obtained. One possibility is that the contradiction is due to the difference in mode of

loading employed.
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Figure 3.22: Experimental creep curves fitted with predicted curves of the numerical model.
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Figure 3.23: a) Predicted strain response at 10 MPa for two levels of initial MFA at three temperatures, and

b) predicted time-dependent strain normalized with elastic strain. Based on the kinetic model of (Paper IV).

The reorientation of the microfibrils, i.e. changes in MFA, illustrated in figure 3.15 is not limited to
the elastic domain. As observed in tensile experiments (Hill 1967), the numerical model predicts a
reorientation, although only less than 0.1° occurring during both creep and relaxation for initial
MFA levels of 5-10° for 10 MPa tensile stress.

In general, the numerical model is able describe several different phenomena
concerning the mechanical behaviour in the longitudinal direction of softwood tracheids. This fact,
plus the simple hypotheses about structure and physical mechanisms causing this lends the
numerical model credibility. It also allows a study of the nature of the mechanical response of

tracheids. Figure 3.24 illustrates the strain energy distribution between the directions along the
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microfibrils, perpendicular to these and in shearing for both creep and stress relaxation to similar
strain after 90 minutes. A decrease over time in strain energy due to shear forces is seen. This
reflects the redistribution over time due to viscous sliding of microfibrils past each other causing a
relatively higher proportion of strain energy along the microfibrils; even though the total strain
energy for relaxation is decreasing. Thus, with time the tracheid redistributes stress from hydrogen

bonded segments in shear to covalent and hydrogen bonds in tension.
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Figure 3.24: Predicted distribution of elastic energy along the microfibrils (long), perpendicular to these
(trans) and in shearing (shear) for similar strain after 90 min. obtained by either creep or stress relaxation

with an initial MFA of a) 5°, b) 10°, and c) 15°.

The direct effect of water molecules entering the cell wall is breaking of hydrogen bonds between
wood polymers and swelling to accommodate the water. On the scale of the tracheid the effect is a
marked weakening of transverse elastic and shear moduli and a reorientation of microfibrils, i.e. a
change in MFA. The uneven decrease of the different elastic moduli can for instance be seen
between 8 % MC and 20 % MC. In this moisture range, the longitudinal and transverse elastic
modulus and shear modulus of the cell wall are reduced by 7 %, 72 % and 57 %, respectively. This
results in a change in mechanical behaviour of the tracheid. Figure 3.25 illustrates this change in
creep response when the elastic moduli are reduced by the before mentioned percentages for three
levels of MFA. It is clear that the reduction in transverse elastic and shear moduli has a greater

effect on the response than the reduction in longitudinal modulus.
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Figure 3.25: a) Predicted creep strain for three levels of initial MFA at 8 % MC (upper solid line) and 20 %
MC (lower solid line). Also included are creep curves for tracheids with reduced transverse and shear
moduli (dotted line) and reduced longitudinal modulus (dashed line) of the cell wall compared with the
moduli at 8 % MC. The previous almost coincide with the curves for 20 % MC for all levels of initial MFA.
b) Normalized predicted creep strain. The dotted lines almost coincide with the curves for 20 % MC,

whereas the dashed lines almost coincide with the curves for 8 % MC.

The mechanical behaviour of softwood

On the macroscopic scale, the mechanical response of tracheids is supplemented by the response of
the middle lamella. Thus, whereas tracheids of softwood tissue under constant load approach a final
level of strain, which marks the equilibrium between applied mechanical excitation and internal
stress distribution, the middle lamella will continue to develop strain over time. Upon unloading,
only the strain developed in tracheids will be reversed due to the elastic energy stored in
microfibrils, causing an increase in MFA (Hill 1967). The time-dependent strain developed in the
middle lamella, however, is not recoverable. When water molecules enter the softwood structure, it
will also affect the response of the middle lamella, however, at present more data is needed to
evaluate this effect. Furthermore, it should be noted that the present model needs incorporation of
the mechanical response of the S1 and S3 layers for it to be able to predict and describe the

transverse mechanical response of a tracheid.
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CHAPTER 4
Suggested future research

The results of the preceding three chapters point toward several interesting new foci of future
research. In the following, several topics which could elucidate the relation between molecular level

mechanisms and macroscopic wood performance are briefly reviewed.

Water sorption and diffusion

The effect of water on mechanical behaviour of tracheids is in the preceding chapters described for
constant moisture conditions. When using wood for engineering purposes, however, the ambient
climate typically varies over time. This results in variations in moisture conditions of the wood as it
strives toward equilibrium with the current ambient climate. Upon a change in ambient conditions,
two phenomena occur concurrently: sorption and diffusion. The first involves a change in phase of
water molecules between gaseous phase and bound phase adsorbed to sorption sites within the cell
wall. The latter describes the transport of water molecules from regions of high water activity to
those with lower and is typically described by Fick’s law. The diffusion occurs, however, in both
phases of water present below the fibre saturation point, i.e. the gaseous phase in lumens and the
bound water phase in cell walls. Therefore, a model based on two Fickian differential equations is
needed for describing diffusion of water in wood. Such a model has been established (Frandsen et
al. 2007; Krabbenhgft and Damkilde 2004) and further developed by Eitelberger et al. (2011). The
two Fickian differential equations are coupled by an equation describing sorption. Eitelberger et al.
(2011) convincingly describe sorption as a diffusion process: adsorption by diffusion from the
interface between the tracheid wall and the lumen air and into the cell wall, and desorption by the
opposite process.

The mechanical response of the cell wall to a change in amount of moisture, i.e.
swelling induced stresses, is not incorporated in the sorption model by Eitelberger et al. (2011). It is
likely that these stresses influence sorption of moisture. Experimental studies (Christensen 1959;
Downes and Mackay 1958) show that swelling stresses influence sorption kinetics. Furthermore,
Christensen and Hergt (1969) experimented with conditioning thinly cut wood samples to the same
climate after they had reached “equilibrium” at various length of time. Hereafter, the samples were
subjected to a higher vapour pressure which resulted in adsorption and swelling. The longer the

time of conditioning at “equilibrium”, the slower was the approach to the new equilibrium state.
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Furthermore, the time to reach half of the moisture change was faster the higher the change in
ambient vapour pressure. This is a sign that stresses in samples with long conditioning time had
decreased the most, whereas samples kept shortest at the first climate still had significant swelling
stresses. Therefore, upon changing the climate, the resulting swelling stresses were higher and
sorption commenced faster (Christensen 1967). However, the first part of the sorption histories
were almost similar indicating a first sorption controlled mainly by elastic swelling stresses,
whereas subsequent uptake of moisture depends on stress relaxation. This is in line with
experimental results by Newns (1956; 1959). In a related study, Newns (1975b) found that the rate
during the second stage of sorption could be related to the hyperbolic sine of the induced swelling
pressure. This indicates that sorption is controlled by deformation kinetics similar to those
controlling shearing of the cell wall. Similar conclusions are drawn by Christensen and Hergt
(1969) and Berens (1977). If the sorption isotherm is split into contributions of the moisture
adsorbed in first and second stages, the previous is seen as a Langmuir-shaped isotherm, whereas
the latter is shaped as an exponentially increasing curve (Newns 1975a). This could perhaps be seen
as the initial stage sorption isotherm depicts the true relation between air humidity and swelling
pressure. The second stage curve would therefore come automatically when relaxation of the
adsorbent is inserted in the numerical model, since stress relaxation results in an increased moisture
content in order to uphold equilibrium with the given constant external air humidity (Newns 1975a).

In order to describe and predict the magnitude of swelling stresses and rate of
shearing, the mechanical properties must be accurately described. The elastic properties change
upon a change in moisture content as described by Nissan’s model (10), but the parameters
controlling the rate of shearing also changes as seen in figure 3.22 in Chapter 3. Furthermore,
adsorption and desorption is accompanied by a change in temperature which affects the mechanical
properties of the wood cell wall (Berger and Habeger 1989; Coffin and Habeger 2001). The
magnitude of change in temperature depends on the heat of sorption, also termed sorption enthalpy,
at given moisture content. The sorption enthalpy decreases as the moisture content is increased
(Skaar 1988), but the physical background for this decrease is not well understood. Many authors
have suggested that the binding energy of water in the cell wall decreased with increasing moisture
content. This explanation does not, however, fit experimental results from spectroscopy nor the
theory for hydrogen bonding described in this work. The binding energy of water in wood 1is
directly coupled to the attractive force between polymer and water. If the attractive force of the

wood-water bonds did change with moisture content, experimental results from spectroscopy would
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show a change in the natural vibration frequency of the bonds. This is analogous to the classical
mechanical description of vibrations where an increased stiffness of a vibrating structure leads to a
higher natural frequency. No such change can be seen in the results of Hofstetter et al. (2006) who
investigated the binding of water in wood. It therefore seems that the variation of sorption enthalpy
with moisture content is not related to variations in bonding force. Another explanation for the
variation in sorption enthalpy is related to the diffusion process from cell wall surface to the interior
of the cell wall as equilibrium is approached. At low moisture content, the energy required to swell
the cell wall is greater due to a higher material stiffness than at higher moisture content. Thus, more
energy is related to attain equilibrium at low than at high moisture content. No matter the cause, a
more detailed study of sorption and diffusion processes of water in the wood cell wall will need to

address the changes in mechanical properties occurring during these processes.

Mechanosorption

When wood under load exhibits varying moisture content, the strain over time will fluctuate but
have a greater magnitude than if the wood exhibited constant high moisture content (Armstrong and
Christensen 1961; Armstrong and Kingston 1960; Armstrong and Kingston 1962; Gibson 1965;
Hearmon and Paton 1964; Kingston and Armstrong 1951). The behaviour is thus a combined effect
of moisture sorption and mechanical excitation and is termed “mechanosorption” or “accelerated
creep”. The latter term implies that the physical mechanism behind the phenomenon is related to
that causing creep (Hanhijdarvi and Hunt 1998). Despite significant research effort no generally
accepted theory for mechanosorption exists.

Experimental investigations indicate that tensile creep curves of single tracheids under
moisture cycling do not exceed the creep curves of single tracheids at constant high moisture
content (Coffin and Boese 1997; Sedlachek 1995). The mechanosorptive effect in single tracheids
seems therefore to be a result of the added responses of creep and anisotropic swelling of the
tracheids (Haslach 1994). The reason for this contradictory behaviour between wood tissue and
tracheids is explained by Habeger et al. (2001) by a difference in moisture generated stresses due to
moisture gradients. For small specimens such as single tracheids, moisture gradients are thought not
to have a sufficient magnitude to result in significant mechanosorption. Results from other
investigations reject, however, that mechanosorption in single tracheids does not exceed creep strain

at high moisture content (Dong et al. 2010; Olsson et al. 2007). Nonetheless, mechanosorption in
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larger wood specimens is presumably significantly affected by the response of the middle lamella in
terms of swelling and mechanical behaviour.

An initial attempt to predict the mechanical response of a tracheid in tension during
moisture cycling was made by varying the moisture content in the range 8-20 % MC. This was done
by assuming a uniform distribution of moisture, i.e. no moisture gradients were incorporated. The
change in moisture was very rapid in accordance with observations by Sedlachek (1995) that
moisture equilibrium was achieved within 15 seconds. Following each change in moisture, the
conditions were held constant for about 10 minutes prior to the next change. Figure 4.1 illustrates
the predictions of the numerical model. Apparently, the numerical model is able to qualitatively

predict the behaviour observed by Sedlachek (1995).
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Figure 4.1: Predicted strain response at 10 MPa constant stress for constant MC at 20 % followed by

desorption-adsorption cycles. The creep response at constant 20 % MC is included for comparison.

A significant amount of work is, however, needed to fully implement mechanosorption in the
numerical model and verify the results. For instance, temperature changes and subsequent changes
in mechanical properties discussed in the previous subchapter need to be incorporated. However,
experimental results indicate that a change in moisture content does not affect the modulus of
elasticity beyond what can be expected from the local moisture constant or local temperature in the
cell wall (Berger and Habeger 1989). Prediction of the mechanosorptive phenomenon therefore
seems possible with the current numerical model under condition that sorption and diffusion

processes are incorporated into the model.
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Abstract

Desorption isotherms at 20°C for untreated, acetylated, and
furfurylated Norway spruce [Picea abies (L.) Karst.] sap-
wood were established in the 91.9-99.9% relative humidity
(RH) range. Three methods were employed to secure various
constant RH levels: saturated salt solutions, climate cham-
bers, and the pressure plate technique. The curve form for
the untreated samples did not show an upward bend, except
perhaps above 99.5% RH, indicating that — contrary to what
has hitherto been assumed — capillary condensation does not
play a significant role for water sorption in wood below fiber
saturation. Three additional results corroborate this conclu-
sion: (1) calculation of the theoretical contribution of capil-
lary condensation to the moisture content (MC) in wood
based on idealized microstructural geometries by means of
the Kelvin and Laplace equations resulted in very small con-
tributions to the equilibrium moisture content (EMC), i.e.,
below 0.35% moisture at 99.9% RH. (2) The ratio between
the EMC of acetylated and untreated samples did not show
an increasing trend for increasing RH, as would have been
the case if capillary condensation had taken place in both
untreated and acetylated wood. (3) Low field time domain
nuclear magnetic resonance results showed that only the
relaxation curves from the furfurylated samples were affect-
ed systematically by freezing, indicating that neither untreat-
ed nor acetylated wood contained significant amounts of
capillary condensed water.

Keywords: acetylation; capillary condensation; furfuryla-
tion; isotherm; sorption; wood-water relations.
Introduction

Moisture in wood has been studied for decades. Several
explanations have been suggested regarding the way water

molecules are bound in the wood structure as a function of
the relative humidity (RH). One such explanation often cited
relates the uppermost part of the sorption isotherm to capil-
lary condensation in voids in the material (Sheppard 1933;
Barkas 1937; Babbitt 1943; Stamm 1950; Spalt 1958; Koll-
mann 1962; Simpson 1973). However, the question of cap-
illary condensation at high levels of RH has not yet been
resolved. The present study employs three techniques (satu-
rated salt solutions, climate chambers, and the pressure plate
technique) to examine the nature of moisture in wood in the
RH range from 91.9% to 99.9%. Furthermore, two different
types of chemically modified woods are included in the
experiments as a tool to highlight the sorption behavior of
untreated wood.

Void radii and capillary condensation

In the following, cavities, pores, voids, etc., in wood are
categorized and termed according to their dimensions (Grif-
fin 1977). This system complies better with wood anatomy
than the TUPAC definition of pore size classes (Sing et al.
1985; Rouquerol et al. 1994). Macrovoids comprise the lumi-
na of cells with radii from approximately 5 pm to 200 wm
or greater. Microvoids include the pointed ends of lumens,
pit apertures, pit-membrane voids, and other small voids with
radii in the range from 5 nm to 5 wm. Nanovoids are found
in the cell wall and range in size from 5 nm down to the
level of single water molecules bound to hydrophilic sites of
the wood polymer, at which level the concept of pore radii
becomes meaningless. It is a generally accepted assumption
that the dry cell wall is essentially non-porous (Griffin 1977;
Fahlén and Salmén 2005; Salmén and Fahlén 2006) and that
nanovoids emerge as a result of the presence of water. Meas-
urements on different wood species in either green or satu-
rated condition show a maximum nanovoid size of 1.8 nm
for green spruce (Stone and Scallan 1968), 0.9—-1.0 nm for
green Sitka spruce (Tarkow et al. 1966), 0.8 nm for saturated
sweetgum (Flournoy et al. 1991), and 2 nm for saturated
Corsican pine (Hill et al. 2005).

The Kelvin equation relates the relative humidity to the
void radius that leads to capillary condensation within voids
of these dimensions. Corresponding values of RH and void
radius are given in Table 1. It has long been debated in what
range the Kelvin equation is valid. Skaar (1988) argued that
below 80% RH the concept of capillary condensation is
questionable, as at this RH the corresponding pore radius of
4.9 nm was only approximately 15 times the diameter of a
water molecule (0.3 nm). Measurements of menisci in mica
capillaries of 5 nm diameters confirm that the Kelvin equa-
tion is valid down to approximately 80% RH (Kohonen and
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Table 1 Values of relative humidity (RH), cap-
illary radius, and corresponding matrix compo-
nent, {5,,,, of water potential at 20°C.

Water Capillary
RH potential radius Void
(%) (MPa) (wm) type
99.999 -0.00136 108 Macro
99.99 -0.0136 10.8
99.98 -0.0271 5.42
99.9 -0.136 1.08 Micro
99.8 -0.271 0.542
99.5 -0.679 0.216
99 -1.36 0.108
98 -2.74 0.0537
97 -4.13 0.0357
95 -6.95 0.0211
90 -14.3 0.0103
85 -21.9 0.0067
80 -30.2 0.00487 Nano
75 -69.2 0.00378

Christenson 2000). Other studies (Lastoskie et al. 1993; Rou-
querol et al. 1999) have shown that the Kelvin equation can-
not be extended below a void radius of 3.75 nm and a
relative water vapor pressure of 75%. Below this pressure,
the capillary condensation is controlled by the specific inter-
action between sorption sites and the condensed vapor and
not by the Kelvin equation (Evans 1990). However, capillary
condensation can still take place below 75% RH. For
instance, Branton et al. (1995) have studied the capillary con-
densation in the porous silicate material MCM-41, which has
a specific pore size of narrow distribution. They found that
capillary condensation occurs in a narrow range of RH of
approximately 55%. At such low RH, however, the mecha-
nisms controlling the condensation cannot be described by
the Kelvin equation. Consequently, the values of pore radii
are presented in Table 1 as calculated from the Kelvin equa-
tion down to 75% RH.

Table 1 also lists water potentials as given by the Young-
Laplace equation. This equation is very useful in pore size
studies if the pressure plate technique (PPT) is used, also
known as the suction technique, which is a method for study-
ing desorption isotherms and pore size distributions at very
high levels of RH. The pressure-EMC (equilibrium moisture
content) relation can be transformed into a desorption iso-
therm for high values of RH and subsequently used for pore
size assessment (Tremblay et al. 1996; Defo et al. 1999) by
combining the Kelvin and the Laplace equations. However,
caution should be exercised when interpreting such assess-
ments because the method is strictly valid only for pores in
a rigid material. However, the number and sizes of pores in
wood are functions of RH. A drop in RH, therefore, results
in pores losing some of their water while at the same time
collapsing to the size in equilibrium with the new RH (Rob-
ertson 1965; Alince 2002).

