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A
BSTRACT

The structure and the mechanical properties of wood of Norway spruce (Picea abies [L.]


Karst.) were studied using small samples from Finland and Sweden. X-ray diffraction (XRD)
 was used to determine the orientation of cellulose microfibrils (microfibril angle, MFA), the
 dimensions of cellulose crystallites and the average shape of the cell cross-section. X-ray at-
 tenuation and x-ray fluorescence measurements were used to study the chemical composition
 and the trace element content. Tensile testing within situXRD was used to characterise the
 mechanical properties of wood and the deformation of crystalline cellulose within the wood
 cell walls.


Cellulose crystallites were found to be 192 – 284 Å long and 28.9 – 33.4 Å wide in chemi-
 cally untreated wood and they were longer and wider in mature wood than in juvenile wood.


The MFA distribution of individual Norway spruce tracheids and larger samples was asym-
 metric. In individual cell walls, the mean MFA was 19 – 30 degrees, while the mode of the
 MFA distribution was 7 – 21 degrees. Both the mean MFA and the mode of the MFA distri-
 bution decreased as a function of the annual ring. Tangential cell walls exhibited smaller
 mean MFA and mode of the MFA distribution than radial cell walls. Maceration of wood ma-
 terial caused narrowing of the MFA distribution and removed contributions observed at
 around 90 degrees.


In wood of both untreated and fertilised trees, the average shape of the cell cross-section
 changed from circular via ambiguous to rectangular as the cambial age increased. The average
 shape of the cell cross-section and the MFA distribution did not change as a result of fertilisa-
 tion. The mass absorption coefficient for x-rays was higher in wood of fertilised trees than in
 that of untreated trees and wood of fertilised trees contained more of the elements S, Cl, and
 K, but a smaller amount of Mn. Cellulose crystallites were longer in wood of fertilised trees
 than in that of untreated trees. Kraft cooking caused widening and shortening of the cellulose
 crystallites.


Tensile tests parallel to the cells showed that if the mean MFA is initially around 10 degrees
 or smaller, no systematic changes occur in the MFA distribution due to strain. The role of
 mean MFA in defining the tensile strength or the modulus of elasticity of wood was not as
 dominant as that reported earlier. Crystalline cellulose elongated much less than the entire
 samples. The Poisson ratioȞcaof crystalline cellulose in Norway spruce wood was shown to
 be largely dependent on the surroundings of crystalline cellulose in the cell wall, varying be-
 tween -1.2 and 0.8. The Poisson ratio was negative in kraft cooked wood and positive in
 chemically untreated wood. In chemically untreated wood,Ȟcawas larger in mature wood and
 in latewood compared to juvenile wood and earlywood.


Classification (INSPEC 2004): A6110F, A6140K, A6220D, A8745B


Keywords: Cell wall, crystalline cellulose, microfibril angle, Norway spruce, Poisson ratio,
tensile properties, wood, x-ray diffraction
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4 B
ACKGROUND

The significance of wood to the economy and welfare of Finland can hardly be over-
 estimated. Houses have been built from timber, along with smaller scale objects such as furni-
 ture and the like, for the benefit and well-being of people. Along the saw mills, the pulp and
 paper industry is still a major player in the Finnish business scene, although there has been a
 tendency to move production away from Finland (and Europe in general) to warmer climates
 where the cultivation cycle of forests is considerably shorter. Nevertheless, the old saying that
 Finland “stands on wooden legs” has a solid basis. Since houses still have to be built, along
 with other commodities to fill the houses with, and people still read books and newspapers
 printed on paper, there is a continuing need for wood. For instance, according to the Finnish
 Forest Industries Federation, the forest industry contributed 17% of the industrial production
 in Finland in 2004, while 24% of the export during that year was various wood-based prod-
 ucts.


In terms of quantities, during the year 2004 timber and timber-related products amounted to
 more than 15 million m3, pulp to more than 12 million tons and paper and paperboard to about
 14 million tons of production in Finland alone. The amount of wood in Finnish forests is
 around 2 billion m3on an area of about 20 million ha, with an annual growth of about 90 mil-
 lion m3. These figures were all obtained from the Finnish Forest Industries Federation. The
 three economically most important tree species grown in Finland are Norway spruce (Picea
 abies[L.] Karst.), Scots pine (Pinus sylvestrisL.) and Silver birch (Betula pendulaRoth.).


To understand the processes that govern the growth of the tree and the interactions between
 the growing tree and its environment, and to optimise the use of wood as a raw material, re-
 search activities are directed to cover different aspects of the structure and properties of wood.


These extend from the bulk properties of entire tree stems to the structure and formation of
 the simplest structural units, the cells. Norway spruce and Scots pine are conifers which ex-
 hibit a fairly simple cellular structure. Therefore, they are ideal candidates for studying the
 structure-property – relationships and the effect of different growing conditions at various
 length scales of the stem.



5 P
URPOSE OF THE STUDY

The aim of this thesis was to study the cell wall structure and the mechanical properties of
 Norway spruce, using small scale samples. By using a micrometre-size x-ray beam, it became
 possible to shed light on the structure of individual cells and cell walls formed during differ-
 ent years and growth conditions. This information was used to examine the adaptation of the
 forming cell wall structure to the growth of the tree stem and to assess the suitability of a
 maceration treatment for separating individual cells for such studies. Connections between the
 cell dimensions and the cell wall structure were examined based on wood of fertilised and
 untreated trees.


