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Abstract

The purpose of this study was to develop practical and reliable x-ray scattering methods to
study the nanostructure of the wood cell wall and to use these methods to systematically study
the nanostructure of Norway spruce and Scots pine grown in Finland and Sweden. Methods to
determine the microfibril angle (MFA) distribution, the crystallinity of wood, and the average
size  of  cellulose  crystallites  using  wide-angle  x-ray  scattering  were  developed  and  these
parameters were determined as a function of the number of the year ring.
The mean MFA in Norway spruce decreases rapidly as a function of the number of the year
ring  and  after  the  7th year ring it varies between 6° and 10°. The mean MFA of Scots pine
behaves  the  same  way  as  the  mean  MFA  of  Norway  spruce.  The  thickness  of  cellulose
crystallites for Norway spruce and Scots pine appears to be constant as a function of the
number of the year ring. The obtained mean values are 32 Å for Norway spruce and 31 Å for
Scots pine. The length of the cellulose crystallites was also quite constant as a function of the
year  ring.  The  mean  length  of  the  crystallites  for  Norway  spruce  was  364  Å,  while  the
standard deviation was 27 Å.
The mass fraction of crystalline cellulose in wood is the crystallinity of wood and the intrinsic
crystallinity of cellulose is the crystallinity of cellulose. The crystallinity of wood increases
from the  2nd year ring to the 10th year ring from the pith and is constant after the 10th year
ring. The crystallinity of cellulose obtained using nuclear magnetic resonance spectroscopy
was 52% for both species. The crystallinity of wood and the crystallinity of cellulose behave
the same way in Norway spruce and Scots pine.
The  methods  were  also  applied  to  studies  on  thermally  modified  Scots  pine  wood grown in
Finland. Wood is modified thermally by heating and steaming in order to improve its
properties such as biological resistance and dimensional stability. Modification temperatures
varied from 100 °C to 240 °C. The thermal modification increases the crystallinity of wood
and the thickness of cellulose crystallites but does not influence the MFA distribution. When
the  modification  temperature  was  230  °C  and  time  4  h,  the  thickness  of  the  cellulose
crystallites increased from 31 Å to 34 Å.
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1 Introduction

1.1 Structure and chemistry of wood

A tree is a perennial tall-growing woody plant. It is self-supporting with roots, a solid trunk
and a crown (Bernatzky, 1978). The roots keep the tree standing upright in the soil and also
serving  to  collect  water  and  nutrients  from the  soil.  Figure  1  presents  sections  of  the  trunk.
The xylem (wood) is organized in concentric year rings around the pith. The inner part is dead
heartwood and the outer part is sapwood, in which ascent of the sap takes place. Cambium,
which is between the phloem (inner bark) and the xylem, each year produces new xylem and
phloem cells. Outside the phloem is the outer bark (Sjöström, 1993).

Fig. 1 Sections of the trunk (Sjöström, 1993).

The xylem provides structural support for a tree. The xylem and the phloem make up the
vascular systems found contiguously in the roots, stems and leaves of plants (Nobel, 1999).
Water and nutrients are transported via the outermost annual rings of the xylem from the roots
to elsewhere in the tree, especially to the leaves and needles, where photosynthesis occurs.
The xylem consists of tubular elongated cells. Conifer tracheids are connected to each other
with bordered pits.

In photosynthesis, carbon dioxide (CO2) and water (H2O) transform to oxygen (O2) and
glucose (C6H12O6) according to the chemical equation:

6 CO2 + 6 H2O  6 O2 + C6H12O6.

Glucose, which is the basis for other organic compounds like cellulose, is transported from
the leaves to other parts of the tree via the phloem (Bernatzky, 1978). Both cell division and
the radial growth of the tree take place in the cambium (Sjöström, 1993).

A softwood cell has a lumen the diameter of which is about 30-35 µm in earlywood and
20 µm in latewood (Wagenführ and Scheiber, 1989, Paper II). In radial cell walls of
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earlywood there are bordered pit pairs the diameter of which varies from 10 µm to 20 µm. In
latewood there are also bordered pit pairs in the tangential cell walls (Fagerstedt et al., 1996).
The wood cell wall has a complex multilayer nanostructure in which cellulose molecules are
grouped together in partially crystalline microfibrils embedded in a matrix composed of lignin
and hemicelluloses.

The physical properties of Norway spruce and Scots pine have been studied extensively. The
behaviour of the basic density of Norway spruce and Scots pine differs from each other in the
radial as well as the longitudinal direction. The density of Scots pine increases as a function
of the number of the year ring by reaching the maximum near the 80th year ring, while the
density of Norway spruce at first decreases and after a few year rings the density begins to
increase by reaching the maximum later than Scots pine (Hakkila, 1966). The density of Scots
pine  decreases  as  a  function  of  the  height,  while  the  density  of  Norway  spruce  at  first
decreases as height increases, but from the middle of the stem the density begins to increase
(Hakkila, 1966). The length of tracheids in Norway spruce and Scots pine increases as a
function of the number of the year ring (Saranpää, 1994; Lindström, 1997; Fries et al., 2003).

It is well known that the strength properties vary in different stem directions. For example,
wood is 4 to 12 times stronger in compression, parallel to the fibre axis than it is
perpendicular to the fibre axis (Panshin and de Zeeuw, 1980). Kennedy (1995) has shown that
the longitudinal MOE increases as a function of the year ring for Tsuga heterophyla. The
longitudinal stiffness modulus of Norway spruce increases from 6 GPa to 8.5 GPa, while in
the radial and tangential direction the stiffness modulus is nearly constant, 1 GPA and
0.35 GPa (Koponen et al., 2005). The negative correlation between the longitudinal MOE and
the  orientation  of  microfibrils  has  been  demonstrated  in  several  publications  (e.g.  Cave  and
Walker, 1994; Keckes et al., 2003).

Norway spruce Scots pine

Juvenile
wood

Mature
wood

Juvenile
wood

Mature
wood

Longitudinal MOE (MPa) 11 800 13 800 10 000 13 100

Longitudinal MOR (MPa) 76 88 71 94

Weight density (kg/m3) 459 481 445 515

Table 1. Longitudinal modulus of elasticity (MOE), longitudinal modulus of rupture
(MOR) and density  for  Norway spruce  and Scots  pine  grown in  southern Finland are
presented for both juvenile and mature wood according to Verkasalo and Leban (2002).
Weight density is determined at 12% moisture content. Values are rounded.

Verkasalo and Leban (2002) studied the longitudinal modulus of elasticity (MOE) and
modulus of rupture (MOR) of Norway spruce and Scots pine grown in southern Finland and
north-eastern France. In Table 1 the values of MOE, MOR and density for Norway spruce and
Scots pine grown in southern Finland are presented for both juvenile wood and mature wood
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(Verkasalo and Leban, 2002). Weight density was determined at 12% moisture content by
measuring the mass and the volume of wood samples.