Water in wood

The general concept of water in wood used here is largely
based on Berthold et al. (1996) and Salmén (1997). Accord-
ing to these authors, water is held as non-freezing bound
water, freezing bound water, and free water. This classifi-
cation is a refinement of that used by Stamm (1950), who
did not distinguish between the two bound water types. Non-
freezing bound water is water specifically bound to hydro-
philic sites (hydroxyl groups) of the three main wood
polymers, mainly hemicelluloses. In uncharged carbohy-
drates, each polar hydroxyl group has on average approxi-
mately one water molecule adsorbed at 92% RH, increasing
to approximately 1.3 at 98% RH (Berthold et al. 1994). Non-
freezing bound water is found in nanovoids and as wall lin-
ing of macrovoids and microvoids. Freezing bound water is
the more loosely bound water in the larger water clusters.
Thus, freezing bound water is only indirectly bound to the
hydrophilic sites of the wood polymers. Freezing bound
water is found at high RH in nanovoids and as wall lining
of macrovoids and microvoids. This type of water exhibits
freezing point lowering. Berthold et al. (1994) did not find
by differential scanning calorimetry any freezing bound
water down to -90°C in uncharged carbohydrates for EMCs
up to 98% RH. Freezing bound water was only found in
carbohydrates containing charged groups. Free water in
wood is held in microvoids and macrovoids. The term free
only signifies that water molecules are not bound to specific
sorption sites; it is still bound by capillary forces and has a
negative water potential. Stamm (1950) refers to this type of
water in wood as capillary water. This type of water exhibits
little freezing point lowering.

Water in modified wood

One of the purposes of the present work was to study mois-
ture in acetylated wood and in furfurylated wood at high RH.
Both treatments are chemical modifications aimed at reduc-
ing the moisture uptake thus enhancing dimensional stability
and decay resistance.

Regarding acetylation, each acetyl group is known to be
linked covalently to a hydroxyl sorption site in the cell wall
(Papadopoulos and Hill 2003). Acetylation therefore should
not be capable of filling cavities significantly larger than the
acetyl group themselves, but only form a layer on part of the
walls of the cavity. The size of an acetyl group is influenced
by its nearby environment (Kwon et al. 2007). However,
computer simulations of acetylated galactopyranose by Thi-
bodeaux et al. (2002) can give an idea of the size. In these
simulations the bond lengths of the O-C and C-CHj; bonds
was found to be 0.135 nm and 0.149 nm, respectively (Thi-
bodeaux et al. 2002). If the C-H bond length is estimated to
0.109 nm (Demaison and Wlodarczak 1994) and the van der
Waals radius of the hydrogen to 0.120 nm (Bondi 1964),
the maximum distance from the oxygen of the wooden sub-
strate to the end of the acetyl group is approximately 0.52 nm
(assuming a linear O-C-C-H structure). This should be seen
in relation to the size of the initial hydroxyl group where an
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O-H bond length of 0.0946 nm (Szalay et al. 2002) results
in a distance from the oxygen to the end of approximately
0.22 nm. Thus, based on estimates of bond lengths, the acetyl
groups add approximately 0.3 nm at each sorption site where
it bonds. Capillary sorption in pores with a radius signifi-
cantly larger than the dimension of the acetyl group should
therefore remain unaffected by acetylation, provided that
there is no change of contact angle. There are, however, indi-
cations that the contact angle in macrovoids is affected by
acetylation (Thygesen and Elder 2008). A theoretical quan-
tification of the influence of contact angle on capillary mois-
ture uptake is found in Part 2 of this article. For RH values
where EMC is governed by sorption directly at hydroxyl
sorption sites, an almost constant ratio between the EMCs of
acetylated and untreated wood would be expected, largely
reflecting the degree to which the acetyl group is blocking
access of water molecules to hydroxyl sorption sites. An
EMC ratio increment in the range of high RH could indicate
contribution from capillary sorption (Strgmdahl 2000), which
is supposed to be unaffected by acetylation. This reasoning
is valid only if it can be assumed that acetylation does not
create new voids of a size relevant for capillary sorption at
high RH. Microvoids and macrovoids caused by acetylation
have not been reported in the literature. Based on these find-
ings, acetylated wood samples were included here as a type
of modified wood where direct blocking of hydroxyl groups
through the formation of covalent bonds presumably played
a more important role for the sorption properties than bulking
of voids in the 91.9-99.9% RH range.

It is presently not exactly known how furfurylation reduc-
es moisture uptake. It was recently shown (Nordstierna et al.
2008) that furfuryl alcohol can form covalent bonds to lignin
model compounds. However, such a reaction has not been
shown for wood lignin in situ. Furthermore, bonds to lignin
will not directly block sorption sites in the carbohydrate part
of the wood cell wall material, i.e., the part of the wood
where most of the primary sorption takes place. Other recent
studies indicate that a furfuryl alcohol based polymer (FAP)
is formed within the wood, a polymer which is bulking the
cell wall (Venas 2008; Thygesen et al. 2010; Thygesen and
Elder 2009). Furfurylated wood was included here as a type
of modification where bulking presumably played a more
important role for the sorption properties than direct blocking
of hydroxyl groups through the formation of covalent bonds.

Materials and methods

Wood samples

Two differently shaped sapwood samples were included: cylinders
and cuboids. Cylinder shaped samples with a diameter of 14 mm
were drilled from the sapwood of 10 mm thick discs taken from a
stem of Norway spruce [Picea abies (L.) Karst.], whereas cuboids
measuring 1 X40X40 mm were cut from the sapwood of other discs
from the same stem. Processing of the stem took place within a few
days after harvest, and care was taken throughout to prevent samples
from drying out. After processing, the samples were stored in sealed
plastic bags with an excess of demineralized water. All samples

were then subjected to neutron radiation (1X15 kGy) to prevent
biological degradation during storage (mould fungi). As a further
precaution, samples were stored at +5°C.

Three types of wood samples were produced:

* Untreated samples (denoted U) were dried at 103°C and then
vacuum saturated with demineralized water containing sodium
azide (NaNs, 200 mg 1'"). The samples were saturated in the
water for 2-3 h at 2.6-3.0 kPa followed by 24 h at atmospheric
pressure.

* Acetylated samples (denoted A) were treated in a lab-scale set-
up adapted from Rowell (1986). The samples were dried at
103°C and then subjected to vacuum drying for 18 h, after which
enough acetic anhydride was added to cover all samples. After
1 h, the pressure was equilibrated, and the samples were boiled
(~140°C) in acetic anhydride for 4 h. Finally, the samples were
dried at 103°C for approximately 24 h. The average weight per-
cent gain (WPG) was 20%. After acetylation the samples were
vacuum saturated in the same way as the untreated samples (type
U).

* Furfurylated samples (denoted F) were treated in a lab-scale set-
up. Samples were pre-dried at 103°C for 16 h and impregnated
in an autoclave (full vacuum for 30 min followed by a pressure
of 1.2 MPa for 120 min). Excess liquid was wiped off, and the
solvent was partly evaporated in an oven using a temperature
ramp from 20°C to 40°C during 4 h. Subsequently, the samples
were wrapped in aluminum foil and cured for 16 h at 103°C.
The foil was removed, and the samples were dried for 7 h at
103°C to evaporate condensed water and unreacted monomer.
The impregnation fluid consisted of furfuryl alcohol (55 wt-%),
ethanol (39 wt-%), citric acid (catalyst, 2 wt-%), and deionized
water (4 wt-%). The average WPG was 63%, indicating that the
impregnation was successful even though the samples were
made from spruce. This is most likely as a result of the small
sample dimensions used. After furfurylation, the samples were
vacuum saturated in the same way as the untreated samples (type
U).

Relative humidity levels and equilibrium moisture
contents

Relative humidity levels (21 totally) were established at 20°C by
three methods: saturated salt solutions, climate chambers, or the
PPT. All EMCs were reached from higher MCs, i.e., through desorp-
tion. The criterion employed for determining whether EMC had
been reached was that the sample weight did not vary more than
0.5% over 2 weeks, or, for the PPT method, that there had been no
outflow of water for 2 weeks.

Saturated salt solutions in desiccators were employed to reach the
following RH levels: (1) 91.9% RH (BaCl,), according to a linear
regression between temperature and RH based on values from Apel-
blat (1992), (2) 94.1%, and (3) 97.7% RHs obtained with saturated
KNO; and K,SO, solutions, respectively, according to Hansen and
Jensen (2002). The desiccators were placed in a 20°C water bath in
an isolated chamber. Magnetic stirring of the solution was used
throughout the experiment to ensure a homogeneous RH distribution
within the desiccators. The samples were taken out and weighed
once every 1-2 weeks. The time to equilibrium was approximately
5 months. Both cuboids and cylindrical samples were conditioned.

Other samples were conditioned in climate chambers at the
Department of Civil Engineering, Technical University of Denmark
(Strgmdahl 2000). This system allows weighing of the samples
within the chambers. Two chambers were available in parallel, and
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the RH levels were 98.0%, 96.0%, and 94.7%, respectively, 97.6%,
96.2%, and 94.9%. Samples were weighed once or twice a week,
and the time to equilibrium was 2—5 months for each RH level. The
total duration of the experiment was approximately 1 year. Both
cuboids and cylindrical samples were treated as described.

The principle of the PPT method is to expose water saturated
samples to a pressure of up to 10 MPa while they are in hydraulic
contact with atmospheric pressure through a ceramic disc or a cell-
ulose membrane with fine pores. Water will then flow out of the
samples until they are in equilibrium with the applied pressure. By
combining the Kelvin and the Laplace equations the RH that cor-
responds to the applied pressure can be calculated, assuming that
the sample is stiff and porous and partially water filled. For a given
pressure it is then hypothesized that pores with a diameter larger
than a limit value corresponding to the applied pressure are emptied
of liquid water. A description of the method can be found in Penner
(1963) and Cloutier and Fortin (1991).

Two different systems placed in two different laboratories were
employed, one at the Technical University of Denmark (DTU), and
one at Lund University (LU), Sweden. Both systems were based on
equipment from Soilmoisture (Santa Barbara, CA, USA) and three
different extractors intended for different pressure ranges were
employed at both laboratories (0-0.5, 0—1.5, and 0—10 MPa). How-
ever, the 0—10 MPa unit of the Danish system had been slightly
modified as described in Thygesen and Hansen (2007). Table 2
gives an overview of the PPT experiments carried out. All three
types (U, A, and F) were always included in each run, i.e., situated
in the same extractor and subjected to the exact same pressure. The
outflow of water from the extractors was checked 2—5 times a week,
and the time to equilibrium was in each case 2-3 months. Only
cylindrical samples were used for the PPT experiments, and they
were always placed with one of the two flat faces facing the disk,
i.e., water was made to move along the grain, which should ensure
the shortest possible time to equilibrium (Cloutier et al. 1995).

Following all types of conditioning experiments, samples were
dried at 103°C and weighed. Mean MCs were calculated for each
sample type based on the total dry weight of all samples of the
same type subjected to the same RH level within the same experi-
ment. It has recently been suggested to calculate MCs of modified
wood samples based on their dry weight before modification, thus
excluding the weight of the added substances (Hill 2008; Venas
2008). However, in this study, only average WPG values for each

Table 2 Overview of the pressure plate tech-
nique (PPT) experiments.

Extractor,
max

pressure Pressure RH
Laboratory® (MPa) (MPa) (%)
LU 10 5.60 95.9
LU 10 4.05 97.0
DTU 10 2.73 98.0
DTU 10 1.36 99.0
LU 1.5 1.36 99.0
DTU 1.5 0.66 99.5
DTU 0.5 0.38 99.7
DTU 0.5 0.27 99.8
LU 0.5 0.28 99.8
DTU 0.5 0.14 99.9

“Lund University (LU), Technical University of
Denmark (DTU).

modification type (acetylation and furfurylation) were known. We
consequently report for each sample the MC results based on an
estimated dry weight of an unmodified sample. If the results were
reported on the basis of the dry weight of the modified sample, the
WPG variation between samples would still be included in the
results. Thus, no additional uncertainty is introduced by estimating
the dry weight of the unmodified samples.

Low field time domain nuclear magnetic resonance
(LF TD NMR)

A subset of the samples was subjected to LF TD NMR at two
temperatures. For each measurement four cylindrical samples of the
same type (U, A, or F) conditioned to the same RH level were
measured together to achieve the recommended tube filling for each
NMR measurement. For each sample type, 36 such samples were
prepared. Instrument: 23 MHz 'H NMR Maran (from Resonance
Instruments, now part of Oxford Instruments, UK) set to a temper-
ature of +20°C. The free induction decay was recorded by a recycle
delay of 2 s and 32 acquisitions. In total, 8000 data points with a
spacing of 0.5 ms were recorded. Just before measurement, the sam-
ples were weighed to allow MC determination.

After measurements the samples were put in a freezer at -18°C
for at least 24 h. Then they were placed in a cooling bath at -20°C
for at least 1 h. The temperature just below the position of the tube
inside the NMR instrument was set to -20°C by a custom-built cool-
ing system based on evaporation of liquid nitrogen. The samples
were then remeasured at this temperature before they were dried at
103°C to constant weight to determine their MC during the +20°C
measurement.

Results and discussion

Sorption isotherms

The desorption data are presented in Figure 1. As can be
seen, the experiment was designed with overlaps between
the three methods. These overlaps show that the EMCs found
for the same sample type and at the same RH level, but by
different methods, are not systematically different. In other
words, there are no discontinuities between methods; a fea-
ture that lends the isotherms high credibility.

As seen from Figure 1, the EMCs of the untreated samples
at the high end of the RH scale (above 98%) are around
40%, i.e., well above the rule-of-thumb value of approxi-
mately 30% often assumed to be the fiber saturation point
(FSP) of European softwood. However, as pointed out
already by Stamm (1971), the FSP depends on the method
applied, and our results for RH >98% obtained by the PPT
method are in fact well in line with earlier PPT results
regarding the FSP of untreated softwood (Stone and Scallan
1967; Stamm 1971; Griffin 1977; Hill et al. 2005).

Sorption isotherms in the 96-99% RH range are often
drawn with an upward bend (Spalt 1958; Kollmann 1962;
Simpson 1973). Typically, it is assumed that at very high
humidity levels, capillary sorption in microvoids in the cell
wall structure is of crucial importance to the MC. However,
such an upward bend is not seen in our data for untreated
samples, except perhaps a weak tendency above approxi-
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Figure 1 Desorption data for untreated, acetylated, and furfury-
lated samples. For each data point it is also indicated which of the
three different methods mentioned in the legend that was employed
for establishing a constant relative humidity level.

mately 99.5% RH. The highest RH value (99.9%) obtained
in the present study corresponds to capillary sorption in
microvoids of a radius equal to 1 m, i.e., the very high end
of the range of microvoid radii as defined in Table 1. The
results therefore can be interpreted as though capillary con-
densed water in microvoids plays at most a modest role with
regard to EMC reached through desorption.

Theoretical calculation of capillary condensation
in microvoids

In an attempt to better understand the sorption isotherm for
untreated wood presented in Figure la, a theoretical calcu-
lation of the contribution from capillary condensation in the
99.0-99.9% RH range was undertaken based on the Kelvin
equation and idealized microstructural geometries. These
derivations and calculations are shown in extenso in Part 2
of this article. The result of the theoretical exercise was that
the effect of capillary sorption in microvoids is expected to
be insignificant with regard to the overall MC of wood even

at very high RH, below 0.35% moisture at 99.9% RH. This
result supports the validity of the isotherm for untreated
wood recorded and shown in Figure 1.

Modified wood

Figure la also illustrates that, as expected, the EMCs of the
acetylated samples are systematically lower than those of the
untreated samples. But more interestingly, the moisture ratio
MR, =EMC,/EMCy between the EMCs of the acetylated
and the untreated samples is more or less independent of RH.
As can be seen in Figure 2a, MR, is approximately 0.48
throughout the entire range of RH from 92% to approxi-
mately 99.6%. This result is in the same range as results for
similar WPG by Papadopoulos and Hill (2003) shown in
Figure 2b. Based on the hypothesis on MR, presented in the
introduction, MR, should increase significantly with increas-
ing RH if capillary condensation took place in both sample
types. The inference of the constant moisture ratio MR, as
seen in Figure 2a, is therefore that for desorption isotherms
for untreated wood as well as for acetylated wood, capillary
condensed water does not contribute to sorption below
99.9% RH.

The moisture ratios (MRr=EMCEMCy) for the furfu-
rylated samples are presented in Figure 3. For RH below
96%, the moisture ratio is of the order MR =0.8, indicating
that the furfurylated samples at equilibrium contain 80% of
the water present in untreated samples at the same RH levels,
i.e., in spite of a much higher WPG, furfurylation was not
as effective as acetylation. Above 96% RH the MRy gradu-
ally increases. For RH >99%, MRg>1 indicating that at
such high RH, furfurylated wood could hold significantly
more water than untreated wood. At RH=99.9% untreated
wood holds approximately 40% moisture, whereas furfury-
lated wood holds 50-60% moisture. The results of the pres-
ent study confirm the findings of Venas (2008) who
established adsorption isotherms for furfurylated Scots pine
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Figure 2 Moisture ratios (MR,) for acetylated samples. (a) Results
from the present study. (b) Samples acetylated to obtain a WPG of
5.4% (triangles), 15.8% (circles), and 22.5% (squares) (Panel b is
based on data from Papadopoulos and Hill 2003).
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Figure 3 Moisture ratios (MRp) as a function of relative humidity
(RH) for furfurylated samples.

samples with a WPG of approximately 28%. Below
RH=85% the MRy stayed at an almost constant value of
approximately 0.56. However, somewhere in the interval
85% <RH <100% the moisture ratio started to increase to
eventually reach a value of approximately MRp=1.0 at a RH
value characterized as ‘close to 100%’. At the very high
WPG levels in the present study, it is probable that the cell
walls were bulked to such an extent that they were damaged
and/or that the cell lumina of some cells were (partially)
filled. The cause of the change in sorption behavior of fur-
furylated wood compared with untreated wood can thus be
related to (1) sorption of the FAP itself, (2) an increase in
accessibility of the sorption sites caused by less effective
blocking by the FAP, or (3) capillary condensation in cracks
created by the bulking of the cell wall.