The tensile properties of Norway spruce and crystalline cellulose in earlywood and latewood
of single annual rings were explored and changes in the tensile properties due to altering the
chemical composition of the material were studied. The idea was to compare the deformation
of the samples to changes occurring in the cell wall structure and to obtain information on
how the cell wall structure relates to the mechanical properties of wood. The use of both
chemically untreated samples and kraft cooked samples made it possible to study the interac-
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tions between crystalline cellulose and its surroundings in the cell walls during tensile defor-
 mation.


The summary begins with a short description of the structure and the tensile properties of
 Norway spruce. Thereafter the experimental methods used in the papers by the author are de-
 scribed. Findings on the structure and mechanical properties of Norway spruce, in some cases
 grown in different nutrient conditions, are discussed. The effect of chemical treatment on the
 structure and the mechanical properties is discussed based on macerated samples and kraft
 cooked samples. Finally, some future directions and objectives for research are given.



6 S
TRUCTURE OFN
ORWAY SPRUCE

6.1 MACROSCOPIC STRUCTURE


The structure of Norway spruce can be divided into several length scales. In the largest end of
 the scale are the entire stems, with girth at breast height (1.3 m) as much as 470 cm (Karhu,
 1995) and height up to around 40 m in Finland (Sarvas, 1964). In central Europe, the stems of
 Norway spruce can reach heights of 60 m (Sarvas, 1964). Moving to shorter scales, the struc-
 ture exhibits annual periodicity. The width of annual rings in Norway spruce grown in the
 Nordic countries varies from less than a millimetre to over 6 mm, showing marked variation
 depending on the environmental conditions (Saranpää, 1994; Mäkinen et al., 2001, 2002b).


By applying a suitable fertilisation scheme, the annual rings can be caused to grow substan-
 tially wider, but such an increase in the growth rate has been shown to have adverse effects on
 the macroscopic properties of the trees. For instance, the density of wood of fertilised trees is
 lower and there are more branches with larger diameter (Mäkinenet al., 2001, 2002b), result-
 ing in timber of lower quality than that from trees with a growth rate typical to the location.


The main part of the cellular structure, the xylem, is produced by a thin layer known as the
 cambium. During each growth season, the xylem can be divided to two regions, giving rise to
 the distinct pattern of annual rings (Figure 6.1).


LW EW LW


Juvenile


Mature


...


...


In the early stages of growth in spring and summer, the cambium produces cells that are thin-
walled and have a large lumen diameter compared to the cell wall thickness. These are known
as earlywood cells. On the other hand, when the end of the growing season draws near, the
produced cells have much thicker walls. These are known as latewood cells, and they form a
part of the annual ring that is much thinner in the radial direction compared to earlywood. A
simple definition of earlywood and latewood was given by Mork (1928): the tracheids belong
Figure 6.1. A schematic drawing of a cross-section of Norway spruce showing the annual rings (left)
and details within annual rings in juvenile wood and mature wood (right). EW and LW denote early-
wood and latewood, respectively.
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to latewood, if in the radial direction two times the thickness of the double cell wall is larger
 than the diameter of the lumen. Since then, more accurate definitions have been proposede.g.


by Jagels and Dyer (1983) based on digital image analysis of the shape of the cell cross-
 section. The proportion of latewood in Norway spruce has been found to vary between 10 –
 30 % (Mäkinenet al., 2002b).


6.2 MICROSTRUCTURE AND ULTRASTRUCTURE


The vast majority of cells in Norway spruce are of a type known as tracheid. The general
 shape of a tracheid is that of a needle-shaped hollow tube with tapered ends. The length of a
 tracheid in Norway spruce is roughly 1 – 4 mm, while the diameter is between 25 – 45 μ m
 (Saranpää, 1994; Mäkinenet al., 2002a). The thickness of the cell wall is much smaller than
 the diameter of the cell, varying between 2.5 – 5 μ m in earlywood and between 4 – 8 μm in
 latewood (Mäkinenet al., 2002a, 2002b). The shape of the cross-section varies from round in
 the juvenile wood near the pith to rectangular in mature wood near the bark (Sarén et al.,
 2001, 2004; Figure 6.1). The tracheids in juvenile wood are also shorter, smaller in diameter
 and show a thinner cell wall than those in mature wood.


The major polymeric components of the cell wall are cellulose, hemicelluloses and lignin.


Cellulose consists of covalently bound cellobiose units, which are formed by two molecules
 of D-glucose, linked together by a E(1, 4) bond (e.g. Sjöström, 1993; Brown et al., 1996).


Hemicelluloses in Norway spruce consist of glucomannan, galactoglucomannan and arabi-
 noglucuronoxylan, where in addition to aE(1, 4) bound backbone there are also side-chains in
 the structure (Sjöström, 1993). For lignin, several different models of the structure exist (e.g.


Sjöström, 1993; Karhunenet al., 1995; Boerjanet al., 2003; Kukkolaet al., 2003). The bio-
 synthesis of the polymeric components has been under extensive study, and with the excep-
 tion of lignin is also fairly well known (e.g. Sjöström, 1993; Brownet al., 1996; Delmer,
 1999; Boerjan et al., 2003; Cosgrove, 2005; Marjamaa et al., 2006). The proportion of the
 polymeric components in Norway spruce is known to vary from the pith to the bark and be-
 tween earlywood and latewood (Bertaud and Holmbom, 2004). Juvenile wood contains more
 lignin (and less cellulose) than mature wood, while earlywood contains more lignin and less
 hemicellulose than latewood.