The elastic and shrinkage properties of softwood are successfully modelled based on the
cellular structure of wood and properties of the cell walls (e.g. Koponen et al., 1989 and 1991;
Astley et al., 1998; Harrington et al., 1998). The elastic properties of single wood fibers are
also modelled on by using the structural and chemical properties of the cell wall layers (e.g.
Salmén and de Ruvo, 1985; Bergander and Salmén, 2002).

1.2 X-ray diffraction as tool to study wood structure

The wavelength of x-ray radiation is suitable for studying the nanostructure of wood. The
parameters, which can be determined by using x-ray scattering, include the mean microfibril
angle, crystallinity of wood, the specific surface, and the size of cellulose crystallites. The
microfibril angles of Norway spruce and Scots pine grown in Finland have been studied
earlier but not systematically as a function of the number of the year ring (Kantola and
Seitsonen, 1961; Kantola and Kähkönen, 1963; Kantola et al., 1966; Kantola and Seitsonen,
1969; Paakkari and Serimaa, 1984).
The  purpose  of  this  study  was  to  develop  methods  to  determine  the  mean microfibril  angle
(Paper I), the crystallinity of wood (Paper III), and the average size of cellulose crystallites
(Paper III). Furthermore, the mean microfibril angle, the crystallinity of wood and the size of
cellulose crystallites were determined as a function of the number of the year ring in Norway
spruce and Scots pine grown in Finland (Papers II, III and V). Some preliminary results of the
determination of the microfibril angle for Norway spruce grown in Finland were presented in
Saranpää et al. (1998). The methods were also applied to studies on thermally modified Scots
pine wood grown in Finland (Paper V). In this thesis, the length of cellulose crystallites for
fertilized and irrigated Norway spruce grown in Sweden was studied.

2 Samples

The samples were thin slices of wood or powdered wood. The dimensions of the slices were
about 1.0 mm in the radial direction (sample thickness), 15 mm in the tangential direction and
15 mm in parallel to the cell axis. Powdered samples were prepared by cutting match-stick
size wood pieces (ca. 1 g), which were milled (Analytical mill A-10, Kinematica,
Switzerland) to fine wood powder in 60 seconds. Heating of the sample was avoided by
cooling the mill -30 ºC. For the X-ray measurements wood powder (ca. 0.1 g) was pressed
into the shape of a tablet, whose diameter was 15 mm with a thickness of 1.0 mm. All
samples were earlywood. The Norway spruce samples, which were studied in Papers II, III
and IV, were taken from four stems grown in Ruotsinkylä in Finland (lat 60.37° N, long
24.98° E). The age of these trees was about 60 years and the height of these trees was about
24 m. Scots pine samples were studied in Paper IV. These samples were taken from one stem
grown in Hyytiälä in Finland (lat 61.84° N, long 24.30° E). The age of this tree was about 40
years with a height of about 20 m. The samples contained neither compression wood nor
external damages like cracks or resin pockets. The samples were taken at a height of 1.3 m
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and both from juvenile and mature wood. These samples were stored several months in
normal room conditions before x-ray scattering experiments.

In this thesis the influence of fertilization and irrigation on the length of cellulose crystallites
were studied. Samples were taken from the fertilized and irrigated Norway spruce stems
grown in Asa in southern Sweden (lat 57.13º N, long 14.75º E) (Lundgren 2003). All samples
were taken at a height of 1.3 m and both from juvenile and mature wood.

Thermally modified Scots pine was also studied (Viitaniemi et al., 1994; Viitaniemi et al.,
1995; Sivonen et al., 2002; Nuopponen et al., 2003; Paper V). The source material, the shield
gas, the modification times and temperatures are tabulated in Table 2.The source material was
kiln-dried or green wood. The kiln-dried wood means green wood, which has been dried at a
temperature of 60 ºC for 8 days (192 h). At this temperature of 60ºC, the modification was
carried out in air-atmosphere; otherwise, saturated steam was used as a shield gas. Reference
samples were prepared from kiln-dried wood. All samples were taken from mature wood,
from a year ring number larger than 10. In the case of 4 hours modification time, the samples
and their reference samples were taken from the same year ring.

Source material Shield gas Modification
time (h)

Modification
temperatures (ºC)

kiln-dried wood saturated steam 3 100, 120, 140, 160,
180, 200, 220, 240

kiln-dried wood saturated steam 4 180, 230

green wood saturated steam 48 115

green wood
(control samples)

air 192 60

Table 2. The source materials, the shield gases, the modification times and temperatures
of the thermal modification.

3 The cellular structure of softwood

The tissue of softwood is composed of tracheids (90-95%) and ray cells (5-10%) (Sjöström
1993). The tracheids give the mechanical strength and take part in water transport, i.e. the
ascent of sap. The cell wall consists of the primary wall and the secondary wall (Fig. 2). The
secondary wall consists of several layers of which the S2 layer is the thickest (Tang, 1973;
Abe et al., 1991). Between the individual cells, there is a thin layer, the middle lamella, which
glues the cells together to form the tissue (Fengel and Wegener, 1984).
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Fig. 2 The cross-section of a wood cell and middle lamella between the individual cells
(Sjöström, 1993).

Fig. 3. Cellulose chains form crystalline and amorphous regions in a matrix of
amorphous hemicelluloses and lignin. The diameter and the length of the crystalline
regions (cellulose crystallites) are 30 Å and 300 Å, respectively. In the unit cell of
cellulose I  the cellulose chains are parallel to the lattice vector c  and perpendicular to
the lattice vector a .

The cell wall consists mainly of cellulose, hemicellulose and lignin (Sjöström, 1993).
Cellulose  is  synthesized  by  a  rosette  (Cosgrove,  2005),  which  consists  of  a  set  of  enzymes
called cellulose synthases (CESAs). CESAs polymerise glucose molecules into cellulose
chains or more exactly into (1,4)-linked -D-glucan chains (Mauseth, 2003). The length of
these chains is at least 5000 nm corresponding to a chain of about 10000 glucose units
(Sjöström, 1993). The cellulose chains produced by a rosette form a bunch (Cosgrove, 2005).
These bunches are called cellulose microfibrils. Cellulose microfibrils have both amorphous
and  crystalline  regions  (crystallites).  The  diameter  of  the  cellulose  microfibrils  is  the  same
order of magnitude as the diameter of the cellulose crystallites.
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As early as 1913, Nishikawa discovered using x-ray scattering that cellulose in fibrous
substances, such as wood, bamboo and hemp, has a crystalline structure (Inagaki, 1989).
Parallel cellulose chains form crystalline regions (Fig.3). Meyer and Misch (1937) determined
the unit cell of native cellulose (cellulose I) from ramie samples for the first time.