Venas (2008) exposed ground FAP, i.e., the glassy, hydro-
phobic polymer formed by in vitro homopolymerization of
furfuryl alcohol to saturated water vapor. The EMC was
2.6%. For the furfurylated samples in the present study with
a WPG of 63%, this amount of water corresponds approxi-
mately to 1.6% moisture bound in the FAP phase. Firstly,
this is a very modest contribution, and secondly there is noth-
ing to indicate that this polymer differs from most polymers
with regard to showing smooth running isotherms with no
particular increase of water uptake at very high RH. The
results presented in Thygesen et al. (2009) indicate that the
same homopolymer is formed inside the wood. Thus, water
uptake in the FAP itself does not offer a likely explanation.

Increasing the MC causes the molecular mobility of the
hemicelluloses to increase (Salmén 1982; Olsson and Salmén
1997). It might therefore be hypothesized that such softening
makes access to blocked sorption sites easier. However, such
a mechanism would be expected to show over a considerable
range of RH and not to be confined to a narrow range of the
very highest RH values. In addition, such a mechanism
would be incapable of explaining moisture uptake in excess
of that of untreated wood. Consequently, softening can at
best offer part of the explanation.

Capillary condensation can offer a better explanation. In
fact, a crossing at high RH of sorption isotherms, as seen for
untreated wood and furfurylated wood, is also known from
other types of wood modification. Heat treatment reduces the
number of available sorption sites particularly by decompos-
ing hemicelluloses. This results in a reduced moisture sorp-
tion at intermediate levels of RH. However, the decom-
position of hemicelluloses also creates voids, which result in
increased moisture uptake as a result of capillary condensa-
tion at high levels of RH (Hoffmeyer et al. 2003). A related
mechanism is suggested for furfurylated wood with high
WPG. Water sorption is reduced by furfurylation blocking
the access to sorption sites at normal levels of RH. At high
levels of RH, capillary sorption in microvoids becomes
active. We suggest that the microvoids are generated by the
pressure impregnation with furfuryl alcohol. They might
show as microcracks emerging from the bulking of the cell
wall or as microvoids between cell wall matter and bulk
FAP deposited, e.g., in cell lumens. The RH range from
RH=99.0%, where MR =1 up to RH=99.9%, which is the
highest RH value of the study, corresponds to capillary radii
in the range 0.1-1.0 wm. An exploratory attempt to identify
such microvoids by environmental scanning electron micro-
scopy (ESEM) was unsuccessful, perhaps because the micro-
voids are shut at the insufficient moisture conditions
available in the ESEM (results not shown). The ESEM did,
however, reveal that the lumina of ray cells were filled to
some extent by the FAP.

If the marked increase of the sorption isotherm of furfu-
rylated wood at high RH is related to capillary sorption, it
would be expected that such behavior is reflected by the
swelling of the wood. Either the wood will exhibit a slightly
negative swelling as a result of capillary forces or a low or
zero swelling caused by the filling of existing voids in the
structure. Thus, the ratio of swelling over MC would
decrease in the region where the sorption isotherm changes.
It remains unresolved whether this is the case.

Freezing and non-freezing water as detected
using LF TD NMR

The LF TD NMR method is an alternative to swelling exper-
iments for the study of the state(s) of water in wood, i.e., for
answering the question to what extent the water is ‘bound’
or ‘free’. The method is suited for measurements both above
and below the freezing point of the ‘free’ water. Figure 4
shows the mean free induction decay (FID) relaxation curve
for the three sample types measured at +20°C and at -20°C.
The figure demonstrates that only the mean relaxation curve
of the furfurylated wood is affected by freezing the samples.
This indicates that on average only the furfurylated samples
contained freezing water. To make sure that the difference
seen was not simply an effect of a difference in average MC
between sample types, a principal component analysis (PCA)
was carried out of all FIDs recorded. The PCA included data
for all three sample types (untreated, acetylated, and furfu-
rylated) and for two measurements per sample (+20°C and
-20°C). To avoid clutter, the scores plot for factors 1 vs. 2
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Figure 4 Mean free induction decay (FID) relaxation curves from
LF TD NMR of 36 samples of each of the three sample types
(untreated, acetylated, and furfurylated) at +20°C and at -20°C.
Data for different moisture contents have been pooled.

for this PCA are presented as three subplots (Figure 5a,b,c),
each showing data for one of the three sample types. Fur-
thermore, the two points corresponding to the same sample
are connected by a line and a circle shows which end of the
line corresponds to -20°C. It is obvious that the untreated
and the acetylated samples form groups that are separate
from each other, regardless of the temperature. Within each
of these two groups, no systematic effect of the temperature
can be discerned. Contrary to this, the furfurylated samples
at the -20°C group (situated within a narrow area) are well
separated from the position of the samples at +20°C. At
+20°C they are positioned more or less with the untreated
samples, at -20°C they are positioned close to the acetylated
samples.

Figure 6 shows the length of the ‘vectors’ in Figure 5 vs.
the MCs of the samples. This plot demonstrates for the fur-
furylated samples that the higher the MC the longer the ‘vec-
tor’, i.e., the more was the FID at -20°C different from the
FID at +20°C. Accordingly, the difference in signal is relat-
ed to the amount of freezing water. This trend is not seen
for the two other sample types indicating that they did not
contain any significant amounts of freezing water. According
to Petrov and Furé (2009), water in cylindrical pores with a
radius down to 3 nm will freeze at -20°C. This indicates that
also water in very large clusters — as those that might exist
around charged groups at RH levels close to 100% — could
freeze at this temperature, but so large clusters are not found
around uncharged groups such as hydroxyl groups (Berthold
et al. 1996). Charged (carboxylic) groups exist only in acet-
ylated wood, not in untreated or furfurylated wood. How-
ever, no freezing occurred in the acetylated wood.
Consequently, we find it probable that the water that froze
in the furfurylated samples was capillary condensed water
(perhaps in damaged cell walls), i.e., free water and not
freezing bound water.
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Figure 5 Principal component analysis of the 3 (sample
types) X 36 (samples) X 2 (temperatures) =216 FID relaxation curves
summarized in Figure 4. Scores for factor 1 vs. scores for factor 2
are shown in three separate subplots to avoid clutter, i.e., one sub-
plot per sample type. Within each subplot each line connects the
position of a sample at +20°C with its position at -20°C (marked
by a circle).
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Figure 6 The distances in the PCA scores plot between the posi-
tions at +20°C and at -20°C (as seen in Figure 5) vs. the moisture
content of the samples at +20°C.

Conclusions

Desorption isotherms at 20°C for untreated, acetylated, and
furfurylated Norway spruce sapwood were established in the
91.9-99.9% RH range. The curve for the untreated samples
did not show an upward bend, except perhaps above 99.5%
RH, indicating that — contrary to what has hitherto been
assumed — capillary condensation does not play a significant
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role for water sorption in wood below fiber saturation. Three
additional results from the present study point in the same
direction:

e The theoretical contribution of capillary condensation to
the MC in wood — based on idealized microstructural
geometries — was calculated by the Kelvin and Laplace
equations. Only very small contributions to the EMC
were found, namely below 0.35% moisture at 99.9% RH.

* The moisture ratio between acetylated and untreated sam-
ples did not show an increasing trend for increasing RH,
as would have been the case if capillary condensation had
taken place in both untreated and acetylated wood.

e Low field time domain NMR results showed that only
the relaxation curves from the furfurylated samples were
affected systematically by freezing, indicating that neither
untreated nor acetylated wood contained significant
amounts of capillary condensed water.
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Abstract

A theoretical study of the amount of moisture held in wood
as capillary condensed water in the relative humidity (RH)
range of 90-99.9% is carried out. The study is based on
idealized geometries of the softwood structure related to
micrographs. It is confined to structural elements such as
bordered pits and the pointed ends of tracheids. The theo-
retical amount of water in these elements is found by
employing the Kelvin equation. An equal amount of early-
wood and latewood cells with different geometries and with
different amounts of pits is assumed. The effect of pit aspi-
ration is considered, and different degrees of pit aspiration
are assigned to earlywood and latewood. We suggest based
on the results that capillary condensation makes only a very
small contribution to the equilibrium moisture content. At
99.9% RH the contribution amounts to less than 0.0035 kg
water per kg dry wood. This is in line with the experimental
results presented in Part 1 of this study.

Keywords: capillary condensation; isotherm; Kelvin equa-
tion; sorption; wood-water relations.

Introduction

In Part 1 of this article a variety of techniques were
employed to shed light on wood-water relations with regard
to capillary condensation. In the present Part 2 of this article,
a detailed account is given of the theoretical assessment of
capillary condensation already utilized in Part 1. The study
is confined to structural elements such as bordered pits and
the pointed ends of tracheids for the 90-99.9% range of
relative water vapor pressures. Idealized geometries based on

micrographs of softwood structure are used and the Kelvin
equation is employed. Geometrical dimensions, capillary
radius, and contact angle are the only variables.

Theory

The condensation of vapor in narrow pores can occur below
the saturation pressure. This phenomenon is termed capillary
condensation. The critical pressure at which capillary con-
densation occurs is determined, among other factors, by the
shape and size of the pores; the narrower the pore, the lower
the critical pressure. The relation between critical pressure
and pore size is described by the Kelvin equation shown as
Eq. (1). The critical pressure is often expressed as relative
pressure. For water vapor, the relative pressure is termed
relative humidity (RH).

20°M,,

r=——— (1)
p*R-T+In(RH)

where o is the surface tension of water (72.74 mN m™' at
20°C), M,, is the molecular weight of water (18.01 g mol™"),
p is the density of water (998 kg m™ at 20°C), R is the
universal gas constant, and 7 is absolute temperature. The
parameter r is the mean curvature of the formed meniscus
of condensed vapor in the pore. For cylindrical pores r is
equivalent to the radius of the pore, whereas for slit-shaped
pores it designates half the distance between the two parallel
pore walls (Evans et al. 1986).

The Kelvin equation is only valid above a certain relative
pressure (Sing 2004). Below this pressure, capillary conden-
sation can occur but it is not described by the Kelvin equa-
tion (Evans 1990). For instance, Branton et al. (1995) have
studied the capillary condensation in the porous silicate
material MCM-41, which has a specific pore size of narrow
distribution. They found that capillary condensation occurs
in a narrow range of RH of approximately 55%. However,
at such low levels of RH, the capillary condensation is con-
trolled by the specific interaction between sorption sites and
the condensed vapor and not by the Kelvin equation (Evans
1990). Computer simulations indicate that the Kelvin equa-
tion is accurate down to pore widths of approximately 7.5 nm
(Lastoskie et al. 1993; Rouquerol et al. 1999) which corre-
sponds to a cylindrical pore radius of 3.75 nm and a relative
water vapor pressure of 75% RH. Thus, for studying mois-
ture adsorption by capillary condensation in wood in the
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range of 90-99.5% RH, the Kelvin equation is fully
applicable.

Occasionally, the Kelvin equation is modified to take into
account adsorbed layers of vapor molecules on the wall sur-
faces (Evans 1990; Lastoskie et al. 1993). However, for 90%
RH the corresponding capillary radius is 10.3 nm (see Part
1). If it is assumed that each sorption site only adsorb 1.35
water molecules on average even at high RH (Berthold et al.
1996), the capillary radius of 10.3 nm is more than 30 times
larger than the layer (0.3 nm for one water molecule) of
adsorbed water molecules on the cell wall surfaces. Thus, it
is reasonable to model the contribution of capillary conden-
sation in the idealized wood structure without taking into
account the water adsorbed to specific sorption sites.

Pointed ends of tracheids

Idealized, the capillary water volume in tracheid ends has
the shape of a cone with a concave bottom (see Figure 1a).
The volume of water can thus be found as the volume of a
cone minus the volume of a spherical cap. The curvature of
the latter is determined by the capillary radius corresponding
to the given ambient relative humidity. The height of the
cone is determined both by tracheid geometry and the cap-
illary radius. The variable which connects the cone height
with the capillary radius is the width D (see Figure 1a). D
is the diameter of the flat circular face of the spherical cap.

The volume of water, V., can be calculated from Eq.

2):

ﬂ hcone.Dz_ E .hz .(3r_hcap) (2)

3 cap

Vwarer = Vcone_Vcap = 12 °

where V,,,. and V,,, are the volumes of the cone and spher-
ical cap, respectively. The height of the cone, 4, is related
to D by Eq. (3):

hn'\x
h _ ma

cone
D max

D 3)

The angle B gives the relation between D and &,

cap*
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tan B= 4)

=

cap

By using Pythagoras equation on the triangle ABC, the
parameter D can be determined.

1 2
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By trigonometric considerations, the angles « and 8 can
be found.
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As the triangle ABC is an isosceles triangle, 8 can be
found from Eq. (10).

B=%(W—[%W-a—@))=%(%’ﬂ+a+0) (10)

The height of the spherical cap, &,
from D from Eq. (11).

can then be found

cap

D
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“P 2 tan B

an

Aspirated pits

The capillary water volume in aspirated pits is assumed to
be shaped like a ring with a sharp rim. The volume can be
calculated by solids of revolution, i.e., rotating a plane object
around an axis. In Figure 1b the gray area marks the water.
To obtain the volume of water, the space between the volume
of the rotated gray area and the rotational axis has to be
extracted.

The volume of water can be found from Eq. (12). In gen-
eral, the volume of a rotational body can be found by the
integral of the squared function multiplied with 7.

D D

VH/'(IIL’I‘ = ﬁfﬂx)zdx- WJ'g(x)2dx

0 0

D/2
2
hmax

1
= 277 J’ 5 hopen + hmax' 1

~D max
’ 2

dx

D/2

—27Tf (o + frz—x2)2dx (12)
0

The first integral is related to the area lines indicating the
pit geometry. The second integral is related to the area
between the water meniscus and the rotational axis (see
Figure 1b).

The height and width of the water volume are related by
Eq. (13).



Water sorption in wood and modified wood. Part 2 327

a Tracheid end

Rotational

d Dimensions

Tracheid end

Earlywood
D, ax=36 pm
Niax=80 pm

Latewood
Dma:=20 Hm
Pipa=80 um

Aspirated pit

Bordered pits

Earlywood
Pnax Dy ax=4.8 pm
1 Pax=7-9 pm
! Nopen=3.8
Unaspirated pit open e
Latewood
| Day=3.7 um
| Niax=3.6 pm
Nopen=2.8 pm

(a) Water volume (gray area) in an idealized tracheid end. (b) Water volume (gray area) in an idealized aspirated pit. (c) Water

volume (gray area) in an idealized unaspirated pit. (d) Dimensions of earlywood and latewood tracheid ends and pits based on C6té and

Figure 1

Day (1969).
h 1 h

h: max .7D: max .D 13
1 2 Dmax ( )
A Dmax
2

The offset of the circular center from the rotational axis
can be found from Eq. (14).

h =

rot

Reopen + Minax-h-1+c0s B

h
Ngpen+ Minax- D"m D-recos 3 (14)

N[ = N —

By trigonometric considerations, the angles o and 8 can
be found.

! D
2 max

a=Arc tan (15)

1 1
,8=7T{577+a+0)=577-a-0 (16)

The capillary radius and the parameter D are related by
Eq. (17).

1
§D=r-sinﬁ (17)
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The following integral is part of the second integral of the
water volume equation. The solution to the integral is given
by Eq. (18).

= 1 1
Jﬁﬂ-xz dx= fr-cosz udu=r [ Juty sin(2u)] (18)

where u=Arc sin[ o J (19)
r

Unaspirated pits

The idealized capillary water volume in unaspirated pits dif-
fers in shape from the water in aspirated pits only by two
concave curvatures within the ring instead of one. Therefore,
the second part of the volume Eq. (12) differs from the one
for aspirated pits. It is also important to note that the bound-

1
aries have changed from [0 ED] to [0 D], see Figure 1c for

further information on the parameters. It is assumed that the
margo is located in the center of the pit.
The volume of water can be found from Eq. (20).

2
hmax

D
1
Vwarer =2 Wj 5 hopen + hmux' 1— x| dx

7Dm'\x
0 2 2

D
2 f (Byo+ [ P=(x-D, )7 ) dlx (20)
[

The offset of the center for the capillary curve can be
found from Egs. (21) to (24).
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The relation between D and r is given by Egs. (25) to
27).
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The angle B can be found in triangle ABC and is given
by Eq. (28).

1 1 1
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B=m-20-a 29

The following integral is part of the second integral of the
water volume equation. The solution to the integral is given
by Eq. (30).

—_— 2
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Idealized softwood structure

The total water volume can be calculated on the basis of the
previous equations and assumptions regarding the dimen-
sions and number of pits and tracheids. Wood is a very var-
iable material and shows a large variation between the cells
in earlywood (EW) and latewood (LW). For instance, the
dimensions of cell lumen and pits of the EW are greater than
those in LW. Furthermore, a larger amount of pits are aspi-
rated in the EW than in the LW. These factors are included
in the calculations by defining two types of cells (EW and
LW tracheids) and four types of pits (aspirated and unaspi-
rated pits in EW and LW, respectively). The dimensions of
the six different geometries are seen in Figure 1d. The
dimensions are based on micrographs from Co6té and Day
(1969).

To calculate the amount of moisture held as capillary con-
densed water, the amount of tracheids and pits needs to be
established. The number of tracheids is set to 80 per mm?®
based on their dimensions which typically are 50 wm in
width and 5 mm in length (Dinwoodie 2000). This corre-
sponds to 160 tracheid ends per mm?® available for capillary
condensation. An equal amount of thin-walled EW and
thick-walled LW cells is assumed. The number of pits is set
to 300 per EW tracheid and 100 per LW tracheid based on
Dinwoodie (2000). This results in an amount of 8000 pits
per mm® wood. The percentage of aspirated pits is at first
assumed to be 75% in EW and 10% in LW. The dry density
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of wood is assumed to be 480 kg m™, which enables a cal-
culation of the MC content as weight percentage of water in
wood.

