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ABsTRACT. Knowledge about the microstructure and the morphology of individual phases within wood
tissues is essential for numerous applications in materials engineering and in the construction industry.
The purpose of the work presented here is to monitor the distribution of elastic stiffness within the tissues
of individual cells using state-of-art equipment and exploiting emerging methods, such as modulus
mapping, to investigate the morphology of the individual phases. Quasi-static nanoindentation was
carried out on cell walls of spruce earlywood and latewood tracheids to obtain values for the indentation
modulus, which is closely related to the Young modulus of the material. Dynamic modulus mapping,
also known as nanoDMA, was utilized to obtain a map of the elastic moduli over the entire tracheid
cross-section. In particular, it was found that the indentation stiffness of the cells walls ranges between
10.5 GPa for of earlywood tracheids and 12.5 GPa for latewood tracheids. The difference between
the elastic stiffness of earlywood and latewood is attributed to the different chemical composition and
the orientation of the fibrils. The data that has been acquired is indispensable for micromechanical
modeling and for the design of engineered products with superior mechanical properties.
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1. INTRODUCTION

About 76 % of the afforested area in the Czech Repub-
lic comprises coniferous trees, and more than one half
of these are spruces. This is reflected in the construc-
tion industry, where spruce is the most widely-used
timber. For this reason, we focused our study on
spruce wood tissues from Norway spruce, which is
the only species of spruce and the most commonly
encountered tree in Europe.

Wood in general is a non-homogeneous and highly
anisotropic material at sub-micro-, micro- and macro-
level. The microstructure and the micromechanical
properties have a significant influence on the macro-
scopic properties of timber.

1.1. MICROSTRUCTURE OF WOOD CELLS

Coniferous trees were present on Earth before the first
deciduous trees emerged, and their structure is there-
fore simple and very regular. Only two kinds of wood
cells can be found in them, tracheids and parenchymal
cells. The parenchymal cells create medullary rays
and are involved in the construction of resin channels.

On the other hand, the longitudinally extending
tracheids, comprising up to 95 % of the total wood
volume, are the basic structural tissue. Their cell
structure is closed and oblong, with a rectangular
up to hexagonal cross-section. Their length varies
from 2 to 6 mm, and their width is usually in the
range between 0.02 and 0.1 mm. Two basic types of

tracheids can be found in wood - earlywood tracheids
and latewood tracheids [1].

Earlywood tracheids are formed at the beginning
of the growing season, and their purpose is to deliver
water and dissolved nutrients up the tree. For this
reason, earlywood tracheids are thin-walled, with a cell
wall thickness of about 2 to 3pm, and they have
a relatively big internal cavity for better conduction [2].
Latewood tracheids are formed in the second half of
the growing season, and their main function is to
reinforce the tree trunk against mechanical loading.
Latewood tracheids have a thick wall, about 7 pm
in thickness, and the internal cavity is significantly
smaller than in the case of earlywood cells.

About 7% of the wood volume consists of parenchy-
mal cells in the shape of short prisms. They are
maintained for a variously limited period, and are
located in the sapwood region. Their function is to
deliver and store starch and nutrients for some period
in the sapwood at the periphery of the tree trunk. In
addition, these cells are responsible for the formation
of medullary rays, consisting of resin channels and
of parenchymal cells oriented perpendicular to the
longitudinal axis of the trunk and the annual rings.
After the parenchymal cells die, they can retain water
or stay empty.

The resin channels are formed by disintegration
or spreading of the cell walls between neighboring
parenchymal cells, so the long resin channels are sur-
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FIGURE 1. Scheme of the wood cell tissues (reproduced
from [2]).

rounded by parenchymal cells. When the tree suffers
a surface wound, resin is transported to the damaged
part to provide a seal.

A comprehensive study of the structure of cell walls
in the wood tissues by means of electron microscopy
revealed that the walls are composed of multiple lay-
ers, each composed of millions of fibrils. The different
properties of the individual layers are caused by the ar-
rangement of the chemical properties of the fibrils [3].