The cell wall structure of a tracheid is known to be layered. The first layer formed during the
 growing season is the primary cell wall, which has a high amount of lignin, hemicelluloses
 and pectin and in which cellulose microfibrils show low crystallinity and do not exhibit any
 definite orientation (Panshin and de Zeeuw, 1980; Müller et al., 2002). In the secondary cell
 wall, the amount of lignin is reduced and the cellulose microfibrils are deposited into sub-
 layers of varying orientation (Bailey and Vestal, 1937; Abe et al., 1991). The cellulose mi-
 crofibrils in wood cell walls are strands of about 30 Å in thickness, where crystalline and less-
 ordered regions of cellulose alternate along the cellulose chains. The microfibrils can be as-
 sumed to be very long, since there is evidence that single microfibrils travel around the lumen
 of the cell multiple times in a helical manner, and even bend around the tip of the cells
 (Cosgrove, 2005). The crystallinity of cellulose in Norway spruce has been determined to be
 52 (± 3) % by NMR measurements (Anderssonet al., 2004).


The orientation of cellulose microfibrils in wood cells is characterised by the microfibril angle
 (MFA), which is the angle between the microfibrils and the longitudinal cell axis (Figure 6.2).


Various models of the arrangement of cellulose microfibrils in tracheids have been proposed.


Based on early light microscopy studies (Ritter, 1928; Bailey and Vestal, 1937), the secon-
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dary cell wall is known to contain layers with varying MFA. According to a generally ac-
 cepted model, the secondary wall has at least three layers, denoted S1, S2 and S3 (Fengel and
 Wegener, 1984). MFA in the S1 and S3 layers varies from 40 degrees to 120 degrees
 (Donaldson and Xu, 2005). The mean MFA of the S2 layer is considerably smaller and in
 mature wood the microfibrils in this layer are on average nearly parallel to the cell axis (Abe
 et al., 1991; Donaldson and Xu, 2005) In many cases the transition between the layers was
 thought to be abrupt, but there is evidence of transition layers between the main secondary
 cell wall layers (Abeet al., 1991). The S1 and S3 layers are so thin compared to the S2 that
 some authors have discussed the possibility of all variation of MFA to be due to the S2 layer
 (Brändströmet al., 2003). Mathematical models have been developed to account for the for-
 mation of different types of MFA distributions (e.g.Emons and Mulder, 1998; Mulder and
 Emons, 2001).


Cell
 axis


MFA


6.3 CRYSTALLINE CELLULOSE


One of the major topics of this study is crystalline cellulose, the structure of which has been
 studied since the 1920’s (e.g. Preston, 1974). It is known that in the secondary cell wall of
 (Norway spruce) tracheids crystalline cellulose is of the monoclinic IEtype. According to a
 recent study (Nishiyamaet al., 2002), the lattice constants area= 7.784 Å,b= 8.201 Å,c=
 10.380 Å,J= 96.5 degrees. The cellulose chains run in the direction of the crystallographicc
 -axis, while the O–H˜˜˜O hydrogen bonded sheets of cellulose chains are located parallel to the
 bc-plane. Finally, the sheets are stacked in the direction of the axisaby weak van der Waals
 –type interactions and by weak C–H˜˜˜O hydrogen bonds. Some authors have claimed based
 on modelling that there are some inter-sheet hydrogen bonds between oxygen atoms (Viëtor
 et al., 2000), but results from neutron scattering and x-ray scattering do not support this (e.g.


Finkenstadt and Millane, 1998; Nishiyamaet al., 2002). The unit cell according to Nishiyama
 et al.(2002) is shown in Figure 6.3. In addition to the positions of the individual atoms, also
 the lattice planes (200) and (004) are shown. In this work, diffraction maxima arising from
 these lattice planes were used to determine the MFA distribution, the length and width of cel-
 lulose crystallites, and the deformation of the cellulose unit cell due to straining of wood sam-
 ples.


Figure 6.2. A schematic drawing of a section of a tracheid and several microfibrils. The round cell
 cross-section and the large mean microfibril angle (MFA) are typically observed in juvenile wood (e.g.


Sarénet al., 2001).
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The overall dimensions of the crystalline regions in cellulose microfibrils are small and the
 crystallites are short compared to the length of the microfibrils. Based on studies of samples
 of several mm3in volume (hereafter denoted macroscopic samples), the length is around 200
 – 300 Å while the width is around 30 Å (e.g.Anderssonet al., 2003). The structure of a small
 cellulose crystallite is presented in Figure 6.4.



7 T
ENSILE PROPERTIES OFN
ORWAY SPRUCE

The tensile properties describe the mechanical behaviour of a material that undergoes tensile
 deformation. Let one consider a sample of original lengthd0. In the case of an isotropic mate-
 rial, during tensile deformation a forceFacting on the sample creates a stressV F A, where
 A is the area of the cross-section normal to the direction of the force. The stress is related to
 the strain of the sample, which is often presented as the fractional elongation,H   'd d0,
 Figure 6.3. The unit cell of crystalline cellulose IE, based on the crystallographic data of Nishiyamaet
 al.(2002). The lattice planes (200) and (004) are shown in light blue and light red, while red, black
 and grey spheres represent oxygen, carbon and hydrogen atoms, respectively. Top: Pseudo-3D view of
 the unit cell. Below: Projections of the unit cell in the direction of the crystallographic axesa(left),b
 (center) andc(right). The unit cell was drawn with programs BAM PowderCell 2.4 and POV-Ray 3.6.