Results and discussion

Figure 2 shows the contribution of capillary water to the MC
as a function of the relative humidity in the ambient climate.
For this Figure, the contact angle between cell wall and water
is set to zero. A zoom of the range of 99—100% RH is includ-
ed in Figure 2. It is clear that even at very high relative
pressures, the amount of moisture held as capillary water
does not exceed 0.0035 kg water per kg dry wood. An inter-
esting feature is seen for the LW where the slope of the curve
decreases above 99.8% RH, whereas the EW slope continues
to increase. This is as a result of a complete filling of the
smaller LW pits. This is also clear from Figure 3 that depicts

0.35
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—_ L Latewood ) '
i 0.31 0.3l{ — 5050 composition / |
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S 0.25f 025 ' ]
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Figure 2 The contribution of capillary water to the moisture con-
tent as a function of the ambient relative humidity. Inserted is a
zoom of the 99-100% RH range.
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Figure 3 Influence of pit aspiration in earlywood and latewood
on the contribution of capillary water to the moisture content.
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Figure 4 The influence of contact angle between water and wood
on the contribution of capillary water to the moisture content for
selected values of relative humidity.

the sorption curves for EW and LW with either completely
aspirated or unaspirated pits, respectively.

The contact angle between water and wood was initially
set to zero. However, the influence of contact angle on the
contribution of capillary water is shown in Figure 4 for
selected values of relative humidity. The diagram shows that
the largest contribution of capillary water is achieved if the
contact angle equals zero.

Conclusions

The theoretical calculations indicate that capillary conden-
sation in structural elements such as bordered pits and the
pointed ends of tracheids plays an insignificant role in the
adsorption of moisture in wood even at a relative humidity
as high as 99.9% RH. This is in line with the experimental
results shown in Part 1 of this study.
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Abstract

It is a commonly accepted notion that the equilibrium mois-
ture content (EMC) of wood at a given relative humidity
(RH) is highest during initial desorption of green wood due
to an irreversible loss of hygroscopicity during the 1* desorp-
tion. The basis for this notion is investigated by assessing
how drying and saturation procedures influence the differ-
ences between the 1% and the 2" desorption curves for Nor-
way spruce (Picea abies (L.) Karst.) sapwood. The study
establishes 1% and 2" desorption isotherms for a variety of
initial conditions and it covers the RH range from 60.1% to
99.9%. The state of the water is not affected by oven-drying
and rewetting as demonstrated by time domain low field
NMR relaxometry. The results challenge the conclusions of
earlier studies and indicate that in these studies the 2™
desorption was initiated at much too low EMC and therefore
fails to describe a boundary desorption isotherm. Instead, it
becomes an intermediate desorption isotherm starting at the
adsorption boundary curve and crossing over to eventually
meet the desorption boundary curve. The results also show
that vacuum drying at room temperature only gives a modest
loss of hygroscopicity compared to the green state. Con-
versely, oven-drying at 103°C results in a more significant
loss of hygroscopicity, except for RH above 96% where an
increase in EMC surprisingly is seen.

Keywords: fiber saturation; first and second desorption iso-
therms; green wood; time domain low field NMR spectro-
scopy; wood-water relations.

Introduction

It is a commonly accepted notion that the equilibrium mois-
ture content (EMC) of wood at a given relative humidity

(RH) is highest during initial desorption of green wood.
More specifically, it is commonly accepted that after drying,
any subsequent desorption from saturated condition produces
lower values of EMC at RH above 60%—70% *‘indicating
that there is an initial irreversible loss in hygroscopicity’’
(Skaar 1988). The scientific basis for the notion that the 2™
desorption universally gives lower EMCs than the 1% is often
ascribed to Spalt (1958), though similar observations had
earlier been reported for cotton (Urghuart 1929; Urquhart
and Eckersall 1930), beech wood (Barkas 1936), wood pulp
(Seborg et al. 1938) and cellulose objects (Hermans 1949).
Spalt (1958) subjected specimens of four different coniferous
species to both a 1** and a 2™ desorption. By use of saturated
salt solutions, six different RHs were obtained, the highest
of which was 94%. At this RH, a species dependent value
of the moisture ratio (MR), defined as the ratio between the
EMCs at the 1** and 2™ desorption, was recorded in the range
of 1.1-1.2. At decreasing values of RH the MR also
decreased, resulting in a merging of the two desorption iso-
therms somewhere between RH 62% and 78%. Spalt initi-
ated his specimens to the 2" desorption from a condition
reached by heating a water reservoir to a temperature that
caused condensation in the weighing tubes held at room tem-
perature. In other words, the specimens were presumably
exposed to air saturated with water vapor. The specimens in
the weighing tubes were thought to be in a saturated con-
dition after prolonged exposure to this climate. However, it
may be questioned whether this procedure is a suitable ref-
erence condition for saturation of the wood fibers. If this is
not the case, Spalt’s 2" desorption curves are intermediate
desorption curves initiated from a moisture state less than
fiber saturation. Spalt’s results show increasing MRs for
increasing RH. Even higher MRs for RH values exceeding
Spalt’s maximum RH value of 94% would therefore be
expected. However, results for the 92.6%—-99.9% RH range
produced as an unpublished spin-off from an earlier study
(Thygesen et al. 2010) surprisingly suggested decreasing MR
ratios, which prompted the present study.

The study of potential differences between the 1 and 2™
desorption is intimately linked to the concept of the fiber
saturation point (FSP). A brief review of the FSP concept is
therefore included here. The original definition (Tiemann
1906) relates FSP to the EMC where, the free water in the
cell lumina has disappeared, the cell wall begins to dry and
the strength begins to increase. However, as discussed by
Hill (2008), these effects do not normally occur at the same
EMC, so in practice the FSP is less well defined. Further-
more, both free water and unsaturated cell wall may exist
simultaneously in different cells within the same specimen
(Almeida and Hernandez 2006a,b; Hernidndez and Pontin
2006; Hernandez and Bizon 1994; Araujo et al. 1992; Menon
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Table 1 Overview of sequence of events for the five different procedures employed to subject
specimens to desorption measurements. The digit in the procedure label is a hint to 1% or 2"
desorption, respectively.

Procedure labels

GREENI1* VACUUMI1 SATVAP2° VACUUM2 OVENDRY2
Drying N/A N/A Vacuum Vacuum Oven-drying
(20°C) (20°C) (103°C)
Saturation N/A Vacuum Water Vacuum Vacuum
vapor

3Simulating 1** and "2™ desorption according to Spalt (1958).

et al. 1987). Stamm (1964) lists FSP determined from a vari-
ety of strength tests of Sitka spruce and arrives at an FSP in
the 27%-30% range, or much the same as the FSP value
obtained by extrapolation of the sorption isotherm from 98%
RH. Hence, for purposes of calculating the moisture depend-
ency of physical and mechanical properties of wood, such
an approach to find FSP is perfectly suitable. However, such
an FSP is a nominal value. It represents neither a particular
point on the sorption isotherm nor an upper value of EMC
above which no more bound water is taken up. Stone and
Scallan (1967) related FSP to ‘‘the amount of water con-
tained within the water saturated cell wall’’. They then
argued that the FSP must be where there is a discontinuity
in the range of void dimensions, and they defined this FSP
in terms of water potential. The quoted authors exposed
black spruce to humidity in a pressure plate apparatus and
found such a discontinuity at about 99.75% RH, equivalent
to a matrix water potential of about i,,=-0.3 MPa and a
void radius of about 0.4 pm, i.e., large microvoids (Thyge-
sen et al. 2010). The corresponding FSP was 40%. The same
authors found, by means of a solvent exchange technique
(dextran 110), a FSP value of 42% for the same specimens.
Griffin (1977) reanalyzed the results of Stone and Scallan
(1967) and added his own results from pressure plate tests
including two other coniferous species. The author then
defined FSP as the water content of wood that is in equilib-
rium with ¢,,=-0.1 MPa (99.93% RH and 1.5 pm void
radius) during desorption from the saturated state and arrived
at FSP=43%. Hill et al. (2005) calculated FSP=38% for
Corsican pine sapwood by the solute exclusion method. Her-
nandez and Bizon (1994) investigated sugar maple by the
pressure membrane technique combined with measurements
of strength and shrinkage and found that loss of bound water
begins in desorption around 42% EMC. The present paper
is based on the FSP definition as ‘‘the amount of water con-
tained within the water saturated cell wall’’ (Stone and Scal-
lan 1967). More specifically, FSP is chosen as the EMC of
wood in equilibrium with ,,=-0.1 MPa (RH=99.93%, void
radius=1.5 wm) (Griffin 1977).

The hypothesis of the present study is that a more detailed
understanding is needed in terms of the question how drying
and saturation procedures affect the relation between the 1%
and 2" desorption isotherms and that the concept of Spalt
(1958) and Skaar (1988) ‘‘indicating that there is an initial
irreversible loss in hygroscopicity’’ needs to be revisited and
reassessed. The study establishes 1** and 2™ desorption iso-

therms for a variety of initial conditions and it covers the
60.1%9-99.9% RH range. The study comprises two test
series. One series covers the RH range from 60.1% to 98.4%
and thus includes the full RH range for which Spalt (1958)
reported differences between the 1% and the 2™ desorption
curves. The state of water in the various specimens is also
studied by NMR relaxometry. Advanced versions of both
high and low field NMR relaxometry have been introduced
to the wood and paper sciences during the last decade (see
for example Topgaard and Sodermann 2001; Garvey et al.
2006; Johannessen et al. 2006; Kekkonen et al. 2009; Cox
et al. 2010). In the present study, standard time domain low
field NMR relaxometry (TD LF NMR) above and below the
freezing point of free water was performed.

Materials and methods

Rectangular cuboids measuring 3 X23 X 47 mm?® were cut from the
sapwood of discs taken from a stem of Norway spruce (Picea abies
(L.) Karst.). Processing of the stem took place within a few days
after harvest, and care was taken throughout to prevent specimens
from drying out. After processing, the specimens were stored in
sealed plastic bags with an excess of demineralized water. The bags
and their content were then subjected to neutron radiation
(1X 15 kGy) to prevent biological degradation by mold fungi during
storage. As a further precaution, the sealed plastic bags were stored
at 5°C. Prior to further use, the specimens were removed from the
bags and placed in demineralized water containing sodium azide
(NaN3, 200 mg I'") for more than 24 h. Specimens prepared like
this are here referred to as green specimens.

Saturation and drying procedures

Table 1 presents the procedure labels together with the five different
procedures employed to subject specimens to desorption measure-
ments. The digit 1 or 2 in the procedure label is a hint to 1* or a
2" desorption, respectively. The GREEN1 procedure corresponds
to that of Spalt (1958) to establish the 1°* desorption curve. The
VACUUMI procedure then reveals whether the green condition rep-
resents full saturation of the cell wall. The saturation over water
vapor (SATVAP2) procedure attempts to mimic the water vapor
saturation and vacuum drying procedure — as described by Spalt
(1958) — applied for the 2™ desorption. The efficiency of this pro-
cedure is assessed by the procedure VACUUM?2, which employs
liquid water instead of water vapor for the saturation prior to the
2" desorption. Finally, the OVENDRY2 procedure allows an
assessment of any additional change of hygroscopicity arising from
drying at elevated temperature.
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Demineralized water containing sodium azide (NaNs, 200 mg I'')
was used for the vacuum saturation. The specimens were first
exposed to water for 1 h at 2.6-3.0 kPa followed by 0.5 h at atmos-
pheric pressure. They were then exposed to the water for more than
24 h at 2.6-3.0 kPa followed by more than 6 h at atmospheric
pressure. Vacuum drying was carried out in desiccators containing
magnesium perchlorate as desiccant (20°C and 0.1-1.0 kPa). After
two weeks, the desiccant was removed and constant pumping (20°C
and 0.1 kPa) was carried out for an additional three days. At that
point, the weight change of the specimens was about 0.03% per day.
Exposure to saturated water vapor was started in desiccators at 20°C
at a pressure of about 2.6-3.0 kPa. After 7 days, vacuum was
replaced by atmospheric pressure to allow EMC to be reached under
conditions comparable to those used by Spalt (1958). The total time
for water vapor saturation was ten days. At that point, the weight
change of the specimens was about 0.02% per day. Oven-drying
was carried out at 103°C for a duration of about 24 h. Specimens
were taken directly from green condition to oven-drying.

Conditioning (60.1% <RH <98.4%)

Six different levels of RH were achieved by saturated salt solutions
in desiccators (NaBr, NaCl, KCI, BaCl,, KNO; and K,SO,). The
desiccators were placed in a 20°C water bath in an isolated chamber.
The solutions were magnetically stirred to promote a uniform RH
distribution within the desiccators. Five sets of cuboid specimens,
corresponding to the five procedures, were placed in weighing
glasses in each of the six desiccators. The 30 specimens were gen-
erally taken out and weighed once every 1-2 weeks. The lids of
the weighing glasses were mounted when opening a desiccator and
taking out the glasses for weighing. Atmospheric pressure was re-
established immediately before opening any desiccator. This was
done by filling the desiccator with air having a RH matching that
of the desiccator. Air used for the filling of the dry desiccators had
a dew point temperature of about -100°C corresponding to a
RH<0.01%. The maximum time to equilibrium was about five
months. The criterion for having reached EMC was a change of
mass corresponding to <0.01% MC per day. Following the com-
pletion of the desorption measurements, all specimens were oven-
dried at 103°C for a minimum of 24 h and then weighed.

In a preceding paper (Thygesen et al. 2010), RH values corre-
sponding to the saturated salt solutions were taken from literature.
The present investigation demonstrated that stirring of the saturated
salt solutions results in RH values in the desiccators slightly higher
than would be expected from literature. The RH was therefore meas-
ured in situ by placing moisture data loggers in the desiccators.
Instrument: Tinytag Explorer Version 4.6 (from Gemini Data Log-
gers Ltd., Chichester, UK). A Hygromer® HR 100A (from Rotronic
AG, Bassersdorf, Switzerland) was used to calibrate the Tinytag
data loggers. Traceability of measurements was assured by using
the Rotronic calibration chamber in a combination with Rotronic’s
certified salt solution ampoules. The following calibrated RH values
were found based on the in situ moisture measurements: 60.1%
(NaBr), 76.9% (NaCl), 87.1% (KCl), 92.6% (BaCl,), 95.1% (KNO,)
and 98.4% (K,SO,). These RH values, which are used in the fol-
lowing, exceed those reported in literature by about 1%.

Additional test series (92.6% <RH <99.9%)

A subset of the specimens were treated according to the processes
GREEN1 and OVENDRY2. RH levels (21 totally) in the
92.6%—-99.9% range were established at 20°C by three different
methods: saturated salt solutions, climate chambers, and the pressure

plate technique (PPT). For details about the methods see Thygesen
et al. (2010).

Time domain low field NIVIR relaxometry (TD LF
NMR)

A subset of the specimens from the additional test series were sub-
jected to TD LF NMR (23 MHz 'H NMR Maran instrument, from
Resonance Instruments, now part of Oxford Instruments, Abingdon,
UK) at +20°C and -20°C. The free induction decay (FID) was
recorded with a recycle delay of 2 s and 32 acquisitions. Eight
thousand data points with a spacing of 0.5 ms were recorded. For
further details see Thygesen et al. (2010).

Results and discussion

Particular features of desorption isotherms at very
high RH values

Results from the additional test series (92.6% <RH <99.9%)
allow a discussion of characteristic features at the very high
end of RH. Figure 1a shows the isotherms corresponding to
the procedures GREEN1 and OVENDRY?2. The markers
refer to the three different methods employed for establishing
the RH levels. As can be seen, the experiment was designed
with overlaps between the three methods and the overlaps
show that the EMCs recorded (obtained at the same RH by
two or three methods for samples prepared using the same
procedure) are not systematically different. In other words,
the results show no discontinuities between methods and this
feature lends the isotherms high credibility. Neither the green
nor the dried and remoistened specimens show any signs of
an upward bend as a result of capillary condensation, except
perhaps above 99.5% RH. For the OVENDRY?2 specimens,
this has been discussed elsewhere (Thygesen et al. 2010;
Engelund et al. 2010). The results do not indicate that the
green specimens behave any differently, which supports the
conclusion of (Thygesen et al. 2010; Engelund et al. 2010)
that “‘capillary condensation does not play a significant role
for water sorption below the FSP”’.

Figure 1 shows FSP values of the order FSP=38% for
the GREEN1 procedure and FSP =42% for the OVENDRY?2
procedure. This order of magnitude is consistent with the
results from the literature discussed in the preceding section
on fiber saturation. It should be noted that the two isotherms
cross around 96% RH leaving the oven-dried specimens with
a higher FSP than the green specimens.

The significance of saturation procedures

Green specimens are used throughout the tests as a reference
representing never dried and fully saturated wood. A com-
parison of the desorption isotherm for the two types of green
specimens GREEN1 and VACUUMI (obtained by additional
vacuum saturation with water) show very little difference
(Figure 2a). It can be concluded that the GREEN1 specimens
were indeed water saturated.