In the direction from the perimeter to its center,
a wood cell is composed of the middle lamella, then
a primary wall, then a secondary wall composed of
three layers, and a cavity called the lumen (see Fig-
ure . The middle lamella is thin, ranging in thickness
between 0.1 and 0.3 pm, and its chemical and physical
properties are similar to the properties of the primary
wall. The middle lamella is usually well connected
with the primary wall, so it is sometimes referred to
as a part of the composite lamella consisting of the
middle lamella and neighboring cell walls [2]. However,
the structure of the composite lamella can easily be
separated by chemical agents into individual anatomic
elements [I].

The thickness of the primary wall does not differ
from the thickness of the wall of the middle lamella; it
is about 0.05 to 0.2 pm in thickness. It has an irregular
arrangement of the fibrils, and is oriented in an angle
ranging from 0 to 90° with respect to the longitudinal
cell axis. It is assumed that the fibrils connect the
primary layer and the middle lamella, thus forming a
firm connection [3].

Before electron microscopy was available, Bailey
and Kerr [4] used iodine staining and polarization
microscopy to find that the secondary wall is com-
posed of three layers, commonly referred to as outer
(S1), middle (S2) and inner (S3) (Figure [1). While
investigating the cell cross-section they found that the
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outer and inner layers are brighter than the middle
layer, due to the different orientation of the fibrils in
the individual layers.

The outer layer of the secondary cell wall is com-
posed of four lamellas, and it is usually 0.1 to 0.4 pm
in thickness. In this layer, the fibrils are arranged in
two perpendicular directions at an angle of about 60°
with respect to the longitudinal axis of the cell [3].

The middle layer of the secondary wall forms the
major part of the wood cells, and it is therefore the
most important component from the mechanical point
of view. It is composed of 30 to 150 lamellas, and the
fibrils are arranged at an angle of 10° with respect to
the longitudinal axis of the wood cell. The middle
layer has a superior influence on the properties of the
wood cells and consequently of the entire tree trunk.
The properties of the middle layer have an impact on
the anisotropy, shrinkage, strength and ductility of
the wood.

The inner layer of the secondary wall is similar to
the inner layer, except that the orthogonal fibrils are
arranged at an angle of between 60° and 90° with
respect to the longitudinal axis of the cell [3].

1.2. MICROMECHANICAL PROPERTIES OF
WOOD

Knowledge of micromechanical properties is crucial
for understanding the micromechanics of wood that
are responsible for the macromechanical properties
of timber. Information about the microstructure and
the micromechanical properties of individual tissues
can be efficiently used for developing wood-based engi-
neering products such as fiberboard and wood-plastic
composites [5]. Two techniques are commonly used in
experimental investigations of mechanical properties
at micro-level: tensile tests of individual fibers, and
nanoindentation.

The famous English engineer, A. A. Griffith, did
pioneering work on determining the tensile strength
of a single fiber [6]; his first tests on glass fiber were
carried out in 1921. A significant simplification of
these tests was achieved in 1938 with the invention
of strain gauges. Further research on single wood
fibers 0.5 to 30 mm in length and ranging between
15 and 40 pm in diameter was conducted in 1959 by
Jayne [7]. It turned out that the most problematic
issue is how to attachment the fibers firmly to the
clamps of the testing machine. After several unsuc-
cessful trials using adhesives, the fibers were finally
clamped using abrasive paper. Since then, numerous
methods have been developed for the purposes of test-
ing single fibers in tension. In 1971, Page [8] designed
a frame to which the fibers are attached with the use
of two glass plates that are connected to the frame.
This invention achieved popularity, and the method
has also been used for testing other materials, e.g.
metals and paper [3].

Nanoindentation was developed in 1992 by Oliver
and Pharr [9], and within a short time it become
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Reference Indentation = MFA []
modulus [GPa)]
Latewood
Wimmer [10] 21 +3.34 —
Wimmer [I1] 15.81 +1.61 3
Gindl [14] 17 0
Gindl [14] 18 0
Gindl [12] 15.34 5
Gindl [15] 17.08 5
Konnerth [16] 20 0
Transitionwood
Wimmer [10] 21.27+3 —
Gindl [13] 16.1 —
Gindl [14] 16 20
Gindl [12] 13.46 7.5
Gindl [15] 17.54 7
Konnerth [16] 17 9
Konnerth [16] 16.8 11.5
Earlywood
Wimmer [10] 13.49 +5.75
Gind! [14] 11.5 35
Gindl [14] 8 50
Konnerth [I6] 12.5 17.5