Atalla and VanderHart (1984) found, using NMR spectroscopy, that native cellulose
(cellulose  I)  is  a  composite  of  two  distinct  crystalline  forms:  cellulose  I  and  cellulose  I .
Cellulose I  has one chain triclinic unit cell and I  two-chain monoclinic cell (Sugiyama et
al., 1991; Nishiyama et al., 2002; Nishiyama et al., 2003). The relative amounts of the two
crystalline forms have been found to vary between samples of different origins (Nishiyama et
al., 2003). Cellulose, which is algal or bacterial in origin, is I  rich and cellulose from cotton,
wood and ramie fibres is I  rich (Nishiyama et al., 2003). In the unit cell of cellulose I  the
cellulose chains are parallel to the lattice vector c  and perpendicular to the lattice vector a .

The thickness of cellulose crystallites in a few softwood species has been determined using x-
ray scattering (Marton et al. 1972; Nomura and Yamada 1972; Tanaka et al. 1981; Jakob et
al., 1995). Marton et al. (1972) studied Norway spruce grown in Syracuse (New York, USA)
and Jakob et al. (1995) studied Norway spruce grown in Austria. Nomura and Yamada (1972)
and Tanaka et al. (1981) studied one pine species, Pinus densiflora.  The  results  for  the
thickness of cellulose crystallites varied between 25 Å and 36 Å. Papers III and IV present the
thickness of cellulose crystallites for Norway spruce grown in Finland and Paper IV presents
the results for Scots pine grown in Finland.

The cellulose synthesis is not fully known but one can gather information for it using different
methods. Donaldson and Singh (1998) used transmission electron microscopy (TEM) to study
transverse sections of the S2 layer and observed that the average diameter of cellulose
microfibrils is 36 Å and the majority of microfibrils occur in bundles. The diameter of the
microfibril bundles is between 200 Å and 400 Å. The bundles occur randomly in the radial
direction of the tracheids, but are present more or less concentrically (Singh and Daniel,
2001).

The microfibrils are oriented helically around the fibre axis (Sisson, 1935). The helix can be
either left-handed (S helix) or right-handed (Z helix) (Sjöström, 1993). The angle between the
microfibrils and the fibre axis is the microfibril angle (MFA). The MFA, in turn, depends on
the cell wall layer (Tang, 1973; Abe et al., 1991). Conventional techniques like viewing the
pit angle apertures and using polarising microscopy have been used for measuring microfibril
angles (Leney, 1981; Donaldson, 1991). However, only a limited number of pits can be
measured using that method. To produce statistically better results, x-ray scattering methods
have been used. By means of x-ray scattering the average microfibril angles of all wood cell
wall layers can be determined simultaneously (Cave, 1966; Sobue et al., 1971; Boyd, 1977;
Paakkari and Serimaa, 1984). The MFA of Norway spruce has been studied as a function of
the number of the year ring (Sahlberg et al., 1997; Lichtenegger et al., 1999). Peura et al.
(2005) studied single wood cell walls by synchrotron x-ray microdiffraction and polarised
light microscopy, and these two methods gave very different results for the MFA when
measured from the same position of the cell. The former method measures the orientation of
cellulose crystallites, whereas the signal in the latter method arises from a far more diverse
origin (Peura et al., 2005).
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4 X-ray scattering from softwood

Because solid oriented wood samples have fibre texture, it is possible to get different
information about the structure of the cell wall by using different measuring geometries.
Figures 4, 5 and 6 present three measuring geometries, which are applied to x-ray scattering
studies from softwood.

Fig. 4 The perpendicular transmission geometry for determination of the orientation of
microfibrils.

Fig. 5 The symmetrical transmission geometry for determination of the length of
cellulose crystallites and the orientation of microfibrils.

Fig. 6 The symmetrical reflection geometry for determination of the diameter of
cellulose crystallites.

Figure 4 presents the perpendicular transmission geometry, Figure 5 the symmetrical
transmission geometry and Figure 6 the symmetrical reflection geometry. The unit vectors

0S and S  indicate the directions of the incident and scattered rays. The scattering vector k  is
also marked. The magnitude of the scattering vector θλπ sin)2(k = , where θ is half of the
scattering angle and λ is  the wavelength.  In most of the studies of this thesis,  the tangential
face of the wood samples is exposed to the x-ray beam. The fibre axis is parallel to the
tangential face.
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Figure 7 presents the WAXS pattern of a single fibre of Norway spruce, which was measured
using the perpendicular transmission geometry (Fig. 4). The Miller indexes of five reflections
of cellulose have been marked. Because the cellulose crystallites are oriented almost parallel
to the fibre axis (fibre texture), the reflections hkl appear as spots instead of Debye rings.

Fig. 7 X-ray diffraction pattern of a Norway spruce single fibre sample measured using
perpendicular transmission geometry (ESRF Annual Report 2004). Fibre axis is vertical.
Five reflections of cellulose, scattering vector k and azimuthal angle φ are marked.

Figures 8 - 12 present x-ray scattering patterns of a control sample of Norway spruce from the
14th year ring. Figure 8 demonstrates the SAXS pattern of the control sample measured using
the perpendicular transmission geometry (Fig. 4).

Fig. 8 The SAXS pattern of a Norway spruce sample from the 14th year ring measured
using perpendicular transmission geometry. The measuring setup is presented in Vainio
et al. (2004). The fibre axis is vertical.
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Figures 9 and 10 represent the WAXS patterns of the control sample measured using the
symmetrical transmission geometry with the setup described later in section 7.3. In the case of
Figure 9 the fibre axis was vertical (angle φ = 90°) and in the case of Figure 10 the sample had
been turned 90° and the fibre axis was horizontal (angle φ = 0°). In the former case, the fibre
axis is perpendicular to the scattering vector and equatorial reflections, like the reflection 200,
are seen but meridional reflections, like the reflection 004, are not. In the latter case the fibre
axis is parallel to the scattering vector and meridional reflections are seen but equatorial
reflections are not. In the case of symmetrical reflection geometry, the fibre axis is
perpendicular to the scattering vector. Thus, equatorial reflections are seen and meridional
reflections are not and the WAXS pattern is similar to the pattern that is presented in Figure 9.

Fig. 9 The WAXS pattern of a Norway
spruce sample from the 14th year ring
measured using symmetrical
transmission geometry. The fibre axis
is vertical (angle φ = 90°).

Fig. 10 The WAXS pattern of a Norway
spruce sample from the 14th year ring
measured using symmetrical
transmission geometry. The fibre axis is
horizontal (angle φ = 0°).

The reflection 004 in Figure 10 is narrower than the reflection 200 in Figure 9 indicating that
the crystallites are longer in the chain direction than in the direction [200]. Amorphous
regions  also  provide  a  contribution  to  the  WAXS  pattern.  It  is  seen  as  the  amorphous
background in Figure 9.

WAXS is a well-established method for determination of the average size of the crystallites
and the crystallinity, i.e. the mass fraction of crystalline material in the sample (Ruland, 1961;
Alexander, 1969; Vonk, 1973; Vonk and Fagherazzi 1983; Baltá-Calleja and Vonk, 1989).
The mass fraction of crystalline cellulose in wood is the crystallinity of wood and the intrinsic
crystallinity  of  cellulose,  in  turn,  is  the  crystallinity  of  cellulose.  The  fibre  texture  and  the
complex chemical composition of wood complicate the crystallinity determination.
Furthermore,  the  separation  of  amorphous  background  from  the  diffraction  pattern  of
cellulose crystallites is difficult because the cellulose crystallites are thin. For these reasons
the absolute crystallinity of wood cannot be determined accurately (Paper III). Most of the
studies have aimed at determining the relative crystallinity of wood (Nomura and Yamada,
1972; Tanaka et al., 1981; Dwianto et al., 1996; Kubojima et al., 1997).
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Both the perpendicular transmission geometry (Fig. 4) and the symmetrical transmission
geometry (Fig. 5) have been used for determination of the MFA. In the symmetrical
transmission  geometry  the  detector  is  fixed  to  the  position  of  the  reflection  200  or  the
reflection 004. If Cu Kα1 radiation (λ = 1.541 Å) is used, the positions of the reflections are
22.6° and 34.6°, respectively. The sample is rotated around its normal and the intensity is
measured as a function of the rotation angle φ. This geometry has been used by e.g. Sobue et
al. (1971), Lofty et al. (1973), Boyd (1977), Paakkari and Serimaa (1984), and Cave (1997a).

In the perpendicular transmission geometry the measurement can be done the same way as in
the case of the symmetrical transmission geometry. The detector is fixed to the position of the
reflection 200 and then the sample is rotated around its normal and the intensity is measured
as a function of the rotation angle φ. There is no need to rotate the sample, if scattered photons
are detected using film as was done previously or a two-dimensional detector as is done
nowadays. This geometry has been used by Kantola and Seitsonen (1961), Cave (1966), Lofty
el al. (1972), Prud’homme et al. (1975), Evans et al. (1996 and 1999), Lichtenegger et al.
(1999 and 2003), and Entwistle and Terrill (2000).

Figures 11 and 12 show the intensities of the control sample measured in symmetrical and
perpendicular transmission mode with the setup described later on in section 7.3. Figure 11
likewise shows the intensities of the cellulose reflection 200 as a function of the rotation angle
φ. The intensities are almost identical. Figure 12 presents the intensities of the cellulose
reflection 004 as a function of the rotation angle φ. The contributions of the reflection hk3 and
hk0 affect the intensity of the reflection 004 (Cave 1997b, Paper I). The use of the reflection
002 does not have this problem, but the cross-section shape of the wood cell also has an effect
on the experimental intensity. The intensity of the reflection 004 in the perpendicular
transmission mode is too weak to be used for determination of the MFA.

Fig. 11 Intensities of the cellulose
reflection 200 from a Norway spruce
sample from the 14th year ring are
measured as a function of the rotation
angle φ using both symmetrical
transmission and perpendicular
transmission geometry.

Fig. 12 Intensities of the cellulose
reflection 004 from a Norway spruce
sample from the 14th year ring are
measured as a function of the rotation
angle φ using both symmetrical
transmission and perpendicular
transmission geometry.



16

Small  angle  x-ray  scattering  (SAXS)  has  also  been  used  for  determination  of  MFAs,  e.g.
Wardrop, 1952; Kantola and Kähkönen, 1963; Kantola et al., 1966; Jakob et al., 1994;
Reiterer et al., 1998; Lichtenegger et al., 1999; Entwistle and Terrill, 2000; Entwistle et al.
2005. The results indicate that the SAXS intensity pattern includes one range where scattering
from voids dominates and another range where the scattering arises from the electron density
contrast between crystalline cellulose and the surrounding material.

5 WAXS measurements

5.1 Microfibril angle

The measurements for the determination of the microfibril angle (MFA) were performed
using a Siemens θ-2θ diffractometer (Paper I and II). A ground and bent quartz
monochromator (the reflection 1110 ) was used to select Cu Kα1 radiation (λ = 1.541 Å). The
measurements were performed using the symmetrical transmission mode (Fig. 5). The sample
is rotated around its normal and intensity is measured as a function of the rotation angle φ
(Fig. 5). The samples were pieces of wood. The scattered photons were detected by a NaI (Tl)
scintillation counter.

5.2 Crystallinity

The measurements  for  the  determination  of  the  crystallinity  of  wood were  performed using
the same diffractometer as the WAXS measurements for MFA (Papers III, IV and V). The
diffractometer  was  used  in  the  symmetrical  reflection  (Fig.  6)  and  transmission  (Fig.  5)
modes. The samples were mainly pieces of wood but a few powdered samples were also
studied. The intensity was measured as a function of the scattering angle 2θ by θ-2θ scan. The
amorphous background was measured from a sulphate lignin sample.

5.3 The size of cellulose crystallites

The measurements for the determination of the size of cellulose crystallites were performed
using the same diffractometer as the WAXS measurements for MFA (Paper III). The samples
were pieces of wood. The average thickness of cellulose crystallites was determined by
measuring the full width at half maximum (FWHM) of the reflection 200 in the pattern
measured in the symmetrical reflection mode (Paper III). The thickness of cellulose
crystallites was determined from the intensity measured in the reflection mode, because the
background is easier to subtract than in the case of the transmission mode. The average length
of cellulose crystallites was determined by measuring the FWHM of the reflection 004 in the
symmetrical transmission mode (Paper III). Because the samples were tangentially cut, the
length of cellulose crystallites could be determined only from the data measured in the
transmission mode (compare Figure 9 with Figure 10). The instrumental broadening was
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obtained from the FWHM of two reflections of a sample of a mixture of lithium fluoride (LiF)
and microcrystalline cellulose. The reflections 111 (2θ  38.8°) and 200 (2θ  45.1°) of LiF
were used. In the case of the reflection 200 the instrumental broadening was 0.21° in 2θ-scale
and in the case of the reflection 004 0.30° in 2θ-scale.

Because the instrumental broadening was considerable, compared to the FWHM of the
reflection 004, the instrumental broadening was reduced by narrower slits. These
measurements were done using Huber 420/511 four-circle goniometer (Fig. 13). A ground
and bent germanium monochromator (reflection 111) was used to select Cu Kα1 radiation
(λ = 1.541 Å). The scattered photons were detected by a NaI (Tl) scintillation counter.

Fig. 13 Powder diffractometer.

The measurements of the intensity of the reflection 004 were performed using the angular
range from 34.0° to 35.5° and the step was 0.02°. The background was assumed to be linear
around the reflection 004 and it was determined by measuring the intensity at two angular
ranges, in which there are no significant reflections. The angular ranges were from 33.0° to
33.5° and from 36.5° to 37.0° with the step of 0.02°.

The divergence slits and the receiving slits were adjusted so that the instrumental broadening
would be as small as possible and yet so that detected intensity is reasonable. A sample of a
mixture of lithium fluoride (LiF) and microcrystalline cellulose was used. The width of the
first divergence slit was 0.2 mm. The second divergence slit and both receiving slits were
rectangular, and the width and the height of the slits were 4.0×4.0 mm, 4.0×6.0 mm, and
0.2×6.0 mm, respectively. The instrumental broadening decreased from 0.30° to 0.16° in 2θ-
scale.

Furthermore, it was studied, whether or not the thickness of the sample had any effect on the
FWHM of the reflection 004. Figure 14 presents the intensity curves for the reflection 004 of
two Norway spruce samples, which were both taken from the 14th year ring. The thicknesses
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of the samples were 0.2 mm and 1.0 mm. The values of the FWHM were almost equal but the
measuring time of the thinner sample was fivefold longer than the measuring time of the
thicker one.

Fig. 14 The intensity curve of the reflection 004 of two Norway spruce samples from the
14th year ring. The samples were taken from a stem grown in Asa in southern Sweden.
The thickness of the samples was 0.2 mm and 1.0 mm and the FWHM of the reflection
004 was 0.29° and 0.30°, respectively. Measurements were performed using the
symmetrical transmission mode. The background was assumed to be linear around the
reflection 004 and it was determined by measuring the intensity at two angular ranges,
in which there were no significant reflections. The angular ranges were from 33.0° to
33.5° and from 36.5° to 37.0° with a step of 0.02°.

6 Data analysis

6.1 The determination of the microfibril angle

The cellulose reflections 200 and 004 are strong enough to be used for the determination of
the microfibril angle using the symmetrical transmission mode. The intensity of the reflection
004 immediately reveals the orientation of microfibrils. However, the reflection 004 is
overlapped by other reflections (Fig. 12). In the case of the reflection 200, both the orientation
of microfibrils and the shape of a cross-section of the cells influence the intensity curve
(Cave, 1997a and 1997b).

Figure 15 schematically represents one tracheid, which has a rectangular cross-section. The
fibre axis is vertical. Two cellulose microfibrils (Z helix) have been drawn, one in the front
cell wall and the other in the back cell wall. When the MFA is determined using x-ray
scattering and a slice of wood, both the front and back cell wall contribute to the intensity
curve (Fig.  15).  In order to determine the MFA distribution, the effect  of the other cell  wall
must be eliminated (Fig. 15).
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Fig. 15 Microfibril angle (MFA) and MFA distribution. The MFA (denoted by α) is the
angle between the microfibril and fibre axis.

When the intensity curves of the cellulose reflections 200 and 004 have almost the same
shape (e.g. Vainio et al., 2002), the MFA distribution is determined from the intensity of the
reflection 200. In this case, the shape of a cross-section of the cells is rectangular. When the
intensity curve of the reflection 004 has two well separated peaks, and the intensity curve of
the  reflection  200  has  one  broad  peak  with  a  maximum  at  a  zero  angle  (e.g.  Vainio  et  al.,
2002), the MFA distribution is determined from the intensity of the reflection 004, because
the shape of the cross-section of the cells influences the intensity curve of the reflection 200.
In this case, the cells have a circular cross-section.

Because the MFA distribution of the cell wall is not symmetrical (Peura et al., 2005), it must
be modelled as a sum of two or three Gaussian functions. Because both the front and back cell
wall contributes to the intensity curve (Fig. 15), a sum of two or three pairs of the Gaussian
functions is fitted to the intensity curve. This kind of fitting was made in accordance with
Paakkari and Serimaa (1984) and Paper I. The fitting parameters were the positions, the
widths and the intensities of the Gaussians and constant background.

6.2 The determination of the crystallinity

For determination of the crystallinity, the experimental intensity curve was presented as a
linear combination of a calculated diffraction pattern of crystalline cellulose and experimental
model intensity for amorphous material in wood. The diffraction pattern of crystalline
cellulose was calculated on the basis of the unit cell of Sugiyama et al. (1991). It consisted of
fourteen reflections of cellulose, which were presented as Gaussian functions (Fig. 1 of Paper
IV). The model was fit to the experimental intensity curve of the wood sample. The fitting
parameters included the intensities and the widths of the Gaussians and a scaling factor for the
amorphous background. The crystallinity was calculated as a ratio of the integral of the fitted
intensity of crystalline cellulose and the integral of the experimental intensity of the wood
sample (Paper III).
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Absolute crystallinities were determined by measuring powdered wood samples by using both
symmetrical reflection and symmetrical transmission geometry. The crystallinities were
calculated as a weighted mean of crystallinities determined from diffraction patterns measured
by  the  symmetrical  reflection  and  transmission  modes.  The  weights  of 3

1  and 3
2 for the

reflection and transmission data, respectively, were used according to Paakkari et al. (1988).
For ensuring that the crystallinity has not diminished during powdering, the average diameter
of the crystallites of the powdered samples was also determined and it was observed to be the
same as that of the solid oriented samples.

The effect of integration limits on the crystallinity were studied by measuring one of the
powdered samples at a scattering angle range from 10° to  90° in both reflection and
transmission modes. The crystallinity determined from data measured by the reflection mode
decreased from 37% to 35% and the crystallinity determined from data measured by the
transmission mode increased from 29% to 31% when the upper limit of integration was
increased from 50° to 90°. The increase of the upper limit of integration from 50° to 90° did
not affect the weighted mean of the crystallinity determined by the transmission and the
reflection mode. Therefore, the integration limits were chosen to be from 13° to 50° in
agreement with a work by Stubi ar et al. (1998).

6.3 The determination of the average size of cellulose crystallites

The average size of crystallites, Bhkl, was estimated from the widths of the reflections hkl by
using the well-known Scherrer formula

θθ∆
λ
cos2

KBhkl = ,

where ∆2θ is the FWHM of the reflection in radians and K the shape factor. In the case of the
reflection 200, K is supposed to be 0.9. Because the cellulose crystallites are oriented parallel
to each other, the shape factor is 1.0 in the case of the reflection 004 (Cullity 1978). The effect
of the instrumental broadening on the width of the reflections was included by assuming that
the shapes of both the reflection and the instrumental function are Gaussians and the value of
∆2θ was calculated using the formula ∆2θ  = (bs

2 – bi
2)½, where bs is the measured FWHM of

the reflection 200 or 004 and bi is the instrumental broadening. The FWHM of the reflection
200 was used in determining the thickness of the cellulose crystallites (Cullity 1978; Papers
III, IV and V). Before determining the FWHM of the reflections, the background was
subtracted. In the case of the reflection 200, the amorphous background was the same as in
determining the crystallinity. In the case of the reflection 004, the background was assumed to
be linear.
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7 Results

7.1 Norway spruce and Scots pine grown in southern Finland

Methods to determine the mean microfibril angle (Paper I), the crystallinity of wood (Paper
III), and the average size of cellulose crystallites (Paper III and this thesis) were developed.
The mean microfibril angle, the crystallinity of wood and the size of cellulose crystallites
were determined as a function of the number of the year ring in Norway spruce (Papers II, III
and IV) and in Scots pine grown in Finland (Paper III).

The mean MFA for Norway spruce is presented as a function of the number of the year ring in
Figure 1 of Paper III. The mean MFA close to the pith is over 20° and decreases to about 9°
after the 10th year ring. The mean MFA of Scots pine behaves the same way (Paper IV).

The average thickness of cellulose crystallites was 32±1 Å (Paper III) and 31±1 Å (these
values with the number of the year ring was observed. For Norway spruce the thickness of
cellulose crystallites was almost constant as a function of the number of the year ring (Fig. 6
of Paper III).

The relative crystallinity for Norway spruce is presented as a function of the number of the
year ring in Figure 4 of Paper III. The relative crystallinity increases from the 2nd year ring to
10th year ring and is constant after the 10th year ring. The crystallinity of cellulose for Norway
spruce and Scots pine was almost constant as a function of the number of the year ring. The
crystallinity of cellulose was 52 ± 3% for both species. The crystallinity of wood and the
crystallinity  of  cellulose  behave  the  same  way  in  Norway  spruce  and  Scots  pine  (Fig.  3  of
Paper IV).

7.2 Irrigated and fertilized Norway spruce grown in southern

Sweden

The effects of fertilization and irrigation on the cell dimensions of Norway spruce grown in
Sweden have been studied earlier (Mäkinen et al., 2002; Lundgren, 2004). In this thesis, it
was studied whether fertilization and irrigation influence the length of cellulose crystallites.
The lengths of the cellulose crystallites are tabulated in Table 3. The mean length of the
cellulose crystallites was 341 Å for irrigated and fertilized samples and 364 Å for the control
samples, when the standard deviations were 23 Å and 27 Å, respectively. The difference in
the mean values was 23 Å.
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Sample The number
of the year ring

FWHM
(deg)

Length of cellulose
crystallites (Å)

fertilized 3 0.344 300 mean value:
fertilized 4 0.326 320 341 Å
fertilized 6 0.311 350
fertilized 8 0.311 340 standard deviation:
fertilized 10 0.333 320 23 Å
fertilized 14 0.306 350
fertilized 16 0.299 360
fertilized 17 0.291 380
fertilized 18 0.314 340
control 3 0.288 380 mean value:
control 4 0.290 380 364 Å
control 6 0.317 340
control 8 0.309 350 standard deviation:
control 10 0.303 360 27 Å
control 14 0.302 360
control 16 0.311 340
control 17 0.269 420
control 18 0.309 350

Table 3. The FWHM of the reflection 004 (FWHM) and the length of the cellulose
crystallites (B004) as a function of the number of the year ring for control samples and
irrigated and fertilized samples. The mean values of the length of the crystallites in the
irrigated and fertilized samples and in the control samples were 341 Å and 364 Å, when
the standard deviations were 23 Å and 27 Å, respectively.

7.3 Thermally modified Scots pine grown in Finland

In this thesis, it was studied whether thermal modification influences the nanostructure of
Scots pine (Paper V). The thermal modification does not influence the MFA distribution
(Paper V). The intensity curves as a function of the rotation angle φ for the reflection 200 of a
thermally modified sample (230 °C at 4 h) and its reference sample are presented in Figure
16. The MFA distributions of the thermally modified sample and its reference sample are
presented in Figure 17.
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Fig. 16 The intensity I curves as a
function of the rotation angle φ for
reflection 200 of thermally modified
(230 °C at 4 h) sample (solid line) and its
reference sample (dots).

Fig. 17 The MFA distribution f of
thermally modified (230 °C at 4 h)
sample (solid line) and its reference
sample  (dots).  The  integral  f(φ)dφ =  1,
when the integration limits are from
-90° to 90°.

The thermal modification influences the crystallinity and the thickness of cellulose crystallites
of Scots pine wood (Paper V). When the modification temperature is higher than 150 °C, the
crystallinity and the diameter of cellulose crystallites increase. When the modification
temperature was 230 °C and the time was 4 h, the thickness of the cellulose crystallites
increased from 31 Å to 34 Å. Furthermore, it was observed that the reflection 200 shifted to
smaller scattering angles as the results of the thermal modification.

In this thesis, it was tested whether or not the thermal modification had any influence on the
length of cellulose crystallites. Two thermally modified samples (4 h at 180 °C  and  4  h  at
230 °C) and their reference sample were used in the test measurement. The mean length of the
cellulose crystallites for both the thermally modified and the control samples varied between
270 Å and 280 Å. It was not observed that the reflection 004 would have shifted as the
reflection 200 had shifted because of the thermal modification.

8 Discussion

The mean MFA in Norway spruce decreases rapidly as a function of the number of the year
ring and after the 7th year ring it varies between 6° and 10° (Fig. 1a of Paper II). The mean
MFA of Scots pine behaves the same way as the mean MFA of Norway spruce (Paper IV).
However,  the  mean  MFA  of  Scots  pine  is  slightly  greater  than  the  mean  MFA  of  Norway
spruce. Sahlberg et al. (1997) and Lindström et al. (1998) reported similar trends for the MFA
of S2 layer. Both groups studied Norway spruce grown in Sweden using WAXS. Sahlberg et
al (1997) used symmetrical transmission geometry and Lindström et al. (1998) perpendicular
transmission geometry. The values of the mean MFA are in good agreement with the values
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of Sahlberg et al. (1997). The values of Lindström et al. (1998) are greater than values of
Paper II, because they used radial cut samples (Sarén et al., 2004).