Figure 2b shows MRs as a function of RH for each of the
three 2" desorption procedures. The three procedures lead
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Figure 1 a) Comparison of desorption isotherms for Norway
spruce sapwood for relative humidity (RH) in the range
92.6% <RH <99.9%. First desorption isotherm (GREENI1) and sec-
ond desorption isotherm (OVENDRY?2). b) Corresponding moisture
ratio (MR) as a function of RH. MR is expressed as the ratio
between the equilibrium moisture content (EMC) from procedure
GREENI1 (1** desorption) and the EMC for OVENDRY2 (2™
desorption).

to very different results. This underlines the importance of
the choice of procedure prior to the 2™ desorption when
attempting to assess a measure of irreversible change of
hygroscopicity. The MR for the SATVAP2 desorption is rep-
resentative of the procedure of Spalt (1958) and Urquhart
and Eckersall (1930). A general trend is recognized towards
increasing MR the higher the RH. At RH=98.4%, the MR
is elevated to about 1.07 (Figure 2b). This behavior is in
accordance with the findings of the quoted papers and we
suggest that they are a result of an insufficient saturation
prior to the 2" desorption. In order to test this hypothesis,
SATVAP2 is compared with vacuum saturation with water
(VACUUM?2) (Figure 2c): at 98.4% RH, the EMC of the
SATVAP2-desorption was 30.1% while the EMC of the
VACUUM2-desorption was 32.2%. At higher RH values,
this difference increases: the EMC of the SATVAP2 speci-
mens after prolonged exposure to saturated water vapor was
on average 31.2% or only marginally higher than the EMC
obtained at 98.4% RH. Thus, exposure to an atmosphere of
saturated water vapor does not result in saturation of the
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Figure 2 a) Desorption isotherms for Norway spruce sapwood.
Green specimens (GREEN1) and green specimens subjected to addi-
tional vacuum saturation with water (VACUUMI). b) Moisture ratio
(MR) as a function of relative humidity (RH) for Norway spruce
sapwood in the range 60.1% <RH <97.7%. MR is expressed as the
ratio between the equilibrium moisture content (EMC) from pro-
cedure GREEN1 (1* desorption) and the EMC for VACUUMI1 and
for each of the three 2" desorption procedures. ¢) Desorption iso-
therms for Norway spruce sapwood. Second desorptions initiated
from exposure to saturated water vapor (SATVAP2) or from vacuum
saturation with water (VACUUM?2). d) Desorption isotherms for
Norway spruce sapwood. Illustration of irreversible change of
hygroscopicity as a result of vacuum drying (GREENI1 vs. VAC-
UUM2) or oven-drying at 103°C (GREENI vs. OVENDRY?2).

wood cell wall, but rather produces an EMC representative
of a RH around 98.5%. In contrast, vacuum saturation of the
specimens ensures initiation of the 2™ desorption from a MC
surpassing the FSP. The FSP for the green specimens was
found to be 38%. Thus, the SATVAP2-desorption is initiated
at too low EMC. It therefore represents an intermediate iso-
therm starting at the adsorption boundary curve well below
the FSP and then crossing over to eventually meet the
desorption boundary curve at a RH value around 75%-80%
(Figure 2c). The very fact that the SATVAP2 curve merges
with the boundary curve (VACUUM?2) shows the SATVAP2-
desorption curve to be an intermediate curve crossing the
hysteresis area. Consequently, the results of Spalt (1958) do
not give a quantitative assessment of irreversible loss of
hygroscopicity. However, this does not exclude that such loss
takes place as discussed below.

The significance of drying procedures

The impact of drying is illustrated in Figure 2b and 2d where
the GREENI-desorption is compared with the VACUUM?2
and OVENDRY?2 desorption isotherms. As would be expect-
ed, the Figures show that drying from the green state gen-
erally reduces the hygroscopicity, and also that oven-drying
reduces hygroscopicity more than vacuum drying. Only at
high values of RH, the reverse turns out to be true.
Softening may explain the general decrease in hygrosco-
picity, and may also explain the difference seen between vac-
uum drying and oven-drying. Above the glass transition
point (T,), amorphous polymers are in a rubbery state of
mobility, whereas the mobility is highly restricted in the glas-
sy state below this point. T, depends on both MC and tem-
perature; the higher the MC, the lower the T,. In situ, lignin
has a T, around 50—-60°C at full saturation while it approach-
es 100°C as the MC drops below 10% (Kelley et al. 1987).
Hemicelluloses have a lower T, i.e., below 0°C for full sat-
uration and about room temperature for an MC of 10% (Kel-
ley et al. 1987). During vacuum drying at room temperature
in the VACUUM2 procedure, the hemicelluloses pass from
the rubbery state present in the green wood to the glassy
state, while the lignin remains in its glassy state. In the
OVENDRY?2 procedure, the specimens experience an initial
short period of simultaneously high MC and high tempera-
ture. This means that both the lignin and the hemicelluloses

have been in their rubbery states allowing greater mobility
and thus facilitating a stress relaxation and a rearrangement
of the wood polymers into an energetically more favorable
state than what was possible at any time during the VAC-
UUM2 procedure. The more mobile the lignin and the hemi-
celluloses, the more stable polymer-polymer hydrogen bonds
will presumably form. Consequently, upon a subsequent re-
saturation and desorption, the hygroscopicity will be slightly
lower due to a decrease in available sorption sites, thus yield-
ing a MR above unity. This effect has been found for other
materials, such as polymers (Watt 1980), collagen (Green
1948), and textile fibers (Jeffries 1960).

For both types of drying, the MR in Figure 2b shows that
a change occurs around 85% RH. Below this humidity, the
MR decreases with decreasing RH, whereas it decreases with
increasing humidity above 85% RH. For the VACUUM2
specimens, the decrease in MR at high RH is less pro-
nounced than that for the OVENDRY?2 specimens. For VAC-
UUM2, MR approaches unity for RH close to saturation.
This implies that vacuum saturation restores the MC of vac-
uum dried wood to that of green wood, but that the sorption
isotherm nevertheless lies below that of green wood through-
out the RH range included in the study. The MR of OVEN-
DRY?2 specimens is below unity for very high RH. At 98.4%
RH, MR =0.97 corresponding to slightly higher MCs in the
oven-dried specimens at high RH than in green wood fol-
lowing vacuum saturation, i.e., the desorption isotherm of
the oven-dried specimens crosses that of green wood at
approximately 96% RH. The same tendency was found in
the additional tests at very high RH (Figure 1b), confirming
that at these RH values the OVENDRY2-desorption isotherm
lies above the GREEN1-desorption isotherm. To the best of
the authors’ knowledge this has not been documented earlier.

Capillary sorption could theoretically explain the higher
MC in oven-dried wood at high RH compared to green
wood. It is well known that heat treatment of wood can cause
chemical degradation and removal of cell wall material
(Stamm 1956). The microvoids left behind due to loss of
material can cause an increased hygroscopicity at high RH
due to capillary condensation, whereas the hygroscopicity at
lower RH is decreased due to loss of sorption sites in the
cell wall (Hoffmeyer et al. 2003). A similar change in hygro-
scopicity is evident for the OVENDRY?2 specimens in Figure
2b. In this study, however, the temperature and duration of
drying are considered insufficient to cause significant chem-
ical degradation of the wood cell wall (Kollmann et al.
1969).

Water in green and rewetted wood studied by TD
LF NMR

Drying stresses may cause microcracks which could lead to
capillary condensation at high RH. A possible presence of
such capillaries to allow condensation of water in the cell
wall of the OVENDRY?2 specimens may be assessed by test-
ing a possible presence of freezable water (Petrov and Furé
2009). Therefore, TD LF NMR was carried out at +20 and
at -20°C for a subset of the OVENDRY?2 and the GREENI1
specimens. Figure 3 shows the mean FIDs of the two sample
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Figure 3 Mean free induction decay (FID) relaxation curves from LF TD NMR of 36 specimens of each of the two sample types GREEN1
and OVENDRY?2 at +20°C and at -20°C. Data for different moisture contents have been pooled.

types. All four mean curves appear to be almost identical.
This indicates that neither sample type contained freezable
water at temperatures as low as -20°C. This comparison
based solely on mean FIDs may, however, be misleading as
the specimens within the two samples contained different
amounts of water, as seen in Figure la. In order to check for
possible individual effects of freezing, a principal component
analysis was carried out of the FIDs from both samples at
both temperatures (Figure 4). This analysis shows that freez-
ing did not affect the FIDs of the individual specimens sys-
tematically (Figure 4a and Figure 4b), albeit the amplitude
of the effect does seem to be somewhat related to the MC
(Figure 4c), regardless of treatment. In any case, the lack of
systematic differences in the FIDs between the two samples
and temperatures means that the state of the water in all
specimens is similar, and that neither of the two samples
contained any water that froze at -20°C. This temperature
corresponds to freezing of water in microvoids with a radius
down to 3 nm (Petrov and Furé 2009). Thus, the extra water
present in OVENDRY?2 specimens compared to GREEN1
specimens at high RH was not due to capillary condensation
in microvoids, but must have been caused by increased
amounts of bound water. That the EMC of oven-dried wood
is higher than that of green wood close to saturation thus
remains unexplained.

Conclusions

The study compares the desorption isotherms in the range
from 60.1% to 99.9% RH for green Norway spruce sapwood
(1°** desorption) with the sorption isotherms of similar spec-
imens that had been dried and remoistened using a variety
of procedures (2™ desorptions). All desorption tests were
carried out at 20°C. The main conclusions are as follows:

Exposure to an atmosphere of saturated water vapor does
not result in saturation of the wood cell wall, but rather
produces an EMC representative of a RH of around
98.5%.

A 2" desorption curve initiated from a state of water
vapor saturation represents an intermediate isotherm start-
ing at the adsorption boundary curve well below the FSP
and then crossing over to eventually meet the desorption
boundary curve at a RH value around 75%-80%. Vacuum
saturation restores full saturation of the cell wall.

The 2™ desorption curve reveals only little change of
hygroscopicity caused by drying at room temperature. At
high RH no change is seen.

Oven-drying at 103°C produces a loss of hygroscopicity
for RH below 96%. The loss is ascribed to the process
history allowing a short period of both high temperature
and MC. Both lignin and hemicelluloses then pass their
glass transition and enter into a rubbery state. The resul-
tant softening allows a rearrangement of the cell wall poly-
mers into an energetically more favorable state resulting
in fewer available sorption sites.

Oven-drying at 103°C produces an increase of hygrosco-
picity for RH above 96%. It is shown that the increase is
not caused by capillary sorption in voids. The cause of
this increase in hygroscopicity remains unexplained.

The FSP defined as the EMC at a matrix potential s, =
-0.1 MPa (RH=99.93%, void radius=1.5 um), is of the
order FSP =38% for the 1* desorption of green specimens
and FSP=42% for the desorption of oven-dried speci-
mens that are subsequently vacuum saturated.

The shape of the desorption isotherm at high values of
RH for green specimens confirms the findings reported in
an earlier study (Thygesen et al. 2010; Engelund et al.
2010) regarding the modest role of capillary condensation
in wood-water relations below the FSP.
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Figure 4 Principal component analysis of the 2 (sample
types) X 36 (specimens) X2 (temperatures)=144 FID relaxation
curves summarized in Figure 3. Scores for factor 1 vs. scores for
factor 2 are shown separately for the two sample types, green spec-
imens in a) and dried and remoistened specimens in b). Each line
connects the position of a sample at +20°C with its position at
-20°C (marked by a circle). ¢) The distances between the positions
at +20 and at -20°C (as seen in Figures 4a and 4b) vs. the moisture
content of the specimens at +20°C.
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Abstract

The time-dependent mechanical behaviour (TDMB) of soft-
wood is relevant, e.g., when wood is used as building mate-
rial where the mechanical properties must be predicted for
decades ahead. The established mathematical models should
be able to predict the time-dependent behaviour. However,
these models are not always based on the actual physical
processes causing time-dependent behaviour and the physical
interpretation of their input parameters is difficult. The pres-
ent study describes the TDMB of a softwood tissue and its
individual tracheids. A model is constructed with a local
coordinate system that follows the microfibril orientation in
the S2 layer of the cell wall. The inclination of the local
system to the global coordinate system reflects the microfi-
bril angle of the tracheid. Normal excitations in the local
system perform linear elastically, whereas shearing excitation
in the local system produces both elastic and inelastic
responses. The results of the model are compared with exper-
imental results of different types. It was observed that the
model is able to describe the results. Moreover, to some sur-
prise, the introduction of only elastic and viscous properties
on the microscopic scale leads to an apparent macroscopic
viscoelasticity, i.e., the time-dependent processes are to a sig-
nificant degree reversible.

Keywords: constitutive modelling; creep; kinetics; relaxa-
tion; time-dependent behaviour.

Introduction

The time-dependent mechanical behaviour (TDMB) of wood
is far greater than that of most other building materials.
Owing to the desired longevity of buildings, predicting the
mechanical behaviour of timber many decades ahead is
important. This has typically been done by using rheological
mathematical models (Morlier and Palka 1994). Often these
models assume contributions from elastic, viscoelastic, and
viscous components. However, the physical interpretation of

the parameters applied in such models is often difficult (Hunt
1997; Gril et al. 2004). This is because these mathematical
models typically are not related to the physical mechanisms
behind the observed mechanical behaviour (Hunt 1997).

The aim of this study was to describe the mechanical
behaviour of softwood xylem and individual tracheids. This
is done by considering the basic composition and material
structure of the tracheid. Assumptions are included into sim-
ple mathematical equations with regard to the mechanism
causing TDMB.

Tracheid structure and mechanical behaviour

The significant component of the tracheid in terms of load
bearing is the cellulose microfibril (MF). These highly
ordered aggregates of aligned cellulose chains (Atalla et al.
2008) have a helical structure with inclinations varying in
the layers of the tracheid walls. However, the thick S2 layer
of the cell wall constitutes approximately 80% of the whole
cell wall (Brindstrom 2001). Therefore, the mechanical
behaviour of tracheids is dominated by the contribution from
the MFs in the S2 layer and is closely connected to the
microfibril angle (MFA), i.e., the inclination of the MFs in
the S2 layer. For instance, the modulus of elasticity (MOE)
decreases with increasing MFA (Persson 2000). Also, the
TDMB of wood is influenced by the MFA (Gril et al. 2004;
Kojima and Yamamoto 2004).

When a constant load is applied to wood, the deformation
will increase over time, whereas if a constant deformation is
applied, the required load will decrease over time. These two
processes are termed creep and relaxation, respectively. The
effect of MFA on these processes has been illustrated, for
instance, by Kojima and Yamamoto (2004) who found that
the tensile creep in the longitudinal direction increases dra-
matically with increasing MFA.

The mechanism behind the TDMB has been ascribed to
sliding between the MFs (Balashov et al. 1957; Lotfy et al.
1972; Olsson and Salmén 2001). This sliding over time is
controlled by flow processes within the material, where the
internal hydrogen bonds between the constituents are broken,
moved and reformed in new configurations (van der Put
1989; Hanhijdrvi 1995; Bonfield et al. 1996).

Modelling mechanical behaviour of tracheids

In this study, numerical modelling is used to describe the
mechanical behaviour of tracheids. This behaviour is
assumed to be controlled by the behaviour of its dominant
S2 layer. Thus, the composition and structure of only this
layer is considered in this study.

Figure 1 is a schematic illustration of the S2 layer of a
tracheid along with two different coordinate systems. The
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Figure 1 Global and local coordinate systems for a single cell.

local coordinate system is oriented along the MFs, whereas
the global coordinate system is oriented in the longitudinal
direction of the cell. These two coordinate systems are used
to incorporate contributions of both composition and struc-
ture in the model. For instance, the mechanical properties are
defined in the local system by the composition of the con-
stituents and their mechanical properties. By contrast, the
effect of the tracheid structure is reflected in the angle
between local and global coordinate systems which is similar
to the MFA of the tracheid. With this approach, Berg and
Gradin (1999) modelled the elastic behaviour of single wood
cells with accurate results.

In the local coordiante system, the mechanical properties
of the cell wall can be derived from those of the cellulose
MFs and the embedding matrix (composed of hemicelluloses
and lignin) using composite theory. Sliding between the MFs
on the microscopic scale is equivalent to shearing deforma-
tions. The basic assumption in this study is that time-depend-
ent properties of the cell wall composite are only relevant
for shearing modes. Thus, normal excitations in the local
coordinate system cause only linear elastic responses. These
properties are a result of the lengthening and/or rotation of
covalent and hydrogen bonds (Hinterstoisser et al. 2003). By
contrast, shearing excitations in the local system will cause
both elastic and inelastic responses. The elastic shear res-
ponse is thought to be caused by lengthening and/or rotation
of hydrogen bonds, whereas the inelastic response is a result
of the sliding between MFs controlled by the rate of breaking
and reformation of hydrogen bonds.

Shearing modelled with deformation kinetics

The rate of processes such as the one occurring in shearing
can be described by the theory of deformation kinetics. This
theory has already been applied to the TDMB of wood (for
example, van der Put 1989; Hanhijédrvi 1995; Bonfield et al.
1996). However, the novelty in this study is that time-
dependent processes are only active in shearing modes.
The breaking and reforming of hydrogen bonds can be
described by a deformation kinetics approach in terms of a
potential energy surface. A visualisation of this surface is the
symmetrical energy barrier seen in Figure 2. In a stress-free

Activation energy

Potential energy

\
~ YoV,
‘"-—

Direction of flow

Figure 2 Symmetrical energy barrier for a flow process. The
height of the energy barrier is the activation energy. When a force
is applied the energy barrier is tilted, favouring movement in the
force direction.

state, the probability of moving both forwards and backwards
is equal. However, if a force is applied, the energy needed
to cross the energy barrier is shifted, favouring movement
along the direction of the force.

The strain rate for a fully viscous flow process governed
by a single energy barrier can be described (Krausz and
Eyring 1975) by Eq. (1):

d d vV, kT AG* \%
c 9, th exp[ 7)2sinh[ ha) €]

1
¢t G dt h T kT 2T

where ¢ is the shear strain, 7 is time, G is the shear modulus,
and o is the shear stress. The parameters V), and V,, are the
volume swept by the motion and the volume of the moving
segment itself, respectively, whereas k is Boltzmann’s con-
stant, & is Plancks’s constant, and 7 is the temperature. The
difference in potential energy between the non-activated and
the activated states is termed the activation energy (Eyring
1935) and is related to the Gibbs’ free energy of activation,
AG*.

Under isothermal conditions, Eq. (1) can be simplified to
the following form:

1d
- —‘; +A-2sinh(Bo) )

&

Materials and method

The numerical modelling is performed on commercially available
numerical software. The theory presented here should, however, be
applicable to any mechanics software which can handle user-defined
partial differential equations.

Geometry

To simulate the TDMB of tracheids without having too many
degrees of freedom, only a length section of 250 wm of a single
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Figure 3 Schematic illustration of geometry of the numerical
model.

tracheid is modelled. The cross-section of the tracheid is quadratic
with rounded corners, see Figure 3. The wall thickness is set to
2 wm for earlywood (EW) and to 4 wm for latewood (LW) fibres.
The width of the EW and LW fibres are set to 40 pm (EW) and
20 pwm (LW), based on cell dimensions for Norway spruce accord-
ing to Fengel and Stoll (1973).