Figure 6.4. A cellulose crystallite of 3 * 3 * 3 unit cells, illustrated in the direction of the crystallo-
graphic axesa(left),b(middle) andc(right). The unit cell is shown at the centre of the crystallite. The
dimensions in the direction of the axesaandbare approximately one unit cell smaller than those ob-
served in Norway spruce; in the direction of the the axiscthe actual crystallites are much longer. The
reflection planes (200) and (004) are shown in light blue and light red colour, respectively.
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where 'd is the change in the length of the sample. The simplest approach to describe the
 tensile behaviour is that of linear elasticity. In that case, the stress and strain of the sample are
 related byV EH, where the factor E is the modulus of elasticity (MOE), also known as
 Young’s modulus. When stress is plotted as a function of strain (Figure 7.1), MOE can be
 determined from the slope of the curve.
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In a material which exhibits linear elastic tensile properties, deformation is reversible until the
 stress becomes sufficiently high so that fracture occurs. This limiting stress is known as the
 tensile strength of the material and the corresponding strain can be denoted as the strain at
 fracture (Figure 7.1). More complicated forms of mechanical behaviour include plasticity,
 where irreversible deformation occurs in the material, and viscoelasticity, where in addition to
 the linear elastic part there also exists time dependence between stress and strain. However,
 the analysis of plasticity or viscoelasticity in Norway spruce is beyond the scope of this thesis.


7.1 WOOD TISSUE


Due to the cellular structure, wood tissue cannot be treated as isotropic when discussing the
 tensile properties, such as the tensile strength or MOE. Wood is an orthotropic material, i.e.


there are three mutually perpendicular directions (principal axes) with unique tensile proper-
 ties. In that case, the scalar quantities stress, strain and MOE are replaced by tensors. The
 principal axes are normal to the tangential-radial plane (parallel to the longitudinal stem (or
 cell) axis), normal to the tangential-longitudinal plane (parallel to the radius of the stem) and
 normal to the radial-longitudinal plane (tangential to the radius of the stem). In the linear re-
 gime of elasticity, the strain and stress in a material with orthotropic symmetry are related by
 (e.g. Perkins, 2002)
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In the equation (7.1.1)E1,E2and E3are the moduli of elasticity along the principal axes,Qij


are the Poisson ratios andGijare the shear moduli of the material.


Figure 7.1. A schematic stress-strain curve of a linear elastic material. The values of MOE, the tensile
strength (TS) and the elongation at fracture (İF) are 10 GPa, 150 MPa and 0.015, respectively.



(15)Tensile properties of Norway spruce


Norway spruce tissue is stiffest and strongest parallel to the longitudinal cell axis. Based on
 samples of tens of centimetres of length and several cm2 in cross-section, the longitudinal
 MOE is on average 11-14 GPa and the tensile strength is on average 90 MPa (Wagenführ and
 Schreiber, 1989; Verkasalo and Leban, 2002). According to Hanhijärvi (1998), the modulus
 of elasticity is 140-200 MPa in the tangential direction and 300-500 MPa in the radial direc-
 tion, determined at 12% moisture content during high-speed drying at 95qC. In that study, the
 tensile strength of the dried samples in the tangential direction was reported to be less than 1
 MPa. Within an annual ring, latewood tissue is stronger and stiffer than earlywood tissue in
 tensile loading parallel to the cell axis. According to Sinnet al. (2001), in latewood the longi-
 tudinal MOE is about 14 GPa and the tensile strength is about 126 MPa, while in earlywood
 the respective values are 7 GPa and 61 MPa. In that study, the samples were 50 mm long
 slices with a cross-section of 0.2 * 9 mm2.


7.2 CELLULOSE,HEMICELLULOSES,LIGNIN


Of the individual polymeric components, crystalline cellulose is by far the stiffest and the
 strongest. Along the cellulose chains (crystallographic c axis), the modulus of elasticity is
 around 137 – 168 GPa (Sakuradaet al., 1962; Tashiro and Kobayashi, 1991). In the direction
 of the crystallographic axesaandb, the modulus of elasticity is less than 10% of that along
 the axisc. According to Mark (1967), the theoretical tensile strength of crystalline cellulose is
 around 2 GPa along the chains, while the ultimate shear strength is about 32 MPa. The stiff-
 ness of non-crystalline cellulose is around 10 GPa,i.e.on the same level as in crystalline cel-
 lulose along the axesaandb. Due to the structural anisotropy, the stiffness constants of crys-
 talline cellulose form a tensor and a single Poisson ratio is not sufficient to fully relate the
 strains in different directions.


Several assumptions and models exist on the stiffness and anisotropy of hemicelluloses and
 lignin in wood, but fairly few measurements. This is due to difficulties in finding raw material
 with high hemicellulose (or lignin) content or in making samples that contain only hemicellu-
 loses or lignin in the native state. According to Cousins (1976, 1978), the modulus of elastic-
 ity of hemicelluloses is around 7 – 8 GPa and the modulus of elasticity of lignin is around 3
 GPa at 12 percent moisture content. These values were obtained from isotropic, extracted
 samples. In modelling the mechanical properties of wood, some authors consider both hemi-
 celluloses and lignin as isotropic (e.g.Koponenet al., 1989), while some others treat at least
 hemicelluloses as anisotropic (Persson, 2000). The anisotropy of both hemicelluloses and lig-
 nin has been considered by Bergander and Salmén (2002). Such an approach is validated by
 the observed anisotropic orientation of these polymers in wood tissue (Liang et al., 1960;


Åkerholm and Salmén, 2003).


7.3 STRUCTURAL FACTORS AFFECTING THE TENSILE PROPERTIES OF WOOD
 7.3.1 DENSITY,DIMENSIONS OF THE CELLS,GRAIN ANGLE


It is well-known that density is a factor contributing to the tensile properties of wood. There
exists a positive correlation between the density and the longitudinal MOE (e.g. Cave and
Hutt, 1969). The density of wood is of course closely related to the dimensions of the cells
and to the thickness of the cell walls in the tissue. Therefore, the dependence of the tensile
properties on density can be said to be a dependence on the cellular structure. On average,
latewood and mature wood are stronger and stiffer than earlywood and juvenile wood, respec-
tively (e.g.Schniewind, 1966; Cave and Walker, 1994; Sinnet al., 2001). It is known that as
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the tree matures, the tracheids become longer and wider. In addition, the cell cross-section
 changes from circular to rectangular and the cell wall thickness increases.


