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Abstract Corewood and compression wood, both with
high S2 microfibril angles, are the worst parts of the tree
most in need of improvement in wood quality. This study
focuses on the characteristics of cellulosic reinforcement in
wood with high S2 microfibril angles lying between 35°
and 60°, as well as the probable influence of these char-
acteristics on wood longitudinal mechanical properties.
Stiffness and tensile strength were measured on 221 thin
radiata pine wood strips. The results indicate that at high
angles, the average values of wood stiffness and tensile
strength are low with relatively large variations. The
variations of stiffness and strength are weakly correlated
with the variation of S2 microfibril angles, regardless of
wood type. Further study involved examining the charac-
teristics of cellulose microfibrils within the S2 layer using
dual axis electron tomography for samples with the same
microfibril angle but differing mechanical performance.
From the fact that the severe compression wood possessed
fewer cellulose microfibrils and had abundant dislocations,
and that at many kinking points these cellulose microfibrils
were broken down into shorter dislocation segments, it was
concluded that the characteristics of cellulose microfibril
reinforcement are responsible for the inferior stiffness and
tensile strength in the severe compression wood compared
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with normal corewood with the same high S2 microfibril
angle.

Introduction

The wood cell wall is a natural anisotropic composite in
which cellulose microfibrils are embedded as reinforcing
material in a matrix of lignin-hemicellulose. The mechan-
ical performance of wood fibres, in particular, Young’s
modulus in the fibre longitudinal direction (fibre axial
stiffness) and tensile strength, largely depend on the
properties of cellulose microfibrils located in the S2 layer,
the spatial angle between the cellulose microfibrils and the
longitudinal axis of the wood cell wall (usually called S2
microfibril angle), and how the cellulose microfibrils acting
as reinforcement are embedded in the lignin-hemicellulose
matrix (bundling of cellulose microfibrils) [1-5]. Research
has focused on the size of a single cellulose microfibril
[6-8]; the cellulose microfibril angle of the S2 layer in
individual wood fibres or in small clears [9—-11]; and the
effects of microfibril angle on wood quality, especially
wood stiffness [2, 12—15].

While cellulosic reinforcement is acknowledged as
a key factor dominating wood longitudinal mechanical
properties, a question has arisen regarding the role of the
properties of cellulose microfibrils on fibre axial stiffness
and strength at high microfibril angles. Mark and Gillis
[12] assumed that, when S2 microfibril angle lies between
25° and 50° there is little variation of fibre axial stiffness;
and at high S2 angles (>25°) fibre axial stiffness is
insensitive to the properties of cellulosic reinforcement but
depends on the properties of the lignin—hemicellulose
matrix, whereas others suggested that the fibre longitudinal
modulus is not affected by wvariations in either the
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hemicelluloses or the lignin properties, since the properties
of lignin and hemicelluloses mainly contribute to fibre
transverse modulus rather than fibre axial stiffness [4, 5].
Some authors claimed that the spacings between cellulose
microfibrils might be important in determining the elastic
properties of wood cell walls [16]. However, few attempts
have been made to determine the bundling of cellulose
microfibrils within the S2 layer of wood cell walls at high
angles. All these studies demand knowledge regarding the
characteristics of cellulosic reinforcement in high angle
wood as well as the probable influence of these charac-
teristics on wood axial mechanical properties.

Corewood and compression wood generally have high
microfibril angles. It has been reported that the S2 micro-
fibril angle in individual tracheids could be as high as 55°
for normal corewood in New Zealand radiata pine [17].
Our research interest is the corewood and compression
wood with S2 angles larger than 35°, since such wood is
the worst part of the tree and is most in need of improve-
ment. More financial benefit could be gained in seeking to
improve the worst properties rather than properties that are
already adequate [18].

In this study, we measured longitudinal Young’s modu-
lus (stiffness) and tensile strength of thin wood strips at high
angles (>35°), and also examined the characteristics of
cellulosic reinforcements embedded in the lignin—hemi-
cellulose matrix for samples with the same S2 microfibril
angle but significantly different mechanical properties.