Mechanical cell wall properties

The local cell wall properties are assigned based on literature data
of elastic mechanical properties of the chemical constituents, see
Table 1. These can be calculated from composite theory for laminar
structures assuming a structure with relatively stiff cellulose MFs
embedded in a matrix with average properties of hemicelluloses and
lignin. The MOE along the MFs and perpendicular to them can thus
be approximated by Reuss and Voigt bounds (McCullough et al.
1976), respectively, due to the assumed laminar structure. The Pois-
son’s ratio between the longitudinal and transverse direction can be
derived from the same basic assumptions as the Reuss model
(McCullough et al. 1976). The Poisson’s ratio between the trans-
verse directions is assumed to be equal to that of the matrix. The
shear modulus of the transverse and longitudinal material directions
is determined by applying composite theory, whereas the shear mod-
ulus of the two transverse directions can be derived under the
assumption of in-plane isotropy.

The local coordinate system of the cell wall is tilted with regards
to the global coordinate system with an angle corresponding to the
assumed MFA of the tracheid. This is done in such a way that two
opposing sides have the same inclination but with opposing sign,
hereby representing the helical arrangement of the MFs (Figure 3).
The local shear behaviour is modelled by deformation kinetics with
literature data for wood (Bonfield et al. 1996) and for rayon cellu-

lose (Krausz and Eyring 1975) as input parameters. The kinetic
parameters are summarized in Table 2. To account for the influence
of water on the kinetics, the effect of varying the kinetic parameter
A in Eq. (2) was investigated. This was done based on the hypo-
thesis that the influence of moisture is more related to the height of
the energy barrier, i.e., the activation energy than any other kinetic
input parameter.

Loading conditions and constraints

The loading conditions in terms of a constant deformation (relaxa-
tion) or constant load (creep) are based on experimental results (Lot-
fy et al. 1972; Eder et al. 2006). The results cover several different
sets of literature data for tensile testing of both softwood single
fibres and softwood tissues. The literature data for single fibres
include relaxation experiments with EW fibres in a moisture satu-
rated condition (Eder et al. 2006). The literature data for tensile
testing of tissues include relaxation experiments with EW tissue in
a saturated condition (Eder et al. 2006) and creep experiments with
normal wood tissue at 23°C, 50% RH (Lotfy et al. 1972). It is vital
that the MFA is stated or can be approximated for each set of data
for the numerical model to be properly evaluated. Often, however,
not all necessarily input data in terms of MFA, cell wall area or
either wood or cell wall stiffness are given in the evaluated litera-
ture. Therefore, assumed values for the straining of the model fibres
are used which yield reasonable stresses on the cell wall level.

The constraint applied on the modelled fibres differ between sim-
ulations of single fibres and tissues. For the previous, the rotation
of one end of the fibre is restricted simulating a single fibre which
is free to rotate. The influence of freedom of rotation is examined
by including simulations where rotation is restricted in both ends.
This simulates single fibres with both ends clamped. For the tissue,
the rotation along the entire length of the fibre is restricted simu-
lating the constraint from neighbouring fibres in a tissue.

Results and discussion

Elastic behaviour

The results for both the local elastic cell wall properties as
well as the elastic properties of the cell as a whole are in
accordance with the calculated values from the literature
(Berg and Gradin 1999). In Table 3, the properties along the
MFs and for the cell wall with an MFA of 15° are given.
The only values that deviate markedly are the transverse
Young’s modulus and the shear moduli, all in the saturated
condition. The probable explanation for the very low values

Table 1 Mechanical properties of the different cell wall components at 20°C.

Component Property Dry condition 12% MC Saturated
Cellulose Fraction of cellulose in the cell wall c=0.5 c=0.5 c=0.5
Longitudinal modulus of elasticity E, =134 GPa E, =134 GPa E, =134 GPa
Transverse modulus of elasticity E;=27.2 GPa E;=27.2 GPa E;=27.2 GPa
Shear modulus G=4.4 GPa G=4.4 GPa G=4.4 GPa
Poisson’s ratio v=0.2 v=0.2 v=0.2
Hemicellulose/lignin matrix Longitudinal modulus of elasticity E,=6 GPa E,=4 GPa E,=2 GPa
Transverse modulus of elasticity E;=4 GPa E,;=3 GPa E,;=2 GPa
Shear modulus G=2 GPa G=1.5 GPa G=1 GPa
Poisson’s ratio v=0.3 v=0.3 v=0.3

Values are based on Berg and Gradin (1999) and Peura et al. (2007).
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Table 2 Kinetic parameters used in the present study.

Parameter Explanation Value

v, Volume of hole swept by the flow motion 5.22%107%7 m?
V. Volume of flowing segment 1.09%10%7 m?
k Boltzmann’s constant 1.38X10% J K'!
T Absolute temperature 293 K

h Planck’s constant 6.63X1073* J s
AG? Change in Gibbs’ free energy 1.12X10° J mol™!
N, Avogadro’s constant 6.02%x10%* mol™!

Parameters are taken from Bonfield et al. (1996) and Krausz and Eyring (1975).

Table 3  Elastic results from this study compared with numerical modelling (Berg and Gradin 1999).

Berg and Gradin (1999)

This study

Condition 129% MC (GPa) Saturated (GPa) 12% MC (GPa) Saturated (GPa)

S2 layer

Young’s modulus, L 69.2 67.1 69.5 68

Young’s modulus, T 7.33 0.32 5.40 3.73

Shear modulus, LT 2.73 0.02 2.22 1.92

Shear modulus, TT 2.83 0.02 2.08 1.43
Cell wall, MFA=15

Young’s modulus, L 46 42 41.9 38.0

The properties in the S2 layer are determined in the material direction, i.e., along the microfibrils, whereas the cell wall properties are

in the longitudinal direction of the cell.

in the paper of Berg and Gradin (1999) is that the elastic
properties of the hemicelluloses are set very low in the sat-
urated condition due to the softening effect of water (Olsson
and Salmén 2004). In this study, such low values are not
used because it is the opinion of the authors that these low
values rather reflect TDMB of the hemicelluloses than actual
elastic behaviour. The softening of the hemicelluloses should
therefore be incorporated in the time-dependent shearing.
Young’s moduli for the entire cell based on its gross cross-
section are in the ranges 5.2—12.4 GPa.

Experimental results for spruce fibres, tissues and solid
wood with MFAs in the range 0-5° at around 12% moisture
content (MC) was 9.9-12.1 GPa and 26.2-29.4 GPa for the
gross and the actual cross-sectional area, respectively (Keu-
necke et al. 2008). The reason why the current model pre-
dicts a modulus of 12.4 GPa for MFA of 15° could be partly
due to a swelled cross-sectional area at 12% MC, which is
not accounted for in the current model. Also, the entire cell
wall is assigned S2 layer properties, whereas only approxi-
mately 80% of the cross-section of a real EW cell consists
of the S2 layer (Brdndstrom 2001).

Time-dependent behaviour

Figure 4 compares results from experimental findings with
the numerical model. The legends of the figure show a var-
iation in the input parameter A in Eq. (2).

The relaxation of single Norway spruce fibres is illustrated
in Figure 4a and b. It is clear from the previous that the
rotational freedom of the fibre is seen to have a major influ-
ence on the relaxation behaviour. This has also been found

to be the case in the elastic domain, where freedom of rota-
tion decreases the MOE of the fibre (Marklund and Varna
2009). In the time-dependent case, larger freedom of rotation
results in faster stress relaxation. Moreover, the stress relax-
ation appears to stop after a certain time duration. However,
the stress level, after relaxation has died out, depends on the
freedom of rotation. It is clear from Figure 4a that the partial
restriction of rotation better explains the experimental results.
In Figure 4b, this restraining condition is the basis for the
presented modelling results. It is clear that for MFAs of
between 7 and 10 and with a kinetic input parameter in the
range of 10-20 A, the model is fully capable of describing
the TDMB. The value A, is calculated on the basis of the
parameters presented in Table 3. In Figure 4c, the same
kinetic input parameters and MFAs are used to model a Nor-
way spruce tissue in relaxation. Again, the model is able to
describe the observed experimental behaviour. However,
there is a difference in behaviour between the relaxation of
tissues and single fibres in that the single fibres seem to
converge to a more or less stable stress level, whereas the
stress relaxation process continues in the tissues case. This
can be seen in Figure 4d, where the declination of the stress-
time curve is larger for tissues than for single fibres, even
though the results for the latter do not extend beyond 400 s.
This can perhaps be explained by an additional component
of the TDMB of tissues, i.e., the shear time-dependent
behaviour of the middle lamella. As it is now, the model is
fully capable of explaining single fibre behaviour while only
considering the behaviour of the S2 layer. This is possibly
due to the lower longitudinal stiffness of the other cell wall
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Figure 4 (a) Experimental results for relaxation of single Norway spruce fibres (MFA =7-10°) from Eder et al. (2006) compared with
numerical EW model with the model fibre either clamped in both ends or with free rotation ability. (b) Experimental results for relaxation
of single Norway spruce fibres (MFA =7-10°) from Eder et al. (2006) at two different load levels compared with numerical EW model. In
this case the model fibres are clamped in both ends. (c) Experimental results for relaxation of Norway spruce tissues (MFA =7-10°) from
Eder et al. (2006) compared with numerical EW model. (d) Experimental results for relaxation of both single fibres and tissues of Norway
spruce compared (MFA =7-10°), from Eder et al. (2006). Also inserted are the results from the numerical EW model. (e) Experimental
results for creep of Sitka spruce tissue (MFA =9.2°) from Lotfy et al. (1972) compared with numerical EW and LW models. (f) Experimental
results for creep of Douglas fir tissue (MFA =21.6°) from Lotfy et al. (1972) compared with numerical EW and LW models.

layers and the dominant contribution of the S2 layer. Thus,
the mechanical behaviour of single fibres can be illustrated
by a system of individual layers connected in parallel with
the contribution of the dominating S2 layer. If other cell wall
layers were also incorporated, only minor improvements in
the predictions of single fibre behaviour should be expected.
In tissues, however, the middle lamella is responsible for
transferring load between the individual cells. It is possible
that the mechanical response of this intercellular layer cannot
be regarded as being connected in parallel with the mechan-
ical response of the individual cells. Thus, if the TDMB of
wood tissues should be predicted, the effect of the middle
lamella should be incorporated.

Creep of different softwood tissues is presented in Figure
4e and f. Here, it is also evident that the geometry of the
model fibre influences the TDMB. Thus, the EW fibre with
its higher polar moment of inertia seems better capable of
describing the experimental results than the thick-walled,
smaller LW model fibre. As remarked before, the TDMB
related to shearing of the middle lamella might be needed to
fully predict the mechanical behaviour.

In the simulation of all the experimental results, the kinetic
input parameter A has been varied in the range of 0.1-20

A,. This variation is based on an expectation of the influence
of moisture on the barrier height, i.e., the activation energy
of the shearing process. The fitting of the numerical model
to the experimental results by varying the kinetic parameter
A seems to follow the expected tendency of smaller activa-
tion energy with greater MC. However, more accurate experi-
mental accounts of creep and relaxation of fibres and tissues
with known MFA are needed to fully fit the numerical model
to the experimental data.

A somewhat surprising result of the present model is that
it is capable of simulating apparent viscoelastic behaviour,
even though only elastic and viscous behaviour are permitted
on a microscopic scale. This can be seen in Figure 5 which
illustrates the TDMB of the numerical models of EW and
LW for a load history with constant load for a little over
0.5 h followed by an equal amount of time without load. It
is clear that the macroscopic behaviour is apparent viscoe-
lastic, and that no viscoelastic component in the local coor-
dinate system is needed to predict macroscopic apparent
viscoelasticity. The shearing of the MFs past each other is
dependent on the breaking and reforming of intermolecular
hydrogen bonds. This process is viscous in that the only
potential for reversing this process is the elastic energy stored
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Figure 5 Creep and creep recovery for models of both EW and
LW models with two different MFA levels. The load has been tuned
so similar elastic strains are produced by both models.

in the covalent bonds of the MFs. Therefore, the fact that
only elastic and viscous components are needed to explain
macroscopic wood behaviour is in line with theories regard-
ing the very nature of the causal mechanisms.

Conclusions

The present study uses very simple basic assumptions regard-
ing the mechanism of TDMB of wood. One assumption is
that the elastic properties derive from lengthening of covalent
bonds, whereas the TDMB of wood is caused by breaking
and reforming of hydrogen bonds. This is modelled by only
allowing time-dependency, described by kinetic theory, in the
shearing modes on the microscopic scale, whereas all other
modes are purely elastic. Thus, no viscoelastic property is
assigned to the model. The mechanical behaviour on macros-
cale is nonetheless apparent viscoelastic, i.e., the TDMB is
to a significant degree reversible. The results indicate that
TDMB such as creep and relaxation originate from complex
interactions of very simple molecular mechanisms and the
structural arrangement of the components in wood cell walls.

Furthermore, the numerical model was fitted to different
sets of experimental data of creep and relaxation behaviour.
This was done by varying the MF angle and the kinetic input
parameter related to the activation energy of the shearing
process. The model was capable of describing the various
experimental findings well, and the changes in the kinetic
parameter was in line with the expectation of lower activa-
tion energy of the shearing process with greater MC.

The model was only partly able to describe relaxation
behaviour of wood tissues, perhaps due to a missing com-
ponent in the macroscopic TDMB: viscous shearing in the
middle lamella. This is, however, very speculative and fur-
ther experimental investigations on this topic are needed.
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Abstract

The time-dependent mechanical behaviour (TDMB) of wood is of important when using the
material for structural purposes. Recently, a new method for predicting TDMB by numerical
modelling was established (Engelund and Svensson 2011) based on the assumption that TDMB is
caused by sliding of microfibrils past each other. In this study, TDMB is examined via creep
experiments on small specimens of Norway spruce latewood. The results of these are compared
with results from the numerical modelling. The experiments include results at two levels of
moisture content and three levels of temperature, enabling an investigation of these two climatic
factors on TDMB of wood. It was found that the mechanical response of wood tissue is the sum of
responses from both tracheids and middle lamella, with only the previous being reversible. The
effect of moisture and temperature differed in that the latter affected the elastic and time-dependent
responses equally. Moisture, on the other hand, reduced both elastic properties and activation
energy barrier for sliding of microfibrils, but furthermore changed the MFA of the sample as a
result of swelling. Hereby, moisture had a larger effect on the time-dependent response than the

elastic. All of these effects were predicted by the numerical model.



Introduction

Moisture and temperature have a significant impact on the time-dependent mechanical behaviour
(TDMB) of wood, and thus also influence the applicability of the material for structural purposes.
When water molecules enter wood cell walls, some of the internal hydrogen bonds between wood
polymers are replaced with bonds to water molecules. Hereby, the material is weakened yielding a
lower wood stiffness. Water does not enter the aggregated cellulose microfibrils (Matthews et al.
2006) but may absorb on microfibril surfaces or to the surrounding matrix of hemicelluloses and
lignin (Hill et al. 2009). Therefore, it is the decrease in stiffness of these two latter components that
cause the decrease in wood stiffness. Increasing temperature is also accompanied by a decrease in
stiffness for constant moisture contents (Gerhards 1982). The TDMB is also influenced by both
moisture and temperature in that an increasing creep rate is observed when either moisture content
(Kojima and Yamamoto 2005) or temperature (Navi and Stanzl-Tschegg 2009) is increased.

Predicting TDMB of wood is of importance when using the material for structural
purposes. Therefore, several mathematical models have been established over the years in an
attempt to predict this behaviour (Morlier and Palka 1994). The input parameters to these models,
however, are often difficult to assign any physical meaning. Thus, most of these mathematical
models cannot be said to be describing actual physical processes causing TDMB (Hunt 1997).
Recently, a new method for numerical modelling of TDMB of wood was established (Engelund and
Svensson 2011). The basic assumption of the numerical model is that time-dependency is caused by
sliding of microfibrils past each other. This was modelled by allowing viscous behaviour in shear
deformation modes in material directions of the cell wall but only allowing elastic behaviour in all
other deformation modes. Engelund and Svensson (2011) showed that such a model was capable of
describing different types of TDMB. However, more complete experimental data sets are needed in
order to evaluate some of the input parameters in the model.

This study examines creep behaviour of specimens from spruce latewood of the same
annual ring, cut adjacent to each other. This enables a detailed investigation of the effect of both
temperature and moisture content on creep behaviour. Besides the experimental results, this study
includes numerical modelling of TDMB influenced by moisture and temperature. The actual cell

geometry of the samples, found by ESEM microscopy, is used in the model.



Materials and method

The study includes an investigation of TDMB of Norway spruce at two different moisture contents
(8 % and 20 %) at three different temperature levels (10 °C, 25 °C, and 40 °C), i.e. six different
climatic conditions. In order to generate the desired moisture content in the samples, sorption
isotherms were first established. The results of these experiments were then used to set the air

humidity at each temperature in the main experiment.

Sample preparation

The sample material was Norway spruce of Danish origin with a dry density of about 470 kg m”
and an annual ring width of approximately 2.3 mm. The wood was sawn into blocks of 2.5 x 3 x 5
cm, and thin slices were cut from these blocks in a fully water saturated condition using a
microtome. The slices were cut in the LT plane and care was taken to secure a fibre orientation
along the cut. Among the many slices, those with a large proportion of latewood were selected.
From one such slice six samples were cut with a razor blade. Thus, all samples originate from the
same annual ring close to each other. It is therefore safe to assume a high degree of similarity
between samples. The effect of difference in microfibril angle (MFA) which has a high impact on
the creep behaviour (Kojima and Yamamoto 2004) was hereby minimized. The cross sections of the

final samples were on average 0.12 x 0.50 mm.

Sorption isotherms

The adsorption isotherms at three different temperature levels were determined using the dynamic
vapour sorption equipment (DVS Advantage 2, Sorption Measurement Systems, Alperton, UK)
located at the Danish Technological Institute (DTI), Taastrup, Denmark. Sample amounts of 60-75
mg were used to determine adsorption isotherms at 10 °C, 25 °C, and 40 °C. The resolution in the
regions 35-55 % RH and 70-90 % RH was high since in these two humidity regimes, the moisture

content for all samples was expected to be around 8 % and 20 %, respectively.