Lichtenegger et al. (1999) studied Norway spruce and Scots pine grown in Germany using
SAXS with perpendicular transmission geometry and assumed the MFA distribution to be
Gaussian in the data analysis. Lichtenegger et al. (1999) reported similar trends for the MFA
of S2 layer of both species but the values for Norway spruce were smaller than values in
Paper II and the values for Scots pine were larger than values in Paper IV. They reported even
values of zero degrees for Norway spruce, which results from the use of a poor fitting model.

According to Paper II there is a connection between the mean MFA and the tracheid diameter
and length. The mean MFA decreased and the diameter of the tracheid increased rapidly
roughly up to the 10th year ring and did not change much after that toward the bark. The
tracheid length increased also rapidly towards the bark. Furthermore, the cross-sectional
shape of the tracheid is hexagonal near the pith and becomes rectangular toward the bark
(Paper II).

The thickness of cellulose crystallites for Norway spruce appears to be constant as a function
of  the  number  of  the  year  ring  (Fig.  6  of  Paper  III).  The  thickness  was  about  32  Å  for  the
whole studied year ring range, from the 2nd year ring to the 42nd year ring, (Papers III and IV).
Marton et al. (1972) observed similar behaviour for Norway spruce grown in Syracuse (New
York, USA). The thicknesses varied between 30 Å and 35 Å. In Paper I a slightly smaller
value of 29 Å was obtained for compression wood of Norway spruce. Marton et al. (1972)
also observed that the thickness in compression wood is smaller than that of normal wood. On
the other hand, the thickness in tension wood is greater than the thickness in the normal wood
(Marton et al., 1972; Washusen and Evans, 2001). Washusen and Evans (2001) studied
Eucalyptus globulus and observed that the thickness of cellulose crystallites is 36 Å in tension
wood and 32 Å in normal wood.

The thickness of cellulose crystallites for Scots pine was about 31 Å (Paper IV). Nomura and
Yamada (1972) and Tanaka et al. (1981) have reported values of 28-32 Å for another pine
species, Pinus densiflora. Thus, the value of 32 Å for Norway spruce and 31 Å for Scots pine
are in accord with the values reported previously. The result that the cellulose crystallites
have  the  same  thickness  from  the  pith  to  the  bark  may  indicate  that  the  cellulose  synthesis
occurs the same way in every year ring in both Norway spruce and Scots pine.

The spacing 200d  of the cellulose I  structure is 3.867 Å (Nishiyama et al., 2002). The
thickness of cellulose crystallites is about 32 Å indicating that the cross-section of cellulose
crystallite consists on average of 4×4 unit cells (Fig. 18). Then the cellulose crystallite would
consist of 32 cellulose chains. On the other hand, it has been proposed that the rosette consists
of 36 CESAs, each of which polymerises glucose molecules into cellulose chains (Cosgrove,
2005). On this basis, the thickness of cellulose crystallites is reasonable.
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Fig. 18 The cross-section of cellulose crystallite from the direction [001]. Because the
thickness of cellulose crystallite was 31-32 Å, the cross-section may consist of 4 × 4 unit
cells of the cellulose I  and 32 cellulose chains.

The  crystallinity  of  cellulose  in  Norway  spruce  and  Scots  pine  was  constant  (52%)  as  a
function of the year ring (Paper IV). Leary et al. (1987) reported, using NMR spectroscopy,
that the crystallinity of cellulose for Pinus radiata is smaller in heartwood than in mature
wood. Newman and Hemmingson (1990) obtained a greater value of 62% for Norway spruce
but their value of 54% for Pinus radiata agrees with the values of Paper IV for Scots pine.

Fig. 19. The schematic model of the cellulose microfibril. On the surface of the cellulose
crystallites  there  is  a  2  Å  thick  layer  of  amorphous  cellulose.  If  the  crystallinity  of
cellulose is 52%, there should be 189 Å long amorphous regions between two consecutive
crystalline regions of the cellulose microfibrils.

Figure 19 shows a schematic model of the cellulose microfibril drawn on the basis of the
WAXS results. Here, it was supposed for simplicity that all cellulose is in the form of
microfibrils. The estimation that there is a 2 Å thick layer of amorphous cellulose at the
surface of the cellulose crystallites (Fig.  19) is  based on the TEM studies of Donaldson and
Singh (Donaldson and Singh, 1998), according to which the average diameter of cellulose
microfibrils is 36 Å; moreover, this is also based on the results of Paper III, according to
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which  the  diameter  of  cellulose  crystallites  is  32  Å.  The  length  of  the  crystalline  regions  is
ascertained to be 364 Å. If the crystallinity of cellulose is 52% and all cellulose is in the
microfibrils, there should be 189 Å long amorphous regions between crystalline regions of the
cellulose microfibrils.

The mass fraction of crystalline cellulose in the cell wall increases with both the ring number
and  distance  from  the  pith  (Papers  III  and  IV).  Marton  et  al  (1972)  observed  a  similar
dependence between the crystallinity index and the number of the year ring. The thickness of
cellulose  crystallites  (Papers  III  and  IV)  and  the  crystallinity  of  cellulose  (Paper  IV)  were
constant as a function of the number of the year ring. Therefore, the increase in crystallinity of
wood must be due to a decreased lignin and hemicellulose content as a function of the number
of the year ring (Panshin and de Zeeuw, 1980; Bertaud and Holmbom, 2004).

The mass fraction of cellulose in wood was calculated from the crystallinity of wood and the
crystallinity of cellulose (Paper IV). It increased with the distance from the pith from 44% to
58% for Norway spruce and from 47% to 62% for Scots pine (Paper IV). The accuracy of the
values was estimated to be 10%. For the mass fraction of cellulose in Norway spruce Fengel
and Wegener (1984) give a value of 46% and Sjöström (1993) gives a value of 41.7%.
According to Anttonen et al. (2002), the mass fraction of cellulose in Norway spruce is 48%.
For Scots pine, Fengel and Wegener (1984) give a fraction of 52% and Sjöström (1993) gives
a fraction of 40.0%. So, the calculated mass fractions of cellulose for Norway spruce and
Scots pine are in accord with these literature values. The good agreement indicates that using
powdered wood samples, and by correcting the results for fibre texture, it is possible to
estimate the crystallinity of wood by WAXS, although wood is a complex material.

Because of the fibre texture, the relative crystallinity values of the solid wood samples,
determined by the reflection mode, are clearly too high compared to the crystallinity values
determined from the powdered samples, but these relative crystallinity values are correlated
with  the  crystallinities  determined  using  powdered  samples  (Paper  III).  If  a  set  of  solid
oriented  samples  has  the  same  kind  of  fibre  texture,  the  relative  crystallinity  values
determined using solid oriented samples could be used.

