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Abstract Wood is generally considered a linear orthotropic viscoelastic. The creep of cell
wall under long-term load is important for the deformation and destruction of wood. The aim
of this study was to investigate the difference of creep compliance between compound mid-
dle lamella (CML) and secondary S, layers by nanoindentation creep testing. The results
indicated that the creep compliance of cell wall under compression along grain increased
with the maximum load and loading rate increasing. Furthermore, the creep compliances
and creep compliance percentages of the CML layer were more than that of the secondary
S, layer, and the viscoelastic behavior of the CML layer also was more sensitive to MC com-
pared with the S, layer. Finally, the Burgers’ model was appropriate for predicting the vis-
coelastic behavior of wood cell walls. The parameters of Burgers’ model dropped markedly
with increased MC. These parameters in the CML layer also were lower than those of S,
layer. The differences of creep properties between the CML and S, layers can prove that the
slippage failure of cell wall under compression along grain occurs in the S, layer.

Keywords Wood - Creep compliance - Compound middle lamella (CML) - Secondary S,
layer

1 Introduction

Wood is extensively used in constructing structures and manufacturing products because
it is environmentally friendly. However, it exhibits a so-called creep behavior under long-
term loading due to its natural molecular structure and viscoelastic effect (Dinwoodie 1981;
Salmén and Burgert 2009). The creep behavior of wood is the main factor that decreases
the stiffness of wood construction under long-term loading and influences the quality of
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wood products. Many studies have also proven that the viscoelastic effect results in signifi-
cant viscoelastic material failure, especially by the process of crack growth (Hoffmeyer and
Davidson 1989; Dubois et al. 1998; Pitti et al. 2009).

Wood is a natural composite material with characteristic features at several hierarchical
levels (Salmén and Burgert 2009). At the molecular level, wood mainly consists of cellu-
lose, lignin, and hemicellulose. Elastic cellulose has almost no influence on the viscoelastic
matrix (Toba et al. 2013), but hemicellulose and lignin show much more viscous behavior
(Akerholm and Salmén 2003; Schiffmann 2013; Borst et al. 2013). At the cellular level, the
middle lamella (ML), as a bonded layer, connects two adjacent cell walls. The viscoelastic
properties of different layers of wood cell walls are different due to the differences of their
composite distributions and microfibril angles. Meng et al. (2015) reported the creep com-
pliance of the S, layer of wood cell wall at different moisture contents (MCs). However, the
viscoelastic properties of the ML or compound middle lamella (CML) layer were ignored.
This work focuses on the differences of viscoelastic properties between S, and CML layers
because it is important for the deformation and destruction of wood cell wall (Raghavan
et al. 2012).

Moisture content (MC) is another important factor affecting wood viscoelasticity (Jin
et al. 2016; Chassagne et al. 2005; Hering et al. 2012; Meng et al. 2015). The interaction be-
tween moisture changes and the mechanical behavior of wood remains a complicated issue,
which greatly influences durability of wood and wood products. Wood chemical composi-
tions and viscoelastic properties are important in explaining the reaction of this polymeric
tissue to moisture changes and under a sustained load (Chassagne et al. 2005). A previous
study suggested a linearly increasing viscoelastic compliance function with increasing MC
(Hering et al. 2012).

The creep compliance J(¢), as a significant parameter for the evaluation of material vis-
coelastic behavior, is strictly defined as the change in strain as a function time under the
instantaneous application of a constant stress, as stated in Eq. (1):

say=2 )
o

This parameter mainly represents material deformation change under long-term loading
and characterizes material time-dependent properties. For investigation of viscoelastic prop-
erties for material, a large number of macroscopic tests are available, which realize different
types of loading: linear extension or compression, shear, and torsion (Ferry 1980). However,
there are applications where these macroscopic tests cannot be applied in wood cell walls,
where the material is too thin to use conventional tests, and in the field of micro-systems
where additional lateral resolution is needed. For these applications, the nanoindentation
technique gives access to small lateral and vertical dimensions by highly resolved measure-
ments of load and displacement of a probe pressed into a surface. Nanoindentation has been
widely applied to research on creep and stress relation tests of materials (Li and Bhushan
2002; Zhang et al. 2006) and also to study wood creep behavior (Zhang et al. 2012; Meng
et al. 2015; Wang et al. 2016). The relative creep compliances with respect to time and stress
were revealed only for the S, layer of the wood cell wall (Zhang et al. 2012). The creep com-
pliance of the S, layer and its interrelation with chemical components was also investigated
based on a nanoindentation creep test (Zhang et al. 2012; Wang et al. 2016).