Time dependent mechanical behaviour

The creep and recovery behaviour of the samples were determined using dynamic mechanical
analysis equipment (DMA7, Perkin Elmer, Waltham, USA) located at Innventia, Stockholm,
Sweden. Each sample was mounted between the grips of the equipment with a distance between

grips of 6.8 mm on average. To be certain that each sample was straight a small load of 50 mN was



shortly applied after which the sample was left stress-free. Thereafter, each sample was conditioned
for 240 minutes at the selected climate for the given experimental run. Six different combinations of
relative humidity and temperature were selected corresponding to moisture contents of either 8 % or
20 %. The air humidity surrounding the sample inside the test chamber was controlled using a
Wetsys Controlled Humidity Generator, Setaram, France. Nitrogen was used as carrier gas.
Hereafter, load was applied for 90 minutes and the creep of the sample recorded followed by a
stress-free period of 90 minutes in which the creep recovery was recorded. A load level of 10 MPa
was selected. The load level was adjusted for differences in sample cross-section at room climate.
However, they were not adjusted for swelling during conditioning in the test chamber. The applied
force where therefore approximately equal in proportion to amount of cell wall material for all

samples.

Cell geometry

In order to get a more accurate description of the TDMB, the cell wall geometry and area of the
samples were evaluated. This was done using an Environmental Scanning Electron Microscope
(ESEM) located at DTI. The samples were investigated in low vacuum mode, and therefore the
recorded geometry and area of the samples corresponds to dry conditions. The characteristic cell
wall thickness was 4.5 um, whereas the width and height of the typical sample cell were 35 um and
19 pm, respectively. For cells with a moisture content of 8 % and 20 %, the dimensions are
expected to be about 2 % and 5 % larger, respectively, based on results from swelling experiments

(Keylwerth 1968).

Numerical modelling

The geometry from microscopy investigations was used as basis for generating a representative
model fibre for each sample. Input parameters regarding elastic properties of wood constituents are
different from those used in the study by Engelund and Svensson (2011) which only considered the
cell wall as a composite of two components: the cellulose microfibrils embedded in a
hemicellulose/lignin matrix. In this study, the matrix material is lignin which embeds both cellulose
microfibrils and hemicelluloses. From this the elastic moduli and Poisson’s ratio of the composite
cell wall in the material directions can be calculated from Reuss and Voigt bounds (Engelund and
Svensson 2011). The composite shear modulus is found from a mathematical model by Kerner

(1956). The variation of elastic properties of the three constituents with temperature and moisture



content are derived from the theory of hydrogen-bonded dominated solid materials (Caulfield 1990;
Nissan 1976a; Nissan 1976b; Nissan and Batten 1990). Nissan’s model states that the elastic moduli
are related to the number of internal hydrogen bond and force constant of these. Introduction of
moisture into the substance will reduce the number of hydrogen bonds between wood polymers,
whereas an increase in temperature will weaken these remaining wood-wood hydrogen bonds.

Thus, the variation of the elastic and shear moduli can be described by the relation:

M(MC,T) = My - exp[—Kpc(MC — MCq) — K (T — Ty)] (D

where M is modulus [GPa], MC is moisture content in the constituent [%], T is temperature [K],
and index zero refers to the reference condition. The parameters Kyc and Ky are linked to the
decline in modulus with moisture and temperature, respectively. The value of Kt is 0.0024 K™ for
solids dominated by hydrogen bonding (Caulfield 1990; Nissan and Batten 1990) derived from the
Lippincott-Schroeder potential function for hydrogen bonds (Lippincott and Schroeder 1955). In the
longitudinal direction of the cell wall, however, the dominant effect of the covalent bonds in the
microfibrils reduce Kt to 0.00075 K! (Engelund 2011). The value of Ky for hemicellulose and
lignin is 6.7-1072 /% and 7.2-107 /%, respectively (Caulfield 1990; Nissan 1977). Since water does
not affect the mechanical properties of cellulose, the value of Kyc for cellulose is zero. The elastic
and shear moduli of the three constituents are illustrated in figure 1, along with experimental data
for some of the moduli of hemicelluloses and lignin. According to the Nissan model, the properties
does not change much below about 5 % moisture content (Nissan 1976b), whereas above the
change is more pronounced. The abscissa of figure 1 has been converted from moisture content in
the constituent to wood moisture content based on figure 2. The data shown in figure 2 are based on
sorption isotherms of the wood constituents at various climatic conditions. These conditions are
used to convert the results in wood moisture content based on the standard softwood sorption
isotherm (Forest Products Laboratory 2010).

The TDMB of samples was modelled using the method described in (Engelund and

Svensson 2011) in which the rate of viscous shearing is described by
£ = AMC, T) - 2sinh[B(T) - o] )

where o is shear stress [MPa], and A [s"l] and B [MPA'I] are kinetic parameters. In the following,

only the kinetic parameter A is varied in order to generate differences in shearing rates.
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The parameter A is varied as multiples of Ay which has a value corresponding to an activation free
energy of about 100 kJ mol™ at room temperature, which is within the range of 85-140 kJ mol
reported for time-dependent deformation of viscose rayon (Eyring and Halsey 1946; Halsey et al.
1945; Holland et al. 1946), cotton (Holland et al. 1946; Lasater et al. 1953), cellulose acetate
(Halsey et al. 1945; Reichardt et al. 1946; Reichardt and Eyring 1946), and wood (Bonfield et al.
1996; Kingston and Clarke 1961). The value of B used in the following is based on the volume of a
hemicellulose unit.

The applied stress on the model fibre was adjusted based on the actual cell wall area
obtained from ESEM investigations considering the effect of moisture content on dimensions. The

effect of temperature on dimensions was assumed to be negligible.

Results and discussion

Experimental results

Unfortunately, the insulation surrounding the test chamber proved insufficient to prevent
condensation in the chamber at the 20 % MC, 40 °C condition. Therefore, results for this climate
were discarded. Figure 3 shows the effect of moisture content and temperature on the creep
behaviour. For the selected range of these two parameters, it is clear that moisture has a significant
effect whereas temperature has a minor effect on behaviour. However, considering the normalized
strain development it is clear that temperature affects the elastic and creep compliances equally
since the normalized curves coincide. Thus, the scaling with temperature of elastic strain and creep
strain rate is similar. The same phenomenon is seen for creep recovery in Figure 4, except for the
sample at 40 °C and 8 % MC.

The effect of moisture content on creep and recovery behaviour is not similar for the
elastic and time-dependent compliances. From Figures 3 and 4 it is clear that moisture influences
the time-dependent compliances more than the elastic compliances. Thus, there is a difference in the
effect of temperature and moisture on the compliances of wood. This may be linked to molecular
mechanisms responsible for these compliances. Whereas the elastic compliance is controlled by
lengthening and/or rotation of covalent and hydrogen bonds, the time-dependent compliance is
thought to be a result of breaking, moving and re-forming of hydrogen bonds (Engelund and

Svensson 2011).
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grey = 8 %MC). Inserted is the creep recovery response normalized with elastic strain.

Increasing temperature will affect all chemical bonds, whether covalent or secondary, hereby
increasing bond length and weakening the bonds. Moisture within cell walls, however, only
interferes with hydrogen bonds and therefore affects the time-dependent compliance more than the
elastic compliance.

There is a marked difference in behaviour during creep and recovery. Whereas the
creep strain continues developing, the creep recovery seems to converge to a stable level, at least for
samples at 10 °C and 25 °C. This may be a result of the difference in driving potential for creep and
recovery processes. Whereas the previous is driven by the applied external load, recovery is driven

by the elastic energy stored while external load was applied. As this energy is used during creep



recovery, the driving potential is decreasing thus slowing the processes. Eventually, recovery is
halted due to insufficient elastic energy to drive the recovery process.

Another possible explanation is related to TDMB of the middle lamella (Engelund and
Svensson 2011). During loading both wood cells and middle lamellas gluing these together are
subjected to load which will cause viscous responses in both. When the load is removed, elastic
energy in microfibrils causes a full or almost full reversal of the response of wood cells. This is
predicted by the numerical model of a single fibre reported in (Engelund and Svensson 2011).
However, nowhere in the structure is elastic energy stored which could reverse the viscous response
of the middle lamella. Thus, creep recovery curves will tend towards a stable value only due to the
creep recovery in wood cells. As an approximation it is assumed that the plane of shearing in the
middle lamella does not change orientation over time with respect to the axis of loading. Therefore,
the viscous response of middle lamellas must be linear with time under constant load. This response
can be found by taking the difference between the normalized curves of Figures 3 and 4, and fitting
a linear function to each of these differences. The average inclination of the lines for 8 % MC and
20 % MC are then used to subtract the middle lamella contribution from the creep curves. The result
is seen in Figure 5 where assumed cell creep curves are compared with their respective unmodified

recovery curves.
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Figure 5. Assumed creep strain in cell wall (black) and actual recovery strain of tissue (grey) for samples at

10 °C and 25 °C.

Apparently, the difference between creep and creep recovery curves in Figures 3 and 4 could be due
to a viscous linear response of the middle lamella. The behaviour of single fibres can by this way of

reasoning be regarded as a response of several constituent layers connected in parallel. Upon



unloading, stored elastic energy in S2 microfibrils causes a reversal of developed strains. On the
tissue scale, however, TDMB of tissues can be regarded as the response of cell and middle lamella
connected in series. Upon unloading only the cells will exhibit creep recovery. This explanation,
however, fails in describing the creep and creep recovery response of the sample at 40 °C and 8 %
MC as seen in Figure 3 and 4. Also, full recovery of creep strain is in contrast with experimental
results of Hill (1967) on single latewood pine holocellulose fibres from a pulp. These results show
unrecoverable strain after creep. On the other hand, the numerical model was capable of describing
experimental results by Eder and co-workers (2006) for stress relaxation of single fibres as
illustrated by Engelund and Svensson (2011). However, the model was unable to predict the
observed continuing stress relaxation of tissues in the data from (Eder et al. 2006). Although it
seems as the results by Eder and co-workers (2006) and Hill (1967) contrast, it should be noted that
the separation of fibres in the previous study was done mechanically using tweezers and in the latter

by pulping. The latter process highly modifies the fibres which may influence results significantly.

Numerical modelling

The tracheid model is fully capable of describing the TDMB observed in figure 5. As illustrated by
the results from a simulated creep test in figure 6, the numerical model predicts levelling off of
strain. This supports the hypothesis that the TDMB response of wood tissue is the sum of elastic

and viscous responses of tracheids and middle lamella.
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Figure 6. Predicted mechanical response of the numerical model to constant tensile stress of 10 MPa in 90

min. followed by 90 min. without applied stress.



From Figure 7 it is clear that the magnitude of the final level of strain is determined by MFA and
elastic properties, but not the rate of time-dependent processes. Whether the time-dependent process
is fast, i.e. high value of parameter A in (2) or slow, the final level of strain is the same. This
observation implies that TDMB of tracheids is controlled by moisture and MFA. Part of the
observed difference between creep at 8 % MC and 20 % MC must therefore be explained by a
difference in MFA in these two moisture states. This hypothesis is in fact supported by the
numerical model by incorporating a swelling coefficient of 0.4 typical of tracheid cell walls
(Hartley and Avramidis 1996; Murata and Masuda 2006; Seifert 1972) in directions perpendicular
to the microfibrils. The results is that the MFA of tracheids at 20 % MC is about 3° higher if an
initial MFA of about 5° in the tracheids at 8 % MC is assumed. These findings are furthermore

supported by some, although scarce, experimental results (Jentzen 1964).
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Figure 7. Predicted mechanical response of the numerical model at room temperature as function of MFA

and moisture content.

In figure 8, experimental results are fitted with good agreement by the numerical model with such

two levels of MFA. Moreover, the kinetic parameter A is doubled for the 20 % MC model in order



to achieve a better fit to data. This corresponds with an expected decreased activation free energy

with increased moisture content.
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Figure 8. Comparison of predicted mechanical response of the numerical model with experimental results.

The effect of temperature on the normalized strain response is fully predicted by the numerical
model as illustrated in figure 9. Although temperature changes elastic properties, the time-

dependent response is proportional to these changes in accordance with the experimental results.
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Figure 9. Predicted mechanical response of the numerical model at the three temperature levels employed in

the experiments.

These findings contradict, however, experimental results for bending tests which show that creep
recovery (Davidson 1962) are in fact affected by temperature in the range 20-60 °C. Although a

different mode of loading is employed in the quoted study, further tensile experiments on softwood



tissue are needed to draw final conclusions. In general, more experimental data are needed to fully

evaluate the parameters of the numerical model and the findings of this study.

Conclusions

In this study, it was found that the TDMB response of wood tissue is the sum of responses from
both tracheids and middle lamella, with only the previous being reversible. Water molecules
entering cell walls result in fewer hydrogen bonds between wood polymers. Hereby, elastic
properties and activation energy barrier for sliding of microfibrils are reduced. Furthermore,
swelling that accompany an increase in moisture results in a change in MFA which also has an
effect on the TDMB response of tracheids. All of these effects are predicted by the numerical model
of this study. The simple theoretical basis of the model and agreement of predictions with
experimental results lend the model credibility. The model is also able to predict the effect of
temperature on the TDMB responses seen in experiments. These are, however, in contradiction with

previous findings.
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Abstract

Prediction of the mechanical behaviour of natural fibres is important for their use. Despite
difference in size, shape and chemical composition natural fibres often share many common
features. The most important of these in terms of mechanical behaviour is the cellulose microfibrils.
Microfibrils are oriented at an angle to the fibre axis. Although the orientation may vary between
different layers of the cell wall, one layer is dominating and the average orientation in this layer is
termed the microfibril angle (MFA) of the fibre. This common structural organization of the cell
walls of different natural fibres enables a general approach for describing their mechanical
behaviour. When stretching a natural fibre, the microfibrils are reoriented resulting in a decreasing
MFA. Models describing the mechanical performance of natural fibres should be able to predict this
fundamental and important feature. It is shown here, however, that existing analytical models for
predicting this reorientation upon straining only provide reasonable results for plant fibres with a

high initial MFA. An analytical model is therefore presented based on composite theory and



continuum mechanics with high accuracy and precision predicts material re-orientation caused by
stretching. The model is verified against experimental results presented by different research groups

on a wide range of different natural fibres.

1. Introduction

Understanding the mechanical behaviour of plant fibres is paramount when using these natural and
renewable resources. Natural fibres govern the performance of paper, textiles and reinforced
polymer, clay or mortar. Although plant fibres may come in different shapes, sizes and chemical
composition, they often share many common features. This enables an analysis of the mechanical
behaviour of various plant fibres in general which will be attempted in this study. The most
important common feature of plant fibres in terms of load bearing and stiffness is the cellulose
microfibrils in the cell walls of the fibres. Microfibrils are highly ordered aggregates of long aligned
cellulose chains [1]. The microfibrils have a helical structure with an inclination which may vary
between different layers of the cell wall. The cells of most plant fibres can be divided into primary
and secondary walls, among which the latter typically is significantly thicker and consists of several
layers. The microfibrils in these secondary wall layers have a high degree of orientation [2].
Although this orientation may differ between the different layers, often the central layer is
significantly thicker than the others. For example, wood cells typically have three secondary cell
wall layers of which one of them, the S2 layer constitutes about 80 % of the cell wall [3]. The
mechanical behaviour in the longitudinal direction of plant fibres is to a great extend linked to the
properties of the central layer which again depends of the helical inclination of its microfibrils [4].
Therefore, the inclination of such layer is often referred to as the microfibril angle (MFA) of the
specific plant fibre.

When load is applied in the longitudinal direction of the plant fibres, several
mechanisms are responsible for the load bearing. Their relative contribution depends on the shape
and structure of the specific cell. Hearle [5] suggests that upon straining fibres, deformation may
occur as a result of three modes: lengthening and shearing of the microfibrils and the interfibrillar
matrix and bending and twisting of the microfibrils as spiral springs. If the MFA is high, i.e. in the
range 14°-65°, a significant decrease in MFA upon straining is observed [6-10]. For low MFA, the
load strains the cellulose microfibrils [11]; an effect which is insignificant when the initial MFA is
high [8]. In the case of low MFA, the change in MFA is therefore small and often complicated to

measure [11-12].



In order to describe the mechanical behaviour of plant fibres, mathematical models are useful tools.
If these are not based on coherent physical theory, however, a deeper scientific understanding of the
mechanical behaviour is impossible. In this study, experimental results presented in the literature of
the change in MFA for four different kinds of plant fibres under tensile loading will be discussed.
Two analytical mathematical models presented in literature will be evaluated. Furthermore, a
continuum mechanical model based on coherent physical theory will be presented. It is derived
directly from continuum mechanics for orthotropic and linear-elastic materials. Two versions of the
model are presented based on infinitesimal strain theory and finite strain theory.

The experimental results used for evaluation of the different models covers five
different natural fibres: coir, flax, sisal leaf fibres, pipevine schlerenchyma fibres and Norway
spruce wood. The literature sources for these experimental results are summarized in Table 1

including the initial MFA of the fibres and the moisture condition during experiments.

Table 1: Overview of experimental results from literature. Fibre types are listed after initial MFA, except for

spruce.

Fibre type Latin name Initial MFA  Moisture Reference
Coir Cocos nucifera 46 Unknown [13]
Coir - 45.9 12-15 % [9]
Sisal leaf Agave sisalana 38.6 Wet [6]
Pipevine Aristolochia macrophylla 15.9 Wet [25]
Flax Linum usitatissimum 6.2 10 % [23]
Spruce Picea abies 46.0 Wet [8]
Spruce - 24.0 10 % [23]
Spruce - 15.3 Wet [12]
Spruce - 4.6 Wet [12]

2. Materials and methods

2.1 Study of existing models

In the literature, two mathematical models have been found; a model by Balashov et al. [6] which is
similar to an expression given by Stern [13] and a recent model by Keckes et al. [8]. Both sources
use the same assumption of inextensible microfibrils in the cell wall, however, arriving at two
different relations between strain and MFA. The assumed deformation of the cell wall in both

models is illustrated in Figure 1.
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Figure 1: Assumed deformation of the cell wall in the Balashov (3) and Keckes (5) models.

Tensile strain in the fibre direction causes an elongation in this direction and contraction in the
perpendicular-to-load direction. Inextensibility of the microfibrils results in the following relation;
geometric entities L, A, and MFA are defined in Figure 1.