In large wood samples, especially in those containing xylem from several annual rings in the
 transverse plane, it is also necessary to consider the orientation of the longitudinal cell axis
 with respect to the orientation of the longitudinal stem axis. These directions are not necessar-
 ily parallel, resulting in variable grain angle (e.g.Sarénet al., 2006). Since the large samples
 are normally sawn parallel to the longitudinal growth direction of the stem, the cells in the
 samples are not aligned parallel to the applied strain. This may have a decreasing effect on the
 longitudinal tensile strength and MOE (Kliger et al., 1995). However, the samples used in
 papers IV and V of this study were small, making it possible to orient the samples so that
 strain was applied parallel to the longitudinal cell axis and the effect of grain angle to the
 measured tensile properties could be omitted.


7.3.2 MICROFIBRIL ANGLE


The dependence of the tensile properties of wood on the microfibril angle has been studied for
 decades, using both pieces of wood and isolated tracheids. Until recently, these studies have
 concentrated on measuring separately the initial microfibril angle (most often described by a
 mean value) and thereafter determining the tensile properties. The prevailing paradigm is that
 the mean MFA is negatively correlated to the tensile strength and MOE (e.g.Schmidt, 1931;


Cave and Hutt, 1969; Pageet al., 1977; Cave and Walker, 1994). In most studies, the varia-
 tion of the mean MFA in the sample series has been several tens of degrees. Most often, how-
 ever, samples with exceptionally high mean MFA represent compression wood. The cell wall
 structure of compression wood tracheids is different than that of normal, clear wood tracheids
 (Panshin and de Zeeuw, 1980). In this context, clear wood denotes wood that does not contain
 imperfections, such as knots or visible irregularities. Based on the examination of fracture
 surfaces, it is known that deformation occurs in a different way in clear wood and in compres-
 sion wood (Reitereret al., 2001). It is also known that during deformation, the mean MFA in
 wet compression wood decreases markedly, whereas in dry clear wood notable changes do
 not occur (Keckeset al., 2003; Kamiyamaet al., 2005; Köllnet al., 2005). The main motiva-
 tion behind the work described in paperIVwas to assess the deformation of crystalline cellu-
 lose and the tensile properties in dry clear wood samples where the mean MFA was initially
 small. However, the samples represented earlywood and latewood of juvenile and mature
 wood with varying density, cell dimensions, chemical composition and crystallite dimensions.


7.3.3 CHEMICAL COMPOSITION,INTERACTIONS BETWEEN THE POLYMERIC COMPONENTS


In the cell walls of tracheids (and other cell types in the xylem), the polymeric components
form a complex composite structure. Since these polymers have very different mechanical
properties, their relative amounts also have a role on the mechanical properties of the cell. By
studying pulped tracheids, it has been observed that a decrease in the proportion of hemicellu-
loses relative to the proportion of cellulose lowered the stiffness and the brittleness of the
cells, while the longitudinal tensile strength was not affected (Molin and Teder, 2002). Com-
parison between developing and fully lignified mature Norway spruce tracheids has shown
that lignification increases the longitudinal MOE and hardness of tracheids (Gindl et al.,
2002). However, when comparing the lignin content and the mechanical properties of already
fully lignified cells the lignin content showed only a weak increasing effect on the axial com-
pression strength (Gindl and Teischinger, 2002). Perpendicular to the cell axis, the effect of
hemicelluloses and lignin on the mechanical properties of tracheids and conifer wood is more
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pronounced than parallel to the longitudinal cell axis (Bergander and Salmén, 2002; Salmén,
 2004).



8 M
ETHODS

8.1 TREATMENTS APPLIED TO WOOD MATERIAL


In papersI–IIIthe sample material was obtained from a nutrient optimisation field trial in
 Flakaliden (64q07’ N, 19q27’ E, altitude 310 m. above sea level; for further reference see
 Linder, 1995), where up to four-fold increase in volume growth was observed compared to
 untreated stems (Mäkinenet al., 2001). In paperIpieces of wood were macerated (Franklin,
 1945) in order to separate single tracheids from the xylem. In paperVpieces of wood were
 kraft cooked in order to remove lignin from the samples. The aim of these treatments was to
 enable studying not only the structure of Norway spruce wood in its native state, but also to
 help elucidate the interrelations of the different chemical components in the cell walls and to
 some extent deduce the possible effects of chemical treatments on the structure of wood.


8.2 X-RAY DIFFRACTION
 8.2.1 BASIC THEORY


X-rays were first discovered by W.C. Röntgen in 1895. Until the 1910’s the main use of x-
 rays was that of imaging. In 1912 and 1913 a new interaction phenomenon between x-rays
 and solid material was discovered and explained by Friedrich, Knipping and Laue in Germany
 (Friedrichet al., 1913; Laue and Tank, 1913) and by W.L. Bragg and W.H. Bragg in England
 (Bragg, 1912). This phenomenon, x-ray diffraction (XRD), soon became one of the methods
 to study the structure of fibrous biomaterials, such as wood. The fundamental equation of
 XRD that relates the scattering angle (2ș), the wavelength of the radiation (Ȝ) and the spacing
 of the diffracting planes in the material (dhkl) is that given by W.L. Bragg and hence it bears
 the name Bragg’s law:


2dhklsin( )T O. (8.2.1)


The scattering angle is often replaced by a wavelength-independent quantity, the magnitude
 of the scattering vectorq. The conversion between these two is given by


4 sin( )


q S T


O . (8.2.2)


The lattice spacingdhklof the reflectionhklis related to the magnitude of the scattering vector
 qhklby


2


hkl
 hkl


q d


S . (8.2.3)


The occurrence of diffraction maxima can be visualised with the aid of the reciprocal lattice
and the Ewald sphere of reflection (e.g.James, 1962). The reciprocal lattice is defined by the
base vectors
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wherea,bandcare the vectors describing the unit cell in real space andVis the volume of
 the unit cell. The Ewald sphere of reflection is drawn in such a way that the radius of the
 sphere isO-1and the incident x-ray beam is presented by a vector, directed from the centre of
 the sphere to the origin of the reciprocal lattice that lies on the surface of the Ewald sphere
 (Figure 8.1). The diffraction condition of equation (8.2.1) for a given lattice plane is met
 when the reciprocal lattice pointhklof the lattice plane is also on the surface of the sphere.


8.2.2 FIBRE DIFFRACTION


Many crystalline polymers exhibit a growth pattern, where there is a preferred orientation of
 one crystallographic axis, in spite of the polycrystalline nature of the material. In such a case
 the material is said to exhibit fibre texture. XRD is a standard method for determining the
 extent of texture in crystalline material. In general, the diffraction pattern from a sample that
 exhibits fibre texture differs from diffraction patterns of single crystals or powders by display-
 ing characteristic layer lines along the texture axis. The formation of layer lines can be under-
 stood on the basis of Ewald sphere construction with a rotating crystal (James, 1962; Figure
 8.1). As a result of the rotation, the scattered x-ray beams form cones that trace the Ewald
 sphere as circles. Diffraction takes place when the circles coincide with reciprocal lattice
 points.
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Figure 8.1. A schematic illustration of the formation of the layer lines. The red parallelepiped is part
of the reciprocal lattice, the Ewald sphere of reflection is shown in black with three layer lines. The
centre of the sphere and the origin of the reciprocal lattice are denoted P and O, respectively. The
incident x-ray beam and the diffracted x-ray beams are represented with thick and thin arrows, respec-
tively. The crystallographic axiscand the axes of the reciprocal lattice are indicated by solid arrows.
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8.2.3 STUDIES OF THE STRUCTURE OF WOOD BY X-RAY DIFFRACTION


The XRD pattern of a wood sample shows fibre texture along the direction of the cell axis.


Normally, a simplifying assumption is made that cellulose microfibrils are wound around the
 lumina of the cells as concentric helices and the orientation of the cell axis is constant in the
 entire sample. This reduces the amount of angles to be studied to one, which represents the
 pitch of the helices,i.e.the microfibril angle. In the diffraction pattern of an entire tracheid or
 a macroscopic sample, the winding of the microfibrils around the lumina shows as a crossed
 arrangement of the diffraction maxima (Figure 8.2). The crossed arrangement reduces to a
 simple fibre diffraction pattern if only a single cell wall is probed.
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Over the years, numerous researchers have tackled the problem of determining the orientation
 of cellulose microfibrils in plant cell walls using XRD. One of the earliest attempts was made
 by Sponsler (1928), who concluded that the microfibrils are parallel to one another in ramie
 fibres. However, the orientation of the microfibrils with respect to the cell axis was not re-
 ported. In the 1930’s, Pienkowski (1930), Schmidt (1931) and Stillwell (1933) made efforts
 towards characterising the orientation of cellulose microfibrils in wood, noticing that the mi-
 crofibrils were not parallel to the cell axis. Early attempts to measure the microfibril angle in
 single cells were made by Preston (1934), who recorded XRD patterns from isolated tracheids
 ofSequoia andAbies nobilisenclosed between glass plates. Based on those measurements,
 Preston stated that the whole cell wall is wound with a single MFA. Later, based on studies of
 millimetre-size samples of several tree species, Sisson (1935) and Bailey and Berkley (1942)
 concluded that the orientation of microfibrils in wood samples is not uniform. This was in
 agreement with observations by optical microscopy of chemically treated wood fibres (Ritter,
 1928).*


In the 1960’s, Kantola and Seitsonen (1961) proposed a method to determine the shape of the
 cross-section and the mean microfibril angle using the perpendicular transmission geometry
 (Chapter 8.7) and the reflection200, by recording diffraction patterns with various alignments
 of the sample with respect to the x-ray beam. Cave and Meylan presented a method to deter-
 mine the mean MFA from the reflection200of crystalline cellulose using the perpendicular


*Although other contemporary studies contested Preston’s view of a single MFA (and later on it became evident
 that he was indeed mistaken), his report was certainly important. It perhaps elucidates the difficulty of the task
 performed by Preston to note that the first determination of the MFA distribution of an isolated tracheid by XRD
 was reported over 70 years later (paperI).


Figure 8.2. 2D XRD patterns of Norway spruce earlywood. Left, macroscopic sample of mature wood
(22ndannual ring) measured at HASYLAB; right, a double cell wall of juvenile wood (6thannual ring)
measured at ESRF. Some of the most clearly visible reflections are marked. The approximate direction
of the longitudinal cell axis is denoted with an arrow. The crossed arrangement of the diffraction
maxima can be seen in the diffraction pattern of the double cell wall, especially in the reflection200.
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transmission geometry (Cave, 1966; Meylan, 1967). However, this method yielded only the
 mean MFA and in the case of cells with a round cross-section the analysis was limited by the
 fact that the shape of the MFA distribution had to be known from before. In the 1970’s, Lotfy
 et al.(1973) published a method where the mean MFA was calculated from the intensity pro-
 file of the reflection 004, measured using the symmetrical transmission geometry (Chapter
 8.7). The same geometry was used by Prud´homme and Noah (1975), who determined the
 MFA distribution using the reflections 200, 110 and110with the additional assumption of
 cylindrical cells.