TABLE 1. Indentation modulus and micro-fibril angle
(MFA) of the secondary cell wall layer S determined
by nanoindentation on Norway spruce [L10HI6].

the most popular method for investigating microme-
chanical properties on various materials. Wimmer
et al. [I0] utilized nanoindentation in 1997 to inves-
tigate the mechanical properties of wood cells, and
published information for the first time about the
stiffness of spruce earlywood, latewood and transi-
tion wood. His results are summarized in Table
and are compared with the results provided by other
authors. Wagner et al. [I7] found the relationship
between indentation depth and the results that they
obtained, and established a depth of 200 to 250 nm
as optimal for obtaining the most accurate results.
Indentation depth is not the only factor influencing
the results, which are also affected by lignin content
and by the angle of the fibrils in the cell wall. Jager
et al. [18] found the relation between the angles of
the fibrils on the nanoindentation results, and they
came to the conclusion that the indentation mod-
ulus and hardness are proportional to the number
of fibrils in the cell wall. Attempts were made to
measure the micromechanical properties of the outer
secondary wall S1, but these failed because the re-
sults were influenced by the surrounding layers. For
this reason, all successful nanoindentation measure-
ments have been conducted on the middle secondary
wall So.

1.3. AIM OF THE PAPER

The main purpose the work presented here was to pro-
vide detailed information about the distribution of the
elastic stiffness within the cross-section of earlywood
and latewood cells. The biggest obstacle appeared to
be the preparation of the samples, especially due to
enormous sensitivity to the moisture of wood tissue.
The paper provides comprehensive information about
the individual phases, which is needed for microme-
chanical modeling and homogenization. The necessary
comprehensive information was not available from the
literature, so the data that we obtained has had to
be discussed very carefully and compared with the
findings of other authors.

Modulus mapping is emerging as an advanced
method for monitoring the field of elastic stiffness over
a selected area. This method, based on dynamic mea-
surements in a raster located at predetermined point
on the material, has been successfully used for mi-
cromechanical analyses e.g. of bio-materials [19], and
the results are in agreement with the data obtained by
quasi-static indentation. However, no applications of
this method for monitoring the distribution of elastic
stiffness over a cross-section of wood tissues has been
reported in the available literature.

2. EXPERIMENTAL METHODS

2.1. OPTICAL AND ELECTRON MICROSCOPY

Microscopy images were acquired using a NEOPHOT
21 optical metallurgy microscope with up to 1k magni-
fication capabilities, and a PHILIPS XL-30 scanning
electron microscope that uses a thin ray of electrons to
scan the selected surface area. The scanning electron
microscope requires a detector to track the reflected
electrons and digitally reproduce and record the sur-
face texture. Various detectors based on signals pro-
vided by the reflected electrons have been used for
our purposes. In particular, we used a detector of
secondary electrons, a detector of reflected electrons,
and a gaseous detector of secondary electrons [20].

2.2. ATOMIC FORCE MICROSCOPY

Atomic Force Microscopy (AFM) utilizes a scanning
probe that moves close to the investigated surface in
order to capture the variations of atomic forces on a
predetermined raster measured by means of piezoelec-
tric transducers. The method has become extensively
used, e.g. for investigating thin layers [21]. The probe
tip size is usually at the scale of pm, with a radius of
about 10 nm [22].

AFM microscopy was performed on the DME 2329
DS 95-200 Dual Scope™ Probe Scanner. Within this
study, we used the non-contact mode of the AFM,
which is based on the observation that van der Waals
forces (of the magnitude of 1072 N) decrease the
resonance frequency of the cantilever. These forces
are strongest from 1 to 10 nm above the surface of the
sample. In oscillation mode, we detect the changes
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FIGURE 2. Scheme of the indentation with an indication of the depth at full loading and after unloading (reproduced

from [9]).

in the amplitude of the cantilever oscillation caused
by changes in the distance between the probe and the
sample. The topographic image is thus constructed
without any contamination or damage to the sample.

The size of the scanned raster was equal to
65 x 65 microns, and the scanning time was limited
to 2 minutes to avoid excessive heating of the device.
The vertical resolution (measurement range) was set
to 0.5 nm.