In the current study, nanoindentation was applied to test creep compliance of the wood
cell wall in order to analyze the viscoelasticity difference between CML and S, layers un-
der different maximum loads, loading rates and MCs. The effects of composite distribution
differences between CML and S, layers on cell wall viscoelasticity were investigated. The
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viscoelastic parameters of these two layers for different MCs also were calculated by the
Burgers model.

2 Materials and methods

2.1 Materials

The wood material studied was taken at breast height from the mature green wood of a
Pinus massoniana log (Pinus massoniana Lamb., annual rings 75 £ 5, basic density was
0.51 £ 0.01 g/cm®). The 45th growth ring of latewood was chosen to ensure accuracy of
indentation position (Fig. 1a). Test specimens were conditioned to different MCs by placing
them in sealed containers of saturated salt solutions. The nominal concentrations of the salt
solutions used were 33% (MgCl,), 76% (NaCl), and 93% (KNOs3). Absolutely dry wood
was obtained above dry P,Os in a vacuum desiccator. In most cases the specimens reached
steady weights after 6 to 8 weeks of conditioning to reach the actual MCs (Absolutely dry,
5.9%, 13.4%, 19.6%).

2.2 Methods
2.2.1 Nanoindentation creep test

All experiments were conducted using a Hysitron TI 950 nanoindentation instrument. For
the indentation a Berkovich diamond pyramid was used, with indentor tip radius of about
100 nm. In order to study the effect of maximum load and loading rate on creep compliance
of wood cell wall, the MC of test specimens was absolutely dry. The creep compliance test
was performed using the following maximum loads: 300 uN, 400 uN, and 500 uN; The
standard holding time for these tests was 50 s; however, loading times or unloading times
were varied at 5 s, 15 s, and 25 s, respectively. The indentation depths resulting from the
above loading parameters took into consideration both surface roughness effect (indentation
depth was more than 100 nm) and accuracy of CML layer indentation position (less than
300 nm, Fig. 1a). In order to study the effect of MC on creep compliance of wood cell wall,
the parameters of nanoindentation creep testing as follows: maximum load was 400 uN,
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holding time was 50 s, loading time and unloading time were 5 s. Inside the indentation
chamber, the relative humidity to which samples needed to be subjected was maintained
constantly and adjusted by using above-mentioned various saturated salt solutions and P,Os.
All saturated salt solutions were maintained at a constant laboratory temperature of 25 £+
2 °C. Samples were stored in the indentation chamber and exposed to the environment 24
hours before the indentation test. At least 35 points in an S, or a CML layer of each sample
were tested, and the creep compliance of S, or CML layer was obtained by averaging. The
nanoindentation load-displacement curves and indentation positions are plotted in Fig. 1b.

2.2.2 Rheological models during nanoindentation

Wood is generally considered a linear orthotropic viscoelastic under some conditions
(Schniewind and Barrett 1972). For the linear elastic properties, the relationship of stress-
train could be described by Hooke’s law:

o=E-¢ @)

Here E is the elastic modulus. On the other side, the viscous component is modeled as a
dashpot, which is analogous to the energy dissipation. The stress and strain rate relationship
can be expressed as follows:

de

o= 3)

in which 7 is the viscosity of a material and de/d¢ is the time derivative of the strain.
For a nanoindentation creep test, the stress is held constant, o = oy, so the creep compli-
ance J (¢) is defined by the following:
e(t)
Ity =— @)
[¢0]