A method of determining the MFA distribution using the symmetrical transmission geometry
 and both the reflections 200and 004was presented by Paakkari and Serimaa (1984). They
 presented a scheme where the MFA distribution was modelled as a sum of Gaussian functions
 and this model was fitted on the intensity profile. Evans (1999) published a method for ana-
 lysing the mean MFA from measurements with the perpendicular transmission geometry by
 using the variance of the intensity profile of the reflection200. The advantage of this method
 is that it is insensitive to the shape of the cell cross-section. More recently, the effects of the
 shape of the cell cross-section (Cave, 1997a, 1997b) and the measurement geometry (Sarénet
 al., 2004; Sarén and Serimaa, 2006) on the intensity profiles of the reflections 200and004
 have been thoroughly considered.


8.2.4 MFADETERMINATION IN THIS WORK


In papersII–Vof this thesis, the determination of the MFA distribution has been done using
 the scheme of Paakkari and Serimaa (1984). In paper I, the MFA determination was very
 much simplified by the use of macerated single tracheids and a micrometre-size x-ray beam.


By guiding the x-ray beam through a bordered pit in the cell wall, the MFA distribution from
 a single cell wall could be directly determined. The drawbacks to this method are that the
 sample preparation is tedious and that there are few measurement stations currently available
 where the measurements are possible. One of these is the microdiffraction beamline ID13 at
 ESRF. The same beamline was used in the measurements for paper IIto study 25 μm thick
 longitudinal sections of chemically untreated Norway spruce wood.


In papersIII-Vthe samples and the x-ray beam were substantially larger than those used in
 papers IandII, and the intensity profiles of both200and004as a function of the azimuth
 angle were highly symmetrical with respect to the intensity maximum. Therefore, the fitting
 was done by using two or three pairs of Gaussians, which were located symmetrically about
 the intensity maximum of the reflection. In papersIVandV, the perpendicular transmission
 geometry that was used in the experiments caused a further modification to the original
 scheme of MFA determination. Since the x-ray beam covered numerous cells, it was neces-
 sary to take into account the rectangular shape of the cross-section of the cells in the analysis
 of the reflection200by adding an additional narrow central peak to the fitted intensity profile
 (Sarén and Serimaa, 2006).


8.2.5 DETERMINATION OF CRYSTALLITE DIMENSIONS


The intensity distribution of a reflection as a function of the scattering angle 2T gives infor-
 mation on the size of the crystallites giving rise to XRD. The size of the crystallites and the
 width of the reflections are related by the Scherrer formula
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whereDhkl is the size determined from the reflectionhkl,Kis a constant,Ois the wavelength
 of the radiation, 2


Thkl


' is the full width at half maximum (FWHM) of the reflection as a func-
 tion of the scattering angle 2T, 'instis the instrumental broadening andTis half of the scatter-
 ing angle. In the course of time, different values of the constant K have been proposed for
 various crystallite shapes and calculation methods of the width of the reflection; seee.g.the
 works by Patterson (1939a, 1939b) and Stokes and Wilson (1942). In this work, the value of
 K was set to 0.9. This value is based on the assumption that the breadth of the reflection is
 calculated as FWHM (Bragg, 1949).


The Scherrer formula was used in papers II-IV to study the length and width of cellulose
 crystallites. The length of the crystallites was determined from the reflection004, while the
 reflection200was used for determining the width. In papersIVandVthe Scherrer formula
 was only used to characterise the initial dimensions of the crystallites. No other reflections
 were clearly present in the same directions to enable separation of the induced lattice strain
 due to the tensile tests from the possible dimensional changes of the crystallites.


8.3 X-RAY ATTENUATION


When a parallel beam of x-rays travels in matter, the intensityIof the beam is attenuated ac-
 cording to the Lambert-Beer’s law
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In (8.3.1) I0 is the intensity of the radiation at entry to the sample, P U is the mass absorp-
 tion coefficient of the sample,Uis the density of the sample andxis the distance travelled by
 the x-rays in the sample. As can be seen, the equation (8.3.1) can be used to evaluate the
 chemical composition of the samples. This requires that the non-attenuated intensity of the x-
 ray beam, the intensity of the x-ray beam after attenuation of the samples and the density and
 the thickness of the samples are known from separate measurements. In paperIIIthis method
 was used to evaluate the effect of fertilisation on the chemical composition of Norway spruce.


Unfortunately this method cannot provide direct information about specific changese.g.in the
 abundance of trace elements or in the proportion of the different chemical components of
 wood.


8.4 X-RAY FLUORESCENCE


X-ray fluorescence (XRF) is a powerful tool for analysing the trace element composition of
wood. Since the chemical components cellulose, hemicelluloses and lignin contain elements
with low atomic number (Z), they can be thought of as a matrix for the higher-Z impurities,
such as the nutrient elements K and Ca (paperIII). The nutrient elements studied in paperIII
were not very heavy, Z”25, which means that it was sufficient to concentrate on theKfluo-
rescence of the elements. The intensity of x-ray fluorescence radiation from the nutrients was
measured by the setup described in more detail in paperIIIand in Chapter 8.7. The measured
spectra were analysed by fitting Gaussian functions to correspond to the observed fluores-
cence peaks. The relative mass fractions of the trace elements were obtained by correcting the
fitted intensities with respect to the measurement geometry, the sample density and the mass-
absorption coefficient, taking into account first order fluorescence generation (Criss and
Birks, 1968). Comparison was made between wood of untreated and fertilised trees to study
the effect of fertilisation on the abundance of trace elements in Norway spruce xylem.
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8.5 POLARISED LIGHT MICROSCOPY