2.3. STATIC NANOINDENTATION

The static indentation method is widely used nowa-
days, and is a very popular experimental technique
for measuring the elastic stiffness and hardness on
various materials, usually metals, glass, ceramics and
thin coatings. This type of measurement can be per-
formed on a very small volume, so it is suitable for
investigating composite materials at microscale.

The principle is based on imprinting a micrometer-
sized diamond tip into the investigated material and
recording the loading force and the indentation depth.
In most of the measurements, the indentation depth
is of the order of hundreds of nanometers. Various
nanoindentation tips are available, e.g. spherical or
Berkovich tips, and several techniques are used to
ensure that the analysis also provides information
about the plastic hardening, the yield stress or the
viscosity of the material [23].

Standard processing of the measured data is
based on the assumption of a perfectly homogeneous
isotropic material in the volume affected by the in-
dentation, and the elastic and non-elastic material
parameters are usually derived from the nanoindenta-
tion data, using an analytic solution. When there are
distinct phases, however, the indentation results can
provide information about individual inclusions and
the interfaces between them. The pioneering work of
Hertz (1882) [24] dealt with the imprint of an elastic
tip in a homogeneous medium. Sneddon (1965) [25]
derived an analytical relationship between the loading
force, the depth of an imprint and the contact area
for individual indentation tips.

A typical output from nanoindentation measure-
ments consists of two elastic constants: the hardness
parameter and the elastic stiffness. The hardness pa-
rameter (H) is defined as the mean of the contact
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pressure at maximum loading force Pp,qy:

H = A (1)

where A is the contact indentation tip area.

During the loading process, the indented material
deforms both in the elastic range and in the plastic
range. The plastic response on the load-displacement
curve is eliminated during unloading, allowing the
user to determine the local material stiffness, known
as the reduced modulus F,. The value for the reduced
modulus can therefore be obtained from the unloading
part of the recorded force-displacement diagram from
the tangent (dP/dh)|p,,,., normalized by the contact

area:
J/mdP
E,=Y—.
2/ Adh

Knowing the stiffness of indenter tip Fj;, the true
indentation modulus of the measured material can be
expressed, using the Hertz solution for a contact of
two compliant bodies, as

2)

2
1—v;

1 71—1/2

E, E

3)

where v and v; are the values of the Poisson ratio rep-
resenting the tested material and the indenter, respec-
tively. The solution of Oliver and Phar [9], which is
most commonly used for an analysis of experimentally
obtained nanoindentation data, suggests a formula for
the contact depth in the following form:

Pz
hc:hmam_’s aP (4)

dh

with constant ¢ dependent on the indentation tip
geometry, e.g. € = 0.726 in the case of a Berkovich tip
and ¢ = 0.750 if a spherical tip is used. It should be
noted that if a non-symmetric tip is used, Equation
must be rendered by a geometric correction parameter
3, so that

J/mdP
E, =Y — .
28V Adh

For a Berkovich tip, the § parameter is established as
1.034.

()
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FIGURE 4. Microstructural hierarchy of wood tissues.

FIGURE 3. A dynamic model of the indenter and the
tested specimen (reproduced from [26]).

2.4. DYNAMIC NANOINDENTATION

The dynamic method (nanoDMA) assumes a dynamic
model of the indenter and the test sample with a sin-
gle degree of freedom. The model parameters include
indenter mass m, sample stiffness K, and damping
coefficient C, as well as the indenter stiffness and
damping coefficient K; and C;, respectively (see Fig-
ure [3)).

In addition, the damping coefficient, representing
the air gap in the displacement sensor C;, the contact
stiffness K, and the stiffness of the leaf spring hold-
ing the indenter shaft, K;, should also be taken into
account in the model. The frame stiffness is usually
large enough to be considered infinite.

When using the dynamic nanoDMA method, a dy-
namically applied harmonic force P(t) = Pjsinwt
with amplitude Py and frequency f = w/2m is super-
imposed on a quasi-static load P,,... The equation
of motion for the indenter tip can be expressed as

mh + Ch + Kh = Pysinwt. (6)

The solution to the above equation is a steady-state
displacement oscillation at the same frequency as the
excitation:

h = hgsin(wt — ¢), (7)

where hg is the deformation amplitude and ¢ repre-
sents the deformation phase shift with respect to the
excitation force. The amplitude and the phase shift
can be used to calculate the contact stiffness, using
the dynamic model described in Figure [3] assuming
the following formulas for the deformation amplitude
and the phase shift [26]:

VEs + K — mw?)?2 + ((C; + Cy)w)?’