Samples and methods
Preparation overview

Wood samples were collected from the corewood of a
17-year-old radiata pine butt log. Prior to mechanical
testing, matchstick-sized specimens were prepared to
assess the average values of microfibril angles using
polarised light microscopy [17]. The wood type was then
examined in terms of normal wood and severe compression
wood using autofluorescence of lignin [19]. A total of 236
thin wood strips were cut from 23 wood samples with high
angles (>35°) for mechanical testing. After mechanical
testing, small blocks were cut from the samples that had the
same values for S2 microfibril angle but significantly dif-
ferent values for stiffness and tensile strength. Recon-
struction of cell walls was then undertaken from these
blocks using 3D dual-axis tomography.

Stiffness and strength in tension

In order to measure wood mechanical properties at the
fibre level, wood strips with small dimensions were

prepared (Fig. 1a). The length of each thin strip was ori-
ented along the longitudinal axis of the grain. All wood
strips were air-dried to 12% MC.

Stiffness and tensile strength of wood strips were mea-
sured using an INSTRON tensile tester (50-kN capacity)
with a load cell capacity of 0—100 N in a conditioned room
(RH 65% =+ 2; temperature 20 & 2 °C). To avoid any
slippage between the thin wood strip and the pneumatic
clamps of the tensile tester, two cardboard frames were
glued to the ends of each thin strip with a 10-mm distance
between the frames (Fig. 1b). The cardboard frames were
held by the clamps, and a computer system automatically
recorded the applied uniaxial forces, strains and the max-
imum force at the failure point.

Reconstruction of wood cell walls

Wood blocks prepared for reconstruction of cell walls were
dehydrated in an acetone series, embedded in Spurr resin
and sectioned at 150-nm thickness in the transverse plane
using a diamond knife. The sections were placed on copper
slot grids on a formvar support film and stained with 2%
potassium permanganate in 2% sodium citrate solution for
5 min followed by washing in water. After staining, gold
particles (10 nm in diameter) were applied to both sides of
each specimen as fiducials, and the specimens were coated

Fig. 1 a A total of 236 thin wood strips with dimensions of
2 x 0.2 x 30 mm> (width x thickness x length) were prepared to
measure stiffness and tensile strength. b The broken wood strips after
tensile testing
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with a carbon support film using a BAL-TEC Med020 high
vacuum coating system.

A 300-kV transmission electron microscope (TF 30) was
used to collect raw stacks using dual-axis tilting. The
specimen was tilted in the microscope from —60° to +60°
with 1° intervals. When the first tilt series was completed
around axis A, the specimen was then rotated 90° and a
second tilt series was collected around axis B. A magnifi-
cation of 39,000 x with a binned pixel size of 0.63 nm was
used for the severe compression wood specimens, and a
magnification of 59,000x with a binned pixel size of 0.41
nm was used for the normal wood specimens. The updated
IMOD software package developed by the Boulder Labo-
ratory for 3D Electron Microscopy [20] was used to pro-
cess the raw stacks and reconstruct the cell walls. The
3dmod software package [21] was then used to track and
map the cellulose microfibrils in the reconstructed wood
cell walls as described by Xu et al. [8]. To ensure that the
observed samples do not have damage generated by the
cutting force of the diamond knife, 40 tomographic slices
that were close to the cut surfaces of the section were
excluded from the analysis.

Results and discussion
Stiffness and tensile strength in wood with high angles

After excluding 15 wood strips that failed at the clamps,
the remaining 221 thin wood strips were analysed to get
average values of stiffness and tensile strength for the 23
high angle wood samples.

Figure 2 shows the variation of average values of stiff-
ness at high angles. When microfibril angle falls in the
range of 35°-60°, the average values of stiffness are low in
general, and the variation of stiffness is weakly correlated
with the variation of microfibril angle for all sample points
(R* = 0.1445), regardless of wood type. A further analysis
shows a weak relationship for both normal corewood and
severe compression wood samples (R* = 0.3574 and
0.1434, respectively).

Figure 3 indicates the profile of the average values of
tensile strength in the same high angle range shown in
Fig. 2. Similar to the stiffness performance, the average
values of tensile strength are low in general, and the var-
iation of tensile strength is weakly correlated with the
variation of S2 angle in all situations (R* = 0.2626, 0.3349
and 0.3990, respectively).

It is not unexpected that the variations of wood longi-
tudinal mechanical properties are weakly correlated to the
variation of S2 microfibril angle at high angles shown in
Figs. 2 and 3. When a uniaxial tensile load is applied on
wood cell walls (fibres), because of S2 microfibril angle,
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Fig. 2 Average values of wood longitudinal Young’s modulus
(stiffness) in normal corewood (NW) and severe compression wood
(CW) at high S2 microfibril angles between 35° and 60°. For each
sample point, 25 tracheids were measured to determine an average
value of microfibril angle, and at least 8 thin wood strips were tested
to determine an average value of stiffness. The error bar along the
X direction indicates £standard error of average microfibril angle, and
the error bar along the Y direction indicates +standard error of
average stiffness
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Fig. 3 Average values of wood tensile strength in normal corewood
(NW) and severe compression wood (CW) at high S2 microfibril
angles between 35° and 60°. For each sample point, 25 tracheids were
measured to get an average value of microfibril angle, and at least 8
thin wood strips were tested to get an average value of tensile
strength. The error bar along the X direction indicates +standard
error of the average microfibril angle, and the error bar along the
Y direction indicates +standard error of the average tensile strength

the longitudinal axis of the wood cell wall (fibre) does not
coincide with the longitudinal axis of cellulose microfibrils
embedded in the S2 layer. This means that the tensile stress
applied on cell walls results in not just longitudinal strain
of individual cellulose microfibrils but also transverse
strain and longitudinal-transverse shear strain in these
cellulose microfibrils, as well as a shear strain of the lig-
nin—hemicellulose matrix between the cellulose microfi-
brils. For a wood strip containing several fibres, there is
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also a shear strain of the lignin—hemicellulose matrix
between fibres. When S2 microfibril angle increases, the
contribution of the elastic modulus of cellulose microfibrils
to fibre axial stiffness reduces, whereas the effect of the
lignin—hemicellulose matrix increases due to shear. When
the S2 angle is larger than a certain value, shears become
significant [22-25]. In this case, the variation of microfibril
angle is no longer sensitive to the variation of wood axial
stiffness. Therefore, there are poor relationships between
wood stiffness and S2 angles shown in Fig. 2. A similar
concept can be applied to explain the weak relationships
between the tensile strength and S2 angles shown in Fig. 3.

Cellulose microfibrils are much stiffer and stronger than
the lignin—hemicellulose matrix in which the cellulose
microfibrils are embedded; and “The chemical substances
that comprise the matrix would not be expected to behave
elastically or provide much stiffness because of their
branched, short-chain nature” [12]. When the contribution
of stiff and strong cellulose microfibrils to wood longitu-
dinal mechanical properties is largely reduced, it is not
surprising that the average stiffness and strength present
low values as shown in Figs. 2 and 3. However, differing
from the model of Mark and Gillis [12], our experimental
results shown in Figs. 2 and 3 indicate a relatively large
variation of stiffness and tensile strength at high angles.
With the increase of S2 angle from 35° to 60°, the average
values of stiffness vary from 2.88 to 1.51 GPa in normal
corewood, and from 2.17 to 1.16 GPa in severe compres-
sion wood; the average values of tensile strength vary from
68.1 to 23.5 MPa in normal corewood, and from 57.2 to
27.8 MPa in severe compression wood. Such large varia-
tion of longitudinal mechanical properties is unlikely to be
caused by the lignin—hemicellulose matrix which has low
and relatively stable axial stiffness and strength properties.
Most interesting is that some points shown in Figs. 2 and 3
have very similar values for S2 microfibril angle but show
quite different performances for stiffness and tensile
strength. Therefore, further tests were used to determine
the characteristics of cellulose microfibril reinforcements
embedded within the S2 layer at high angles.

Cellulose microfibrils per square nanometre

The term “cellulose microfibrils per square nanometre” is
defined in this study as the number of cellulose microfibrils
per square nanometre as seen in transverse sections of a
cell wall.

Figures 4, 5 and 6 are tomographic slice images pro-
duced in this study. Since heavy metal stains are excluded
from the crystalline core of cellulose microfibrils [3, 26—
28], the white structures shown in the tomography images
correspond to the non-stained core region of individual
cellulose microfibrils [8, 26, 28], whereas the dark grey and

black structures correspond to the stained lignin and
hemicellulose matrix [8, 26, 28-30]. The individual cel-
lulose microfibrils have a diameter of approximately
2.1 nm [6, 8], and the larger white structures are suggested
to represent clusters of cellulose microfibrils [8, 31-33].
The white arrows shown in Figs. 4 and 5 indicate examples
of single cellulose microfibrils; the black arrows shown in
Figs. 4 and 5 indicate an example of clusters of cellulose
microfibrils; and the white boxes shown in Figs. 4 and 5
indicate the selected regions used for determining the
cellulose microfibrils per square nanometre.

Figure 4 is a tomographic slice image showing the inner
part of a cross-section of the S2 layer from a severe
compression wood sample. This compression wood sample
had a S2 microfibril angle of 56°, a stiffness of 1.16 GPa
and a tensile strength of 36.7 MPa as shown in Figs. 2 and
3. Figure 5 shows the inner part of a cross-section of the S2
layer from a normal corewood sample that had the same S2
microfibril angle value (56°) but a stiffness of 2.5 GPa and
strength of 50 MPa as shown in Figs. 2 and 3. Eight
regions with similar dimensions were selected, and non-
stained cores of cellulose microfibrils were tracked
throughout the reconstructed slice images to determine the
cellulose microfibrils per square nanometre. Figure 6 is an
enlarged tomographic slice image showing an example of
the sample regions illustrated in Fig. 4.
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Fig. 4 Tomographic slice image (1-nm thick) of the inner part of a
cross-section of the S2 layer from a severe compression wood sample
that had a microfibril angle of 56°, a stiffness of 1.16 GPa and a
tensile strength of 36.7 MPa as shown in Figs. 2 and 3. Eight regions
were selected to examine the cellulose microfibrils per unit of cell
wall area. The white arrows show examples of single cellulose
microfibrils; the black arrow indicates an example of clusters of
cellulose microfibrils; and the white boxes indicate the selected
regions used for determining the cellulose microfibrils per square
nanometre
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Fig. 5 Tomographic slice image (1-nm thick) of the inner part of a
cross-section of the S2 layer from a normal corewood sample that had
the same microfibril angle as the specimen shown in Fig. 4 but a
stiffness of 2.5 GPa and a tensile strength of 50 MPa. Eight regions
were selected to examine the cellulose microfibrils per unit of cell
wall area. The white arrows show examples of single cellulose
microfibrils; the black arrow indicates an example of clusters of
cellulose microfibrils; and the white boxes indicate the selected
regions used for determining the cellulose microfibrils per square
nanometre

Fig. 6 Enlarged tomographic slice image of the inner part of the
cross-section of a S2 layer showing an example of the selected
regions illustrated in Fig. 4. The rectangle has an area of 63.6 nm?
with a width of 8.19 nm and a height of 7.77 nm and contains nine
cellulose microfibrils that are marked using circles

Our results show 0.208 cellulose microfibrils/nm* on
average in the normal corewood specimen, but only 0.120/
nm? on average in the severe compression wood specimen
(Fig. 7). Mechanical properties of composites are affected
by the amount, the length and the orientation of fibre
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reinforcements embedded in the composites [34]. We
therefore suggest that the reduced number of cellulose
microfibrils in the S2 layer may partly account for the
inferior stiffness and tensile strength of compression wood
when compared to normal corewood with the same
microfibril angle. The length effect is discussed in fol-
lowing section.

Continuity of cellulose microfibrils

Once we know the number of cellulose microfibrils per unit
cell wall area, it is important to understand how these
cellulose microfibrils are embedded in the matrix of lignin—
hemicellulose. We used small white cylinders to simulate
the non-stained cores of individual cellulose microfibrils
shown in Figs. 4 and 5, and tracked 76 tomographic slice
images to examine the cellulose microfibrils from different
orientations. Each white cylinder has a cross section of
2 nm in diameter to represent the non-stained core, and
1 nm thickness corresponding to the thickness of each
tomographic slice image. These models allow us to assess
the continuity of individual cellulose microfibrils by
tracking the white cylinders through the series of slice
images. The models are shown in Fig. 8 at different
orientations.