The load P, contact area A and indentation depth /s are three important parameters in
nanoindentation. The tip used in all experiments was a pyramidal indenter (Berkovich tip).
Schiffmann (2006) has mentioned in his research that the representative stress is given by
o = P/A, and that the representative strain is defined by the following:

A7)
Jt)= —————— 5
®) 2(1 —v2)Pytan s )
v is the Poisson ratio, and § is the half opening angle of the indenter (71.15° in
Berkovich). The load P = P(0) was able to be obtained directly by the instrument. How-
ever, the contact area had to be calculated by the area function of the tip, which is described
by a polynomial:

A= Coh? + Cihe + Coh!* + C3hl* + C4hl/® + Csh /6 (©6)

Here C; is the tip constant according to tip area function of standard quartz sample, as shown
in Table 1 and 4. is the contact depth.

In the nanoindentation creep test, the holding load is constant and the contact area
changes with time. Thus, 4. is given by

he(t)=h(t) —0.75— @)

Py
S
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Table 1 The tip constants according to tip area function of standard quartz sample

Tip constant Co Cy x 10° Cy x 107 C3 x 107 Cy % 108 Cs x 108
Value 24.5000 —2.2592 2.4033 —2.9298 8.0796 —5.4589
Fig. 2 Schematic image of E,
four-parameter Burgers’ model
E N2
1
€3 I—O_)
o 4
€1 ‘ €2
LE]

where A(t) is the actual indentation depth during the holding period and Sy is the final
stiffness calculated from the unloading segment.

2.2.3 Burgers’ model

For the evaluation of different viscoelastic materials, Maxwell and Kelvin—Voigt models
have been developed to predict the deformation of materials. In our analysis, both the Burg-
ers model and generalized Maxwell model were applied to rationalize the experimental re-
sults and to investigate the wood cell wall. With reference to the Burgers model, a combi-
nation of Maxwell and a Kelvin element were taken into consideration with the schematic
diagram shown in Fig. 2. The relationship between stress o and deformation ¢ of such a
material is given by Eqgs. (8)—(10):

0+ p16 + pi16 =q1€ + @& (8

where 6, &, &, € are defined as the first and second time derivatives of stress and deformation
and can be expressed as

M2 m+n; n213 1n213
==+ ; = ; =1>; = = 9
E, Es P2 E\E, q1 =12 q2 £, 9

P1

where E;, E, are the spring constants and 7, 13 are viscosities in Fig. 2.
In a creep experiment the stress o = const., so the first and second derivatives of stress
are zero (6 = & = 0), and the differential Eq. (8) simplifies to

0 =qi1é&+qé (10

By applying this equation to Eq. (4), a solution can be written in the form of creep compli-
ance:

J(@)=Jo+ Jy -1+ |1 —exp(—t/70)] (11)
where Jy = KL, J1 = nl J = K%, 9 = 2—3, 7y is the retardation time, which describes the

retarded elastic deformation of the Kelvin model in the Burgers model, and it is an important
parameter that reflects the viscoelastic properties of a material.
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2.2.4 Confocal Raman microscopy (CRM)

Raman spectra were acquired with a LabRam Xplora confocal Raman microscope (Horiba
Jobin Yvon, Paris, France) equipped with a confocal microscope (BX51, Olympus, Japan)
and motorized scan stage. To achieve high spatial resolution, an MPlan 100x oil immer-
sion microscope objective (numerical aperture (NA) = 1.4, Olympus) and a laser in the
visible wavelength range (A = 532 nm) were used. The linearly polarized laser light was
focused with diffraction limited spot size of 0.611/NA onto samples and the Raman light
was detected with an air cooled back-illuminated CCD behind the spectrograph. The laser
power on the sample was ~ 8 mW. Chemical images were generated using a sum filter by
integrating over defined wavenumber layers in the spectrum. The filter used to calculate
the intensities within the chosen borders and the background was subtracted by taking the
baseline from the first to the second border. The latewood cell wall layer was selected for
Raman mapping at 0.4 um step size with an integration time of 0.2 s. The chemical images
enabled distinction between cