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ABSTRACT In order to study the effects of structural variability,
nanoindentation experiments were performed in Norway spruce
cell walls with highly variable cellulose microfibril angle and
lignin content. Contrary to hardness, which showed no statis-
tically significant relationship with changing microfibril angle
and lignin content, the elastic modulus of the secondary cell wall
decreased significantly with increasing microfibril angle. While
the elastic moduli of cell walls with large microfibril angle
agreed well with published values, the elastic moduli of cell
walls with small microfibril angle were clearly underestimated
in nanoindentation measurements. Hardness measurements in
the cell corner middle lamella allowed us to estimate the yield
stress of the cell-wall matrix to be 0.34 £ 0.16 GPa. Since the
hardness of the secondary cell wall was statistically not dif-
ferent from the hardness of the cell corner middle lamella,
irrespective of high variability in cellulose microfibril angle,
it is proposed that compressive yielding of wood-cell walls is
a matrix-dominated process.
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1 Introduction

With the increasing use of wood fibres as reinforce-
ments in bio-based composites in recent years [1], the study
of the mechanical properties of wood fibres and cell walls has
become of great interest. One of the main issues is to under-
stand the deformation behaviour of the wood-cell wall and
its dependence on parameters such as structure and chem-
ical composition. In softwoods like Norway spruce, the main
structural elements, termed tracheids, are long hollow cells
with a length of 2—4 mm, a diameter of 20—40 pm, and a wall
thickness of 2—10 pm. The tracheid cell wall itself is of a com-
posite structure, made up of up to 50% largely crystalline
cellulose fibrils, which wind around the longitudinal cell axis
in a characteristic spiral fashion. The tilt angle of the cellulose
fibrils with respect to the longitudinal cell axis, often called
the microfibril angle (MFA), can vary considerably within
a single individual tree and is a key parameter in determin-
ing the mechanical strength and elasticity of wood [2, 3]. The
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cellulose fibrils are embedded in an amorphous matrix sub-
stance composed of roughly equal amounts of hemicellulose,
a mixture of different polysaccharides, and lignin, a phenolic
polymer [4]. Individual cells are bound together by the middle
lamella, which consists predominantly of lignin [5].

Tensile tests on small tissue samples [3], individual fi-
bres [6, 7], and cell-wall segments [8] with known MFA have
provided an understanding of the effects of varying cell-
wall structure on tensile properties. In-situ tensile tests in
the X-ray beam allowed the establishment of a correlation
between the deformation behaviour of wood tissue samples
and MFA [9]. Finally, simultaneous stretching and infrared
absorbance measurements (DMA-FTIR) on thin wood and
paper foils revealed interactions between different wood cell
wall polymers under mechanical loading [10].

Nanoindentation, a method of hardness testing at very
small scale applied to the study of mechanical properties of
a variety of materials [11—13], was introduced to the study of
wood cell wall mechanics by Wimmer et al. [14] and Wimmer
and Lucas [15]. The latter showed for wood that nanoinden-
tation allows mechanical measurements at smaller scale than
tensile tests, but found it not easy to interpret nanoindenta-
tion data, in particular elastic moduli, in view of discrepancies
with tensile tests and model calculations.

In the present study, we perform nanoindentation experi-
ments together with measurements of MFA and lignin content
on a variety of Norway spruce cell walls, in order to elucidate
the relationship between nanoindentation data and cell-wall
structural variability.

2 Material and methods
2.1 Determination of microfibril angle by small-angle
X-ray scattering (SAXS)

In order to investigate wood specimens representa-
tive of the whole spectrum of structural variability, Norway
spruce (Picea abies) samples containing normal early and
late wood, as well as compression wood and opposite wood,
were selected. Compared to late wood, which is formed in
summer, early wood of Norway spruce formed in spring con-
sists of cells with wider diameters, thinner cell walls, and
smaller cell lengths. Compression wood and opposite wood
are tissues found on the compression and tension sides of
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leaning conifer stems and branches, respectively, the first be-
ing characterised by abnormally high microfibril angle and
lignin content [16]. Prior to being prepared for nanoinden-
tation and UV microscopy, the wood samples were char-
acterised with SAXS to determine the MFA quantitatively.
Cubes measuring about 1 x 1 x 1 cm were taken from differ-
ent wood tissues and 200-pwm-thick tangential sections were
cut with a microtome. The wood sections were mounted on
a sample holder and inserted into a scanning SAXS instru-
ment [17] equipped with a rotating Cu anode and a Bruker-
AXS Hi-star detector. SAXS patterns were recorded in trans-
mission with the longitudinal direction of the sample per-
pendicular to the incident beam (see sketch in Fig. 1). The
MFA was determined quantitatively from the SAXS pat-
terns as described in Lichtenegger et al. [18] and Reiterer
etal. [19].

2.2 Determination of cellular lignin content by UV

microscopy

According to Scott et al. [20], the concentration of
lignin in the wood-cell wall can be determined with a UV
microscope, making use of the proportionality between the
lignin content and the absorbance at a wavelength of 280 nm.
For this purpose, the thin wood foils used for SAXS were de-
hydrated in a graded series of ethanol (40%, 60%, 80%, and
100%) and acetone (100%) and embedded in epoxy resin [21].
Transverse sections with a constant thickness of 1 wm were
cut from the cured epoxy block on a Leica ultramicrotome
equipped with a diamond knife. The sections were placed on
quartz-glass slides and covered with quartz cover slips. With
a ZEISS MPM-800 photometer microscope, UV absorbance
was determined in transmission mode in 20 secondary cell
walls (S2) of each SAXS specimen, and in 41 cell corner mid-
dle lamellae (CCML). A measuring spot diameter of 0.5 pum
allowed for an accurate placement in the middle of the S2
layer of the 2—5-pum-thick cell walls, and in the cell corners.
The lignin content of the specimens was estimated using a co-
efficient of extinction of 15.6cm™! g~! proposed by Fergus
etal. [5].

detector

beam stop

FIGURE1 Measurement of MFA with SAXS: in the case of rectangu-
lar cells oriented perpendicular to the incident X-ray beam, the MFA can be
directly read from the scattering pattern

2.3 Measurement of cellular hardness and elastic

modulus by nanoindentation

The mechanical characterisation of the tracheid
cell walls and cell corners measured with the UV micro-
scope was carried out on a Dimension DI-3100 atomic force
microscope (Digital Instruments, Veeco Metrology Group,
Santa Barbara, CA) equipped with a Hysitron add-on force
transducer for nanoindentation (Surface, Hueckelhoven, Ger-
many). For this purpose, the dry samples embedded in epoxy
resin, from which the sections for lignin determination had
been cut, were mounted on metal plates clamped magnetically
to the indenter sample stage. Quasi-static indentation tests
were performed under environmental conditions in the same
tissue region as measured in the UV microscope. In a force-
controlled mode, the indenter tip (Berkovich-type triangular
pyramid) was loaded to a peak force of 250 wN at a loading
rate of 100 wN/s, held at constant load for 15 s, and unloaded
at a rate of 100 uN/s. Figure 2 shows a light-microscope
image of wood cells with indents after nanoindentation test-
ing. From the load—depth curve recorded during a nanoin-
dentation experiment (Fig. 3) the key parameters peak load
(Pmax), depth at peak load (#), and initial slope of the un-
loading curve (S) are determined. According to the method
developed by Oliver and Pharr [22], which is based on consid-
erations by Doerner and Nix [23], the contact area A at Py
is determined and the hardness is obtained by dividing Ppax
by A. The analysis of the load—depth curve proceeds with the
determination of the reduced elastic modulus E; (1).

1 S
E.=—-/mn—.
r=3 N3 N
Here E, is termed the reduced elastic modulus because it takes
into account the compliance of the indenter tip by the relation
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FIGURE 2 UV microscopic image taken at 280 nm of a cross section
through Norway spruce cells. Grey values of the image correspond to lignin
concentration. The inset shows an atomic force microscopy image of two cell
walls and the middle lamella after indentation testing
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FIGURE 3 Load—depth curve of a nanoindentation test in a wood-cell wall
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where E and v are the elastic modulus and the Poisson ratio
of the sample and E( and vy stand for the same properties
of the indenter tip. In soft materials like wood, the difference
between E; and E is negligibly small and no correction ac-
cording to (2) was applied to our data.

3 Results

3.1 Microfibril angle

The results of the determination of cell-wall mi-
crofibril angle are shown in Table 1. A very high variability of
mean MFA ranging from near 0° to 50° was obtained.

3.2 Lignin content

The average lignin content of the S2 cell-wall
layers of five examined specimens and the average lignin
content of the CCML is displayed in Fig. 4. All six groups
of specimens showed a statistically significant difference in
their average lignin concentration (ANOVA, p < 0.05). Re-
garding S2, the lowest lignin content was observed in LW_0
(0.22gg™ "), the maximum lignin concentration found in
CW_50 (40 g g~ 1) being almost twice as high. Figure 4 shows
a tendency of increasing lignin content with increasing MFA,
resulting in a linear correlation coefficient of 0.93. The lignin
content of the CCML did not vary significantly between the
five examined specimens and is therefore presented as an
overall average. CCML lignin content clearly surpasses the
lignin content of S2.

3.3 Hardness and elastic modulus

Average hardness values determined by nanoin-
dentation are shown in Fig. 5. Although a weak trend of de-
creasing hardness with increasing MFA in S2 is apparent from

Sample description Mean MFA (°) Sample code

Normal early wood from a spruce stem 0 EW_0
Normal late wood from a spruce stem 0 LW_0
Normal late wood from a spruce stem 20 LW_20
Opposite wood from a spruce branch 35 OW_35
Compression wood from a spruce branch 50 CW_50
TABLE 1 Results of the determination of cell-wall microfibril angle by

SAXS
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FIGURE 4 Lignin content of the S2 cell-wall layers of the five examined
specimens, and average lignin content of CCML
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FIGURE 5 Hardness determined by nanoindentation

the box and whisker plot, no statistically significant difference
(ANOVA, p < 0.05) was found between the hardness of all
five studied S2 specimens. Furthermore, the average hardness
of CCML is equal to the hardness of S2.

By contrast, the elastic modulus of S2 determined by
nanoindentation shown in Fig. 6 shows a clear trend of de-
creasing stiffness with increasing MFA. At an MFA of 50°
(CW_50), the elastic modulus is only half the modulus of
sample LW_0, with near-0° MFA. The decrease of the elastic
modulus with increasing MFA is not linear, but follows an s-
shaped curve. The elastic modulus of CCML is similar to the
elastic modulus of S2 specimens with large MFA (CW_50).

4 Discussion

Samples selected for the present study repre-
sent the range of structural variability (i.e. lignin content
and MFA) found in fibres of Norway spruce stems and
branches [16]. Hardness values for five types of wood-cell
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FIGURE 6 Elastic modulus determined by nanoindentation

walls with highly variable lignin content and MFA were very
similar, and statistically not different from the hardness of the
CCML (Fig. 5). While the hardness of a highly heterogeneous
and mechanically anisotropic composite material such as the
wood-cell wall is difficult to interpret in a straightforward
manner, a closer inspection of the hardness of CCML, which
is assumed to be mechanically isotropic and chemically less
heterogeneous than S2, may help to understand the obtained
results. Contrary to conventional hardness, which is deter-
mined from the area of the remaining imprint after unloading,
nanoindentation hardness (H) is determined at peak load.
This implies that not only plastic, but also elastic, deforma-
tion of the sample is considered. Therefore, the significance of
nanoindentation hardness data depends on the ratio of elastic
and plastic deformation, governed by the elastic modulus (E)
and the yield stress (oy) of the material in question. For small
E/oy, e.g. for polymers (E/oy 2~ 10), the influence of the
elastic pressure from the surrounding (elastically deformed)
region on the extension of the plastic deformation zone be-
comes negligible, and oy is usually in the order of 2/3 H [24].

In order to test the validity of the above estimates for wood
(and thus the significance of our nanoindentation hardness
values), consider the empirical relation in (3), derived by Lars-
son et al. [25] based on finite-element modelling and linking
Prax (and thus H) to oy

1.273 Oy Etan 27.7 )
Pmaxzizay 1+_ 1+1n T — h’
(tan 24.7) oy 3oy

3)

where o, is referred to as the reference stress and defined
as the plastic stress level at a strain of 0.3 [25]. In a finite-
element analysis of the plastic strain gradient under the in-
denter, Larsson et al. [25] assigned this strain to the zone
immediately beneath the indenter tip. Giannakopoulos and
Suresh [26] suggested a similar typical strain of 0.29 for the
same zone. A ratio of 1.47 for oy/0; obtained in uniaxial
compression tests on lignin-rich (45%), high-MFA (50°) com-
pression wood of Norway spruce (Gindl 2003, unpublished)

was chosen for the estimation of oy. Applying this value to the
analysis of load—depth curves of nanoindentation experiments
in 32 CCML samples with an average H of 0.47+0.20 GPa,
an average oy of 0.34 =0.16 GPa is obtained. In other words,

o, =0.72 H, 4
which agrees well with oy &~ 2/3H proposed for poly-
mers [24] and justifies the assumption of small £/oy in wood.