From Fig. 8, one can see that the cellulose microfibrils
are kinked along their length, and at many kinking points
the cellulose microfibrils appear to be broken into short
dislocated segments. Similar results have been observed in
the tension wood of young poplar trees where kinked cel-

lulose microfibrils with a maximum segment length of
40-50 nm were described [35].

0.35
0.3

0.25

-

0.2

=

0.1

Av. cellulose microfibrils per
square nanometre (CMFs nm2)

0.05

Normal corewood Severe compression wood
Fig. 7 The average values of cellulose microfibrils per square
nanometre in the inner parts of the S2 layers shown in Figs. 4 and
5. The error bar along the Y direction indicates +standard error of the
cellulose microfibrils per square nanometre
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Fig. 8 a Model of the cellulose
microfibrils obtained from 76
tracked tomographic slice
images of the inner S2 layer in
the severe compression wood
cell wall shown in Fig. 4.

b Model of the cellulose
microfibrils obtained from 76
tracked tomographic slice
images of the inner S2 layer in
the normal wood cell wall
shown in Fig. 5. The
observation angles in a, b are:
70° (X-axis); 15° (Y-axis); 168°
(Z-axis). ¢, d Models of the
cellulose microfibrils shown in
a, b are shown at a different
orientation. The observation
angles in ¢, d are: 43° (X-axis);
3° (Y-axis); —155° (Z-axis)

Dislocations of cellulose microfibrils observed in our
study occur in the S2 layer of both the normal corewood
and the severe compression wood samples but are more
common in the S2 layer of the severe compression wood
sample. This means that there are more weak points along
the length of cellulose microfibrils in compression wood.
Using IMOD software, we calculated the length of the
dislocated segments of individual cellulose microfibrils.
Within the 76 tracked tomographic slice images, the
maximum length of the dislocated segments is 41.6 nm in
the normal corewood sample but only 14.3 nm in the
severe compression wood sample. Compared to the normal
corewood sample with the same microfibril angle, it is

clear that the more abundant dislocations and the shorter
length of the cellulose microfibril segments contribute to
reduce stiffness and tensile strength of the severe com-
pression wood.

The exact nature of these dislocations is unknown. Some
previous studies reported that cellulose microfibrils can be
dislocated after lignin removal [36]. Delignification may
also alter the aggregation of wood cellulose microfibrils
[32, 37, 38]. However, the specimens used in this study
were not delignified. Thus, the dislocations and the shorter
segments observed in this study cannot be attributed to
lignin removal. Previous studies have found that the
corewood located at the base of a radiata pine stem had the
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poorest stiffness [39] and the highest tendency to bow or
crook [40]. We postulate that the dislocations observed in
this study may reflect the inherent material characteristics
of cellulose microfibrils from the base corewood of fast-
grown trees.

Conclusions

At high S2 microfibril angles (>35°), wood stiffness and
tensile strength presented low values and were poorly
correlated to the variation of S2 microfibril angle, which
can be attributed to reduced contribution of cellulose
microfibrils and the increased effect of lignin—hemicellu-
lose on wood longitudinal mechanical properties at high
angles. When the S2 angle lies between 35° and 60°, the
average values of stiffness and tensile strength showed
relatively large variations in both normal corewood and
compression wood. This is unlikely to be caused by vari-
ation of the lignin—hemicellulose matrix which has low and
comparatively stable stiffness and strength properties.

Reconstruction of wood cell walls was completed in two
samples that have the same S2 microfibril angle but quite
different stiffness and tensile strength values. The tomo-
graphic slice images show that there are approximately
0.208 cellulose microfibrils/nm” of cell wall in the normal
corewood sample but only 0.120/nm? in the severe com-
pression wood sample. The tracked tomographic slice
images show that, cellulose microfibrils are kinked in both
normal corewood and severe compression wood samples
with more abundant dislocations in the severe compression
wood sample, and at many kinking points the cellulose
microfibrils are broken down into dislocated segments. The
maximum length of the dislocated segments is 41.6 nm in
the normal corewood sample but only 14.3 nm in the
severe compression wood sample. The characteristics of
cellulose microfibril reinforcements observed in severe
compression wood, such as lower number, abundant dis-
locations and shorter length, are suggested to be responsi-
ble for the inferior stiffness and tensile strength in severe
compression wood compared with normal corewood with
the same high S2 microfibril angle.
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