Al )
K, + K; —mw?’
Knowing the stiffness and the damping of the sample,
the viscoelastic properties can be determined using
the values of the reduced storage modulus, E/. and the
loss modulus, E) to determine the ratio between the
loss and storage moduli, tand = E!'/E!, according to
the following formulas:

E/ _ KS ﬁ El/

ho

(®)

¢ = tan"!

wCs\/T

- , E'= 7 10

"= oV A (10)
1!

tand = % = Lfs, (11)

where A is the contact area obtained from the quasi-
static calibration for the particular contact depth.
The storage and loss moduli of the sample can be
determined using the same relationship as in Equa-
tion , which is used when interpreting the data
from quasi-static indentation. The storage modulus
depends on the elastic recovery of the sample, which
is expressed in terms of the recovered energy after one
loading cycle. The loss modulus corresponds to the
damping of the material, and depends on the time
delay between reaching the maximum force and the
maximum deformation. The ratio of the loss and
storage moduli (tand) is then related to the material
viscosity, independent of the contact area.

The instrumentation used in our study could com-
bine nanoDMA with the imaging capabilities of in-situ
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FIGURE 5. AFM images of an earlywood cross-section (left) and a latewood cross-section (right), 65 x 65 pm.

imaging, meaning that nanoDMA can be extended
to a larger area. During the monitoring process, the
system continuously records the storage and loss mod-
uli of the sample as a function of the position on the
measured surface. This raster measurement provides
information about the stiffness variation and the mor-
phology of the sample surface. This type of approach,
which extends the nanoDMA method, is referred to
as modulus mapping [27].

3. PREPARING THE SAMPLES

3.1. TESTED SAMPLES

The spruce wood samples used for the investigation
and for testing were extracted from a glue laminated
timber beam (GLT) composed of 30 x 200 mm lamellae
of length equal to 1.5 m. This wood must be dried to
a moisture content ranging between 8 % and 15 % in
order to prevent swelling and consequent cracking or
failure of the glue due to excessive water content. For
this purpose, the timber was artificially dried using
hot air drying kilns with controlled air humidity. After
reaching the required moisture, the timber lamellae
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were gradually cooled down and the timber beams
were stored in heated warehouses for several days.

3.2. SAMPLE PREPARATION

The samples of wood with a cross section of 10x 10 mm,
were cut in the required directions with respect to
the grain, and were sealed with Struers Epofix Kit
epoxy resin. After the resin had hardened, the samples
were sliced, ground, and polished with silica papers
to achieve the best possible quality of the sample
surface, going from grit of 800 grains/cm? to grit of
4000 grains/cm?. The whole grinding process was
carried out under water, using an electronic device.
Polishing was performed using an emulsion containing
0.25 micron nanodiamonds for 15 minutes. After each
step, the sample was cleaned in an ultrasonic bath of
distilled water.

4. RESULTS AND DISCUSSION
4.1. MICROSTRUCTURE

The microstructure of the samples was investigated
by means of optical microscopy, electron scanning
microscopy and AFM. The earlywood portion of an
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FIGURE 6. Matrix of indents in an earlywood cell wall, 18.55 x 18.55 pm (left) and in a latewood cell wall, 50 x 50 pm

(right).

FIGURE 7. Load-displacement diagram obtained by
nanoindentaiton on the cell wall of earlywood.

annual ring was 0.79 mm in thickness, and the late-
wood cells were arranged in a region 1.14 mm in thick-
ness. The visible microcracks within the samples had
formed due to the artificial drying applied in the initial
stage of GLT processing. The first method was accom-
plished using a NEOPHOT 21 microscope (Figure |4)
to acquire basic information about the microstructure.
AFM was used for the analysis in order to obtain a
detailed description of individual phases within the
cells of the spruce samples (Figure [5)).