L = A- cos(MFA) (1)
Stretching the cell wall in the longitudinal direction, i.e. the y-direction of Figure 1, the length L is
increased by dL. From here the two literature models uses different approaches in the derivation of
the strain versus MFA relation and hence come up with two quite different results. Balashov et al.

[6] deducts the following relation of MFA and strain, where MFA is the initial MFA illustrated in

Figure 1

dL  A-cos(MFA) —A-cos(MFA,)  cos(MFA)

T A - cos(MFA,) - cos(MFA,) @
which gives

MFA = Arccos[cos(MFA,)(1 + gy)] (3)
Keckes et al. [8] on the other hand use the derivative of (1) to calculate the strain as

dL _ d(A-cos(MFA)) _ d(cos(MFA)) _  can(MEA)ACMER) @

L A-cos(MFA)  cos(MFA)
From (4), Keckes et al. [8] conclude that strain versus MFA has a negative slope of cot(MFA,) and
defines the following relation between strain and MFA

MFA = MFA, — cot(MFA,)e, (5)

2.2 Continuum mechanical model
The deformation of a cell wall as a result of stretching in an arbitrary direction in regards to material
directions 1 and 2, where initial MFA coincides with 2, can be found by using simple continuum

mechanics under assumptions of plane stress and orthotropic, linear-elastic materials. The applied



operation for this is shown in the appendix. Deformation of the cell wall involves both normal and
shear deformations, see Figures 2 and 3. The re-orientation of the cell wall described as MFA in the

deformed state as a consequence of straining and initial MFA, denoted MFA,, is given by (6).

(6)

MFA = Arctan (Sm(MFAO)(HSX))

cos(MFAq)(1+gy)
where the normal strains &, and &, and the shear strain y are related to the xy-coordinate system of
the cell wall in Figure 2. In the appendix, the strains are derived from both infinitesimal strain

theory and finite strain theory.
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Figure 2: Plane model of a cell wall partition. Figure 3: Fundamental normal and shear
The local coordinate system coincides with deformations from the complex deformation state of
material directions. the cell wall.

The deformation of the cell wall depends on its mechanical material properties. These originate
from the properties of the cell wall constituents, their orientation and concentrations. The
mechanical properties of the constituents are given in Table 2 for a reference condition (12 %
moisture content). However, the properties vary with moisture and since the moisture conditions
differ between experiments, the properties are corrected using the method employed in [14] to fit
the experimental conditions. The chemical composition of the different natural fibres studied here

varies and is listed in Table 3.

Table 2: Elastic properties of cellulose, hemicellulose and lignin in the reference condition (12 % MC).

Based on the mechanical properties given in [14].

Cellulose Hemicellulose Lignin
Modulus of elasticity, E, [GPa] 137 2.9 3.7
Modulus of elasticity, E; [GPa] 27 1.4 3.7
Shear modulus, G [GPa] 13 0.7 1.3

Poisson’s ratio, v, 0.20 0.20 0.33




Table 3: Chemical composition of the dominant cell wall layer [26-27] in various natural fibres and
calculated mechanical properties in reference condition in the directions along and perpendicular to the

microfibrils. The chemical composition of pipevine has been estimated.

Coir  Flax Pipevine  Sisal Spruce

Cellulose content [%] 48.5 77.6 70.0 70.8 45.0
Hemicellulose content [%] 0.3 22.4 15.0 15.1 35.0
Lignin content [%] 51.2 0.0 15.0 14.2 20.0
Modulus of elasticity, E, [GPa] 68.3 107.0  96.9 98.0 63.4
Modulus of elasticity, E; [GPa] 6.3 5.3 5.8 5.8 3.1

Shear modulus, G [GPa] 3.1 3.9 4.4 4.4 2.3

Poisson’s ratio, v, 0.27 0.20 0.22 0.22 0.23

For the different fibres the vast majority of cellulose is oriented in the same direction. Furthermore,
experimental studies indicate that other cell wall components are also oriented coinciding with the
cellulose [15-20]. It is therefore reasonable for the plane problem studied here to determine
mechanical properties of the cell wall from composite theory of lamellar material structures. The
modulus of elasticity in the 1 and 2 directions of Figure 2 is found from [21] by Voigt and Reuss

bounds, respectively. For the previous, the composite modulus perpendicular to the lamellas is

B = (2 i)_1 %

Eqi

where E; is the composite modulus of elasticity, E;; is the modulus of elasticity of the i-th
component and ¢; its concentration. The sum of concentrations is unity. The Reuss bound gives the
composite modulus along the lamellas by

E; = X cEy; 3)
where E; is the composite modulus of elasticity and E;; is the modulus of elasticity of the i-th
component. The Poisson’s ratio for the 2 and 1 directions is found from the Reuss bound assuming
unity strain in one direction.

g =1 9
€ = X&,i =~ LGV (10)

Va1 =—s_821=ZCiVi (11)



The shear modulus is found from composite theory by the model of Kerner [22]

G=Go-(Cz+ 2 Gi- Ca)/(Co + Z Go - Cy) (12)

where the index zero refers to the matrix material and

Cri=¢i/((7—5-vp) G+ (8—10-vy) - G;) (13)
and
Cz = ¢o/(15(1 = vp)) (14)

The matrix material is selected as lignin for all species of fibres, except for flax in which no lignin

is present, see Table 3. Thus, for flax the hemicelluloses act as matrix material in the calculations.

3. Results and discussion
The elastic mechanical properties of the cell wall have been calculated employing (7)-(14) for the
five different plant fibre species based on their chemical composition. Results of the calculations

are listed in Table 3 and illustrated in Figure 4.
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Figure 4: Modulus of elasticity perpendicular to the microfibrils, E; and shear modulus, G plotted against

modulus of elasticity along the microfibrils, E, for the five different fibres. All moduli are given in GPa.

It is clear that there is a huge variation in material properties between fibres. In terms of absolute
values, flax, sisal and pipevine constitute one extreme and spruce another. In terms of the relation
between the three moduli, however, the moduli of spruce and flax are both around 27 : 1.3 : 1.0 for
E; : E; : G, whereas the relations for sisal and pipevine are about 22 : 1.3 : 1.0, and 22 : 2.0 : 1.0 for

coir. Thus, calculated composite material properties are very different between fibres and depend on



their chemical composition. However, if the moisture content is changed, the properties also change

in proportion to concentration of moisture sensitive constituents in the cell wall, i.e. hemicelluloses

and lignin. The predictions of the mathematical models from literature and based on continuum

mechanics are illustrated in Figures 5-7.
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Figure 5: Experimental results and predictions

of MFA as function of strain for Norway spruce
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wood: a) [8], b) [23], ¢)-d) [12].

Among the literature sources, Kolln [23] does not
report the results for flax as MFA versus strain but
rather an orientation function versus strain.
Therefore, these specific results have been translated
to MFA based on the assumption of high degree of
microfibrillar orientation of the microfibrils in the
secondary wall [23]. From Figures 5-7 it is clear that
the Keckes model (5) fit well with the data when the
initial MFA is extremely high, i.e. in the range 35-
50°. In this range the Balashov model (3) only fits
the experimental data adequately. In the lower range
of MFA both of these models fail in describing the
experimental data. It can, therefore, only be
deducted that none of the models found in literature
are able to predict the change in MFA upon straining
for all initial values of MFA. The continuum
mechanical model on the other hand fit the
experimental results surprisingly well. The
exceptions are found for the data for wood at low
initial MFA and normal strain above 5 % as shown
in Figure 5c-d. There is, however, a reasonable
explanation for these deviations. The failure strain
of normal wood fibres with low MFA is around 3-5
% [24], and the wood fibres in Figure S5c-d are
subjected to strain far beyond the failure strain. It is
therefore very likely, that the wood fibres beyond
strains of 3-5 % are showing fracture behaviour in

which case the basic assumptions of continuum



mechanics are violated. Furthermore, the predictions of the continuum mechanical model do not

follow the experimental results of Figure 7a. This might
be caused by a flawed initial value of the MFA in the
experiments, since the first data point appears to be an
outlier.

If an initial MFA of around 14-15° is used in the
continuum mechanical model, correspondence between
predictions and experimental results is achieved. In
general, the continuum mechanical model presented in
this study can predict the observed reorientation of the

microfibrils in a range of different natural fibres with
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experimental results for natural fibres with a high initial
MFA. On the other hand, the results of the continuum

mechanical model presented in this study show



surprisingly good correspondence for a wide range of natural fibres with differences in chemical
composition, microfibrillar orientation and mechanical material properties. Despite the large
variation between the fibre species in all these aspects, the continuum mechanical model is able to
predict the microfibrillar re-orientation when the fibres are stretched. This is verified by comparing
the results of the continuum mechanical model with experimental results from a range of literature
sources from various research groups. Hereby, the predictive power of models based on sound

physical principles is illustrated.

S. References

[1] Atalla RH, Brady JW, Matthews JF, Ding SY, Himmel ME. Structures of plant cell wall celluloses. In
Himmel ME editor. Biomass Recalcitrance — Deconstructing the Plant Cell Wall for Bioenergy, Oxford:
Blackwell Publishing; 2008. p 188-212.

[2] Satyanarayana KG, Sukumaran K, Mukherjee PS, Pillai SGK. Materials science of some lignocellulosic
fibers. Metallography. 1986; 19:389-400.

[3] Brindstrom J. Micro- and ultrastructural aspects of Norway spruce tracheids: a review. IAWA J. 2001;
22:333-353.

[4] Barnett JR, Bonham VA. Cellulose microfibril angle in the cell wall of wood fibres. Biol Rev. 2004;
79:461-472.

[5] Hearle JWS. The fine structure of fibers and crystalline polymers 3: interpretation of the mechanical
properties of fibers. J Appl Polym Sci. 1963; 7:1207-1223.

[6] Balashov V, Preston RD, Ripley GW, Spark LC. Structure and mechanical properties of vegetable fibres
1: the influence of strain on the orientation of cellulose microfibrils in sisal leaf fibre. P Roy Soc Lond B
Bio. 1957; 146:460-468.

[7] Kamiyama T, Suzuki H, Sugiyama J. Studies of the structural change during deformation in Cryptomeria
japonica by time-resolved synchrotron small-angle X-ray scattering. J Struct Biol. 2005; 151:1-11.

[8] Keckes J, Burgert I, Frithmann K, Miiller M, Ké6lln K, Hamilton M, Burghammer M, Roth SV, Stanzl-
Tschegg S, Fratzl P. Cell-wall recovery after irreversible deformation of wood. Nat Mater. 2003; 2:810-814.
[9] Martinschitz KJ, Boesecke P, Garvey CJ, Gindl W, Keckes J. Changes in microfibril angle in cyclically
deformed dry coir fibers studied by in-situ synchrotron X-ray diffraction. J Mater Sci. 2008; 43:350-356.

[10] Roy SC, Das S. Small-angle x-ray scattering of cellulose 1: shape and extent of scattering in some
vegetable fibers. J Appl Polym Sci. 1965; 9:3427-3437.

[11] Peura M, Kolln K, Grotkopp I, Saranpdd P, Miiller M, Serimaa R. The effect of axial strain on
crystalline cellulose in Norway spruce. Wood Sci Technol. 2007; 41:565-583.



[12] Peura M, Grotkopp I, Lemke H, Vikkula A, Laine J, Miiller M, Serimaa R. Negative Poisson ratio of
crystalline cellulose in kraft cooked Norway spruce. Biomacromolecules. 2006; 7:1521-1528.

[13] Stern F. A note on the structure and mechanical properties of coir fibre. J Text I. 1957; 48:T21-T25.
[14] Engelund ET, Salmen L. Tensile creep and recovery of Norway spruce influenced by temperature and
moisture. Unpublished; 2011.

[15] Liang CY, Bassett KH, McGinnes EA, Marchessault RH. Infrared spectra of crystalline polysaccharides
VII — thin wood sections. Tappi. 1960; 43:1017-1024.

[16] Marchessault RH, Liang CY. Infrared Spectra of Crystalline Polysaccharides .8. Xylans. J Polym Sci.
1962; 59:357-378.

[17] Fromm J, Rockel B, Lautner S, Windeisen E, Wanner G. Lignin distribution in wood cell walls
determined by TEM and backscattered SEM techniques. J Struct Biol. 2003; 143:77-84.

[18] Akerholm M. Ultrastructural aspects of pulp fibers as studied by dynamic FT-IR spectroscopy. PhD
thesis. Stockholm: Royal Institute of Technology, KTH; 2003.

[19] Akerholm M, Salmen L. The oriented structure of lignin and its viscoelastic properties studied by static
and dynamic FT-IR spectroscopy. Holzforschung. 2003; 57:459-465.

[20] Stevanic JS, Salmen L. Orientation of the wood polymers in the cell wall of spruce wood fibres.
Holzforschung. 2009; 63:497-503.

[21] McCullough RL, Wu CT, Seferis JC, Lindenmeyer PH. Predictions of limiting mechanical performance
for anisotropic crystalline polymers. Polym Eng Sci. 1976; 16:371-387.

[22] Kerner EH. The elastic and thermo-elastic properties of composite media. P Phys Soc Lond B. 1956;
69:808-813.

[23] Kolln K. Morphology and mechanical characteristics of cellulose fibres: investigations with x-ray and
neutron scattering (in German). PhD thesis. Kiel: Christian-Albrechts-Universitit; 2004.

[24] Eder M, Terziev N, Daniel G, Burgert I. The effect of (induced) dislocations on the tensile properties of
individual Norway spruce fibres. Holzforschung. 2008; 62:77-81.

[25] Kohler L, Spatz HC. Micromechanics of plant tissues beyond the linear-elastic range. Planta. 2002;
215:33-40.

[26] McDougall GJ, Morrison IM, Stewart D, Weyers JDB, Hillman JR. Plant fibers — botany, chemistry and
processing for industrial use. J Sci Food Agr. 1993; 62:1-20.

[27] Satyanarayana KG, Kulkarni AG, Rohatgi PK. Structure and properties of coir fibers. P Indian AS-Eng
Sci. 1981; 4:419-436.



6. Appendix: Analytic evaluation of material re-orientation caused by uniform normal
excitation on one boundary

Plane stress state in the cell wall, consisting of orthotropic, linear-elastic material, is assumed. The
kinetics of an orthotropic domain for an excitation on one boundary oriented at angle By in regards
to one of the orthotropic material directions is shown in Figure 2. For brevity reasons, B is used
instead of MFA to denote material orientation. Figure 3 illustrates the simple and fundamental parts
of the deformed state. The fundamental deformations superimposed give the deformed state. The

orientation angle as function of deformations is given by

_ sin(Bo)(1+&x)
B = Arctan (—COS(BO)(1+Sy)) +v (6) and (A1)

The variables &, €y, and y are determined as follows. From equilibrium conditions of force and
moment the stress is
0
o" = [O'y] (A2)
0
Where normal stress in the y-direction is a function of excitation oy = oy(A). The stress is

transformed into the (non-deformed) material directions with the transformation matrix T.

cos? B, sin? B, cos Bg sin By
T= sin? B, cos? B, — cos BBy sin By (A3)
—2cos By sinBy  2cosPBysinB, cos? B, — sin? B,

The transformation is written

c=T'o" (A4)
The exponent T stands for matrix operation transpose. Linear elasticity for orthotropic materials is
e=Co (AS)
Where the compliance matrix for plane stress is
1 va 0]
Eq E,
c=|32 ¢ O (A6)
0 0 =

The strain is transformed back to global xy-coordinate system in order to find the deformed state as

e =Te (A7)



If assuming infinitesimal strain, the strain vector in the local coordinate system becomes

sin?By  vz1cosZBy
(2o _ vmcorn

E>
e=CT 6" = o cos?By _ v,15in?Bg (A8)
y
E, E,
cosBgsinfBq
G

Which in component form transform into the strain in the global xy-coordinate system as

SX
e = [Sy] =
Y

cos2 B sin? Bo _ Vo1 €052 Bo n Sil’lz B cos? Bo _ v21sin2 Bo _ cos? Bo sin? Bo 1
0\ E E; 0\ E; E; G (A9)
. sinz B sin? Bo _ Vo1 €052 Bo n cos2 B cos? Bo _ v21sin2 Bo _ cos? Bo sin? Bo
y 0\ E; E; 0\ E, E; G
2 2 2 02 ;
. sin® B,  vz1c0s° B, . cos“ B,  vz1sin” B cos 23 cos B sin 3,
| —sin 2B, ( E1 E + sin 23, Ez E S |

The applied normal stress oy needed for a known corresponding engineering strain of the material is

determined accordingly
E;

=& E E
y Y cos* BO+(?2—21)21) cos? B, sin2 BO+E—Zsin4 Bo
1

(o} (A10)

The assumption of infinitesimal strain is limited to strains below 1-2 %. For larger strain a better
approximation of the re-orientation of the material as a result of deformation is found by using the
Green-Lagrange definition of finite strain. The components of the finite strain tensor, in the material

coordinate system for the studied case (A5) are

[ aysin? B, . ayvzicos? By 1 (oysin2 Bo oy Vv, c0s? Bo)z ]
Eq. E, 2 E; E,
_ Gyc0s% By  OyV,15in? By 1 (GyCOSZ Bo Oy Vzisin? BD)Z (Al 1)
E= | Ep Ep 2 Ez Ep |
1 . (Gy sin By cos [30) 20ysin? B, 20yv,1c0s? By (Gysin2 Bo Oyvaycos? Bo)z 1 20ycos? By 20yVp;5in? By " (GyCOSZ Bo Oy Vyysin? [30)2 i1 |
-=sin - - - -
l 2 G E; E, E; E, E, E, E, E, J

The strain in the global xy-coordinate system is then found by transformation (A7) as
E'=TE (A12)
The components of the finite strain in the global xy-coordinate system is left out here due to

lenghtity of the expressions.



In order to build safe and durable wood structures, reliable performance predictions are needed which
require proper understanding of the physical characteristics of wood. The performance is closely related
to the hierarchical wood structure as well as the interaction with water. Compared with other building
materials, wood exhibits significant time-dependent deformations that are heavily affected by water. In
this thesis, the interaction of wood with water is examined and the time-dependent response of wood is
modelled based on physical mechanisms on the molecular level causing this response.
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