One method to determine the microfibril angle is to use polarised light microscopy, which
 utilises the birefringent properties of cellulose. One of the most common ways to measure
 MFA using polarised light microscopy is to search for the major extinction position (Preston,
 1974) and find the angle between the extinction position and the longitudinal cell axis. An
 innovative way of doing this is by using the naturally occurring bordered pits in the cell walls
 as windows to look through the lumen to the other side of the cell (Donaldson, 1991). The
 bordered pits can equally well be used with x-rays, provided of course that the x-ray beam is
 small enough to probe through the pit and that the instrumentation of the x-ray set-up can be
 used to translate the sample in sufficiently small steps (paperI). These requirements were met
 by the beamline ID13 at ESRF. The drawback to the use of bordered pits as windows is that
 in chemically untreated cells the pits are closed due to aspiration (Preston, 1974) and the sam-
 ples need a chemical maceration treatment to dissolve the primary cell wall and to open the
 pits.


In paper I, the results on MFA by using polarised light microscopy were compared to those
 obtained by XRD through the same pits. Polarised light microscopy was also applied to study
 the effect of fertilisation on the mean MFA in the same sample material as presented in papers
 I-III.


8.6 TENSILE TESTING


In materials science, tensile testing and subsequent analysis of the stress-strain curves is one
 of the basic methods to obtain information on the mechanical properties of the samples. As
 described in Chapter 7.1, there is a wealth of information on the tensile properties of Norway
 spruce, measured from samples with dimensions spanning several annual rings in the cross-
 section and tens of centimetres in length. The situation is different, however, when the tensile
 properties within single annual rings are considered. If devices are designed to handle samples
 that are several orders of magnitude larger in length and in cross-section than samples con-
 taining only a small part of a single annual ring (as is the case in standard tensile testing ma-
 chines), they are certainly not suitable for the small samples. Recently, there has been an in-
 creasing number of small scale tensile testing equipment available, some even in such a scale
 as to be fitted inside an ESEM (Environmental Scanning Electron Microscope, seee.g.Sip-
 pola and Frühmann, 2002) or to be used in conjunction with a light microscope; others are of
 suitable dimensions to be fitted into synchrotron radiation beamlines to study the deformation
 of small samples in conjunction with x-ray scattering experiments. These studies have opened
 a new area of research where information from several simultaneous measurements can be
 linked to form a more refined picture on what kind of processes take place in the samples both
 in macroscopic and microscopic scale when they are deformed.


However, despite the availability of equipment to test small samples, it has to be remembered
that the analysis of the determined tensile properties can be challenging. Especially a direct
comparison to the tensile properties determined from large samples can be difficult. The ten-
sile properties of small, intra-ring samples show larger variation than those measured from
samples covering several annual rings in cross-section. The variation may be caused by local
defects in the samples, by the natural variation occurring in the structure of the samples and
by the sample dimensions (e.g. Futó, 1969; Pageet al., 1977; Sinnet al., 2001). In reporting
and comparing the tensile properties of small wood samples to other studies, it is therefore
very important to accurately describe the samples and the test procedures.



(23)Methods


8.6.1 EXPERIMENTS


In this thesis tensile testing was used both with and without in situXRD to assess the me-
 chanical properties of Norway spruce wood (papersIVandV). From the stress-strain curves
 of the samples, the elongation at fracture, the tensile strength and MOE were determined. To
 account for the presence of non-linear tensile behaviour in wood, MOE was determined as the
 initial slope of the stress-strain curve (Figure 8.3).
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Tensile tests within situXRD measurements were used to cast light on the extent of deforma-
 tion of crystalline cellulose within the samples. Samples containing only earlywood or late-
 wood were measured. Furthermore, some of the samples were tested in chemically untreated
 state, while others were kraft cooked for various periods of time in order to remove lignin.


The comparison between earlywood and latewood, between juvenile wood and mature wood
 and between chemically untreated wood and kraft cooked wood was made in order to study
 not only the tensile properties but also the interactions between crystalline cellulose and its
 surroundings in the cell walls (papersIVandV). This was based on calculating the Poisson
 ratioȞcaof crystalline cellulose according to


a
 ca


c


Q H


  H , (8.6.1)


whereİaandİc denote the relative elongation of the unit cell along the axesaand c, respec-
 tively. When the mean MFA is small, the majority of the crystallites are oriented so that the
 cellulose chains are nearly parallel to the longitudinal cell axis of the samples. Due to absence
 of such reflections in the diffraction patterns that could be used to determine the relative elon-
 gation along the axisb, no other Poisson ratios could be calculated.


8.7 EQUIPMENT USED IN THE STUDIES


XRD measurements were made at the home laboratory (Division of X-ray Physics, Depart-
 ment of Physical Sciences, University of Helsinki) and at the synchrotron radiation facilities
 HASYLAB and ESRF.


At the home laboratory, two different diffractometers were used. Both were based on Bragg-
Brentano geometry and included a sealed copper anode x-ray tube as radiation source and a
NaI(Tl) scintillation detector. The CuKD1 emission line of the x-ray tube spectrum was se-
lected by means of a Johansson –type (bent and cut) monochromator crystal. The main differ-
ence between the two set-ups was the number of independent goniometer circles (two in the
old set-up, four in the new set-up). The measurements were made in the symmetrical trans-
Figure 8.3. The stress-strain curve of a sample of mature latewood, measured at HASYLAB in dry
state. MOE is given by the slope of the curve (grey dashed line). TS andHFdenote the tensile strength
and the elongation at fracture, respectively.
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