Optical microscopy revealed a honeycomb-like struc-
ture of hexagonally-shaped tracheids with an average
size of 30 um (earlywood) or 41 pm (latewood) in the
tangential direction (T) with respect to the annual
rings, and an average size of 27 pm (earlywood) or
32 pm (latewood) in the radial direction (R). The wall
of the earlywood tracheids was significantly thinner,
as demonstrated in Figure 5, with a cell wall thickness
of about 2 pm (T) and 3pm (R), and a lumen of 18 pm
(R) and 17pm (T) to provide nutrient transport. The
latewood cells of significantly higher density and with

FiGUurE 8. Load-displacement diagram obtained by
nanoindentation on the cell wall of latewood.

thicker walls, 12pm (R) and 7pm (T), contained a
smaller lumen with an average size of 19 pm (R) and
13pm (T), in order to perform as a reinforcement
against the mechanical loading.

4.2. MICROMECHANICAL PROPERTIES

4.2.1. STATIC INDENTATION

Both the earlywood and the latewood wood cells were
indented in various cell regions, using a Berkovich
tip, in order to obtain a map of the micromechanical
properties. The standard indentation loading func-
tion was pursued, consisting of a constant loading
stage (5 seconds), a holding period (8 seconds) and an
unloading stage (5 seconds). The maximum loading
capacity of the indenter was 400 uN. Figure [6] shows
a 4 x 5 indentation matrix captured during in-situ
monitoring, using the Hysitron Tribolab® scanning
device. In order to prevent any interaction between
individual indents, their minimum spacing was set to
3 pm.
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FIGURE 9. Measured indentation modulus, with an
indication of the standard deviations.

FIGURE 10. Measured indentation hardness, with an
indication of the standard deviations.

FicURre 11. Topography, gradient, amplitude and phase shift, determined by DMA on a 16 x 16 pm earlywood

tracheid area.

FIGURE 12. Topography, gradient, amplitude and phase shift determined by DMA on a 16 x 16 pm latewood tracheid

area.

The chosen nanoindentation load-displacement dia-
grams, reaching minimum and maximum indentation
depth, are plotted in Figures [7] and [l The average
contact depth was equal to 270 nm for earlywood cells
and 222 nm for latewood cells. This depth is satisfac-
tory for the surface roughness (Figure [5)) and small
enough to prevent the influence of the limited wall
thickness (Figure @ The mean deviation of the sur-
face roughness of the tested samples was lower than
20 nm.

The Oliver and Pharr [9] method was used to eval-
uate the elastic parameters from the experimentally
obtained data. The mean values for indentation mod-
ulus and hardness with an indication of the standard
deviation are presented in Figures [0] and These
results are in agreement with the data published by
other authors [I0HI6).
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4.2.2. MICROMECHANACAL PROPERTIES —
NANODMA INDENTATION

For the modulus mapping method, the dynamic force
was harmonically superimposed (with amplitude 5N
and frequency 150Hz) on the nominal quasi-static
contact force 12uN. The measurements were per-
formed over an area of 16 x 16 pm. The amplitude
and the phase shift recorded in the raster obtained
from the DMA measurements are presented in Fig-
ures [TI] and [I2] which also document the morphology
of the sample. Since there was negligible viscosity,
as indicated by the relatively small magnitude of the
measured loss moduli, the values for the storage mod-
uli can be considered as the reduced elastic stiffness
modulus, obtained by means of a quasi-brittle nanoin-
dentation test.

Figures and [T4] present the storage modulus
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FIGURE 13. Earlywood storage modulus map, 16 x 16 pm (left) and a line-plot projection to a horizontal section:
SL — secondary wall, CML — composite middle lamella (right).

FIGURE 14. Latewood storage modulus map, 16 x 16 pm (left) and a line-plot projection to a horizontal section:
SL — secondary wall, CML — composite middle lamella (right).