The similarity of hardness values measured for all S2 sam-
ples with the CCML hardness (Fig. 5) indicates that yielding
of the wood-cell wall under nanoindentation load is a matrix-
dominated phenomenon and largely independent of MFA.
This agrees very well with results from axial compression
tests on macro-sized specimens of Norway spruce, where the
critical stress before failure of the cell wall due to kinking of
cellulose microfibrils was independent of MFA [27].

Although hardness is apparently matrix-dominated, the
percentage of lignin in the matrix shows no statistically sig-
nificant effect on hardness variability in mature wood cells
(Fig. 5). By contrast, in developing Norway spruce wood, sig-
nificant changes of the hardness of the cell wall have been
observed as a result of increasing lignification [28]. In a de-
veloping cell wall, cellulose fibrils coated with hemicellulose
form an open network, whose empty spaces are progressively
filled up with lignin [29-31]. As a natural consequence, the
cell-wall density increases, explaining the overall increase in
mechanical strength. In mature cell walls, as studied here,
a change in lignin content does not change the overall cell-
wall density [32]. A slight decrease of average S2 hardness
with increasing lignin content is indicated in Fig. 5, but is not
statistically significant.

Contrary to hardness data, changes in cell-wall structure
and composition showed a clear effect on the elastic modu-
lus of S2 (Fig. 6). With increasing MFA and increasing lignin
content, the elastic modulus decreased in an s-shaped curve.
Model calculations show that, due to low Young’s modulus
of lignin as compared to the cellulose fibrils, an increasing
lignin concentration reduces the elastic modulus of the cell
wall, but this effect was found to be minor compared to the
strong influence of MFA [33,34]. The average nanoinden-
tation elastic modulus of 8.2 GPa for dry cell walls with an
MFA of 50° agrees well with the value of 10 GPa meas-
ured in tensile tests on individual kraft pulp fibres of the
same MFA [6]. An even better agreement is achieved with
model calculations for native wood-cell walls, which yielded
an elastic modulus of approximately 8 GPa at an MFA of
50° [34]. In contrast to samples with large MFA, the elastic
modulus of cell walls with small MFA is clearly underesti-
mated by nanoindentation, as already observed by Wimmer
et al. [14]. The average nanoindentation elastic modulus of
samples EW_0 and LW_0 of 17.1 GPa is considerably be-
low values of 70 GPa measured by Page et al. [6] in tensile
tests and 80 GPa calculated by Bergander and Salmén [34].
According to Swadener et al. [35], this discrepancy is due
to the fact that the nanoindentation elastic modulus of an
anisotropic material is a mixture of the moduli along all
axes, which leads to an underestimation of the higher mod-
ulus. The extent of disagreement depends on the degree of
anisotropy and the angle enclosed between the faces of the
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indenter body and the load direction [36] and is more sig-
nificant for small than for large MFA. Moreover, in a fibre
composite loaded under compression along the fibre axis, the
fibres (cellulose fibrils in the case of the wood-cell wall) are
likely to buckle and, hence, not contribute as much to the
stiffness as in tension. It is very likely, therefore, that the
difference between the stiffness measured in tension and re-
sults from nanoindentation is at least partially related to the
tension/compression asymmetry well known in fibre com-
posites loaded along the fibre direction. Evidently, this effect
will be much less important as soon as the MFA is sufficiently
large. Considering all this, elastic moduli of wood-cell walls
determined by nanoindentation have to be interpreted with
caution.

In conclusion, our data indicate that the indentation hard-
ness is essentially independent of the MFA, which suggests
that it is governed by yield processes in the matrix. By con-
trast, the elastic modulus of the wood-cell wall is sensitive
to the arrangement of the cellulose microfibrils. In the elastic
regime the cellulose fibrils act as main load-bearing elements.
Later on, as the deformation increases, the fibril-matrix inter-
face may break and/or the matrix may yield such that the load
transfer from matrix to fibers is affected.
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