Amorphous materials, like hemicellulose, degrade as a result of the thermal modification
(Wikberg and Maunu, 2004). This is one reason for the increase of the crystallinity of wood
due to the modification temperature. The other reason is the increase of the crystallinity of
cellulose  (Sivonen  et  al.,  2002).  When  the  modification  temperature  exceeds  180  ºC,  the
decrease in the FWHM of the reflection 002 corresponds to an approximate 3 Å increase in
the thickness of the crystallites (Fig. 2 of Paper V). Obviously, this change is mainly due to
the release of strains and a decrease in the amount of defects in cellulose crystallites (Goring,
1963).  The  increase  of  the  thickness  of  the  crystallites  is  consistent  with  the  increase  of
crystallinity of cellulose due to the thermal modification (Sivonen et al., 2002).

The reflection 200 was shifted to smaller scattering angles due to the thermal modification.
Hori and Wada (2005) observed shifting of the same kind, when they studied the thermal
expansion of wood cellulose crystallites in tension wood  (Populus maximowiczii)  from room
temperature  to  250 ºC.  They observed  that  the  equatorial  d-spacings, 011d , 110d , and 200d ,
increased dramatically above 180 ºC. Hori and Wada (2005) proposed that cellulose is
transformed into a high-temperature phase. On the other hand, the intrinsic stresses in wood
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can  also  release  and  so  it  is  easier  for  the  crystallites  to  expand  when  the  temperature
increases. Unfortunately, Hori and Wada (2005) did not report on how these d-spacings
behave, when the temperature decreases back to room temperature. The observation that the
reflection 004 did not shift due to the thermal modification is consistent with the observation
of Hori and Wada (2005).

Fig. 20 A SEM image of transverse
section of earlywood tracheids in a
thermally modified (4 h at 230 ºC) Scots
pine sample. (Courtesy of Tuuli Timonen
and Pirkko Harju, Botanical Museum,
Univ. of Helsinki)

Fig. 21 A SEM image of transverse section
of earlywood tracheids in a reference
Scots pine sample. (Courtesy of Tuuli
Timonen and Pirkko Harju, Botanical
Museum, Univ. of Helsinki)

The MFA distributions for thermally modified and reference samples were almost equal (Fig.
17). It is interesting to observe that the thermal modification did not markedly affect the MFA
distribution. Figure 20 presents a scanning electron microscopy (SEM) image of the
transverse section of earlywood tracheids in a thermally modified (4 h at 230 ºC) Scots pine
sample and Figure 21 presents a corresponding SEM image from its reference sample. When
Figures 20 and 21 are compared with each other, one can observe that the thermal
modification does not change the micrometer level anatomical structure of wood. Thus, it is
difficult to imagine a situation in which the cellulose microfibrils could turn inside the cell
wall so that the MFA distribution would change notably. However, a single cellulose
crystallite  in  the  cellulose  microfibril  could  turn  to  a  certain  direction,  but  its  neighbouring
cellulose crystallite should turn simultaneously to the opposite direction. In this case, the
mean MFA would not change but the standard deviation of the MFA distribution could
increase slightly.

Because the MOE of crystalline cellulose is greater than the MOE of amorphous cellulose
(e.g. Salmén and de Ruvo, 1985; Bergander and Salmén, 2002), the MOE of cellulose
increases with the increasing crystallinity of cellulose. Although the crystallinity of wood
increases as a function of the modification temperature (Paper V), the longitudinal MOE of
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wood decreases as a function of the modification temperature (Hæggström et al., 2005). There
was no clear correlation between the crystallinity of wood and the MOE. The reason for the
decrease of MOE could be the weakening of the amorphous matrix. However, Hæggström et
al. (2005) used samples, which contain both earlywood and latewood, and in the crystallinity
measurements only earlywood samples were used.

According to Table 3, fertilization and irrigation affect the length of cellulose crystallites for
Norway spruce. This indicates that the growth rate may influence the length of cellulose
crystallites. However, further studies are needed to clarify this. It would also be interesting to
study whether fertilization and increased growth rate influence crystallinity of wood and
cellulose and the thickness of cellulose crystallites. Fertilisation and irrigation increased the
growth rate and resulted in much thinner cell walls than untreated control trees (Mäkinen et
al., 2002).

9 Conclusions

The reliability  of  x-ray  scattering  methods  to  study  the  nanostructure  of  the  wood cell  wall
was evaluated and reliable measurement and data analysis procedures were developed. For
determination of the orientation of microfibrils, the symmetrical transmission geometry seems
to be better than the perpendicular transmission geometry (Paper II). Using the symmetrical
transmission geometry it is possible to obtain information on both the orientation of
microfibrils and the shape of the cross-section of the cells. Using powdered samples and both
the  reflection  and  transmission  geometry  the  crystallinity  of  wood  could  be  reliably
determined.

These methods were used to study the nanostructure of Norway spruce and Scots pine. The
mean  MFA  decreases  rapidly  from  the  pith  to  the  bark  and  after  the  7th year ring it varies
between 6º and 10º. The crystallinity of wood increases from the 2nd year ring to the 10th year
ring 10 and is constant after the 10th year ring. The crystallinity of cellulose obtained using
nuclear magnetic resonance spectroscopy was 52% for both species.

The nanostructure does not account for the small differences between longitudinal MOE of
Norway spruce and Scots pine (Table 1). However, these differences can be explained by the
differences on the tissue level. For instance, the length of the tracheids and the thickness of
the cell wall for Norway spruce and Scots pine differ slightly from each other.

The  thermal  modification  increases  the  crystallinity  of  wood  and  the  thickness  of  cellulose
crystallites. This result is consistent with the reported increase of the crystallinity of cellulose
in  thermally  modified  Scots  pine  (Sivonen  et  al.  2002).  The  increase  of  the  crystallinity  of
wood is in accord with the observation, that the thermally modified wood is more brittle than
untreated wood. It would be interesting to study how the modification temperature influences
the thermal expansion of the cellulose crystallites.

The bonding of surface chains of cellulose microfibrils to the other cell wall components may
cause lattice distortions in cellulose microfibrils. On this basis, it would be interesting to study
how the mass fractions of cell wall components influence the thickness and length of cellulose
crystallites. The chain termination and initiation during cellulose synthesis may also cause
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lattice distortions. Because growth rate may affect the frequency of chain terminations, it
would be interesting to study whether, and to what extent, the growth rate influences the
dimensions of cellulose crystallites. Besides determining the thickness and length of cellulose
crystallites using WAXS, it would be possible to also determine the distance between
cellulose microfibrils using SAXS. The results could thus give new information on the
formation mechanism of the cell wall.
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