Static indentation

DMA indentation

Indentation modulus [GPa] st. d. Indentation modulus [GPa] st. d.
Earlywood 10.2 0.9 10.4 14
Latewood 12.9 1.3 12.09 2.06

TABLE 2. Indentation modulus of tracheid walls; st. d. represents standard deviation of the measured data.

mapping, representing the earlywood and latewood
samples. It can be observed that the cell walls exhibit
greater elastic stiffness than the lumen area and the
composite middle lamella (the middle lamella and
the primary wall). However, the cell walls contain
significant local deviations. The mean indentation
modulus of the secondary cell wall tissue (denoted SL
in Figuresand was established as 10.44+1.4 GPa
for the earlywood tracheids, and 12.09 + 2.06 GPa for
the latewood tracheids. Irrespective of the tissue,
the composite middle lamella (denoted by CML in
Figures (13| and exhibited stiffness equal to 9.45 +
0.19 GPa.

4.3. DISCUSSION

All the results obtained by means of static indentation
and the modulus mapping method are summarized
in Table Pl The values seem reasonable for the effec-
tive properties of spruce wood, as published in the
literature [I0HIG]. Static indentation could not be per-
formed on the, middle lamella because of its limited
size.

The difference between the elastic stiffness of the
earlywood and latewood cell walls is attributed to
the different chemical composition and the angle of
the fibrils. The earlywood cells contain more lignin
and less cellulose, resulting in reduced elastic stiffness.
The same effect can also be observed for the middle
lamella, which contains twice as much lignin as the
latewood cell walls, and less than one third of the
amount of cellulose. Moreover, the fibrils are not
systematically arranged, so the stiffness of the middle
lamella is 2.64 GPa lower than the stiffness of the
latewood cell walls. The work of Gindl et al. [I4],
which focused on the micromechanical properties of
individual phases in the wood tissues, suggests that
lignin, which bonds to hemicellulose, does not have
any significant impact on the hardness parameter, and
influences only the elastic stiffness value. The minor
discrepancy between our quasi-static nanoindentation
results for the latewood cells and the results of other
authors may be due to the angle of the fibrils deposited
in the cell walls.

The influence of the orientation angle of the fibrils
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on the elastic stiffness was investigated by Jager et
al. [I8], who found a clear correlation between these
quantities. According to their equation describing the
relationship between the orientation of the fibrils and
the indentation modulus, the fibrils of earlywood cell
walls in our samples were oriented at an angle of 39.5°
and, in the case of latewood, at an angle of 23.5°.
These values are larger than we had expected on the
basis of a literature study, which had indicated angles
of about 10°. The large values may be due to defects
in the vicinity of the extracted samples, or due to the
way the samples were prepared.

According to Gindl et al. [I5], the compressed wood
defect increases the angle of the fibrils up to 50°, while
Wagner et al. [I7] found that polishing the samples
can also increase the angle.

5. CONCLUSION

The results of our study provide detailed information
about the morphology and the elastic stiffness of in-
dividual phases in wood from Norway spruce. The
quasi-static nanoindentation and dynamic modulus
mapping method have provided valuable data about
the distribution of stiffness within individual early-
wood and latewood cells. The data contributes to our
basic understanding of the wood microstructure, and
can also be efficiently used for analytical or numerical
homogenization and micromechanical modeling. On
the basis of our findings, it can be followed that:

e microcracking cannot be avoided if the wood is dried
using elevated temperatures exceeding 100 °C,

e the use of quasi-static nanoindentation and nan-
oDMA can provide detailed information about the
distribution of the elastic stiffness within a single
spruce tracheid,

e the indentation modulus of tracheid cell walls is
equal to 10.3 GPa for earlywood and 12.5 GPa for
latewood,

o the difference between the mechanical properties of
earlywood and latewood is caused by the different
chemical composition, by the lignin content at the
expense of cellulose, and by the different orientation
of the fibrils,

e the influence of fibrils and chemical composition
is clearly demonstrated in the case of the middle
lamella, which has an indentation modulus about
2.64 GPa lower than that for latewood cell walls,

e carlywood fibrils are inclined by about 39.5°, while
latewood fibrils are oriented at an angle of 23.5°.

Future research will be focused on an investigation
of the angle of the fibrils, using optical microscopy
and X-ray diffraction. The data will be correlated
with the elastic stiffness of the investigated phases,
and the knowledge that is acquired will be used for
upscaling the elastic stiffness using micromechanical
modeling [28]. The model will be validated with the
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use of macroscopic testing by means of the impulse
excitation method, which has been successfully ex-
ploited by Kuklik et al. [29] for investigating timber
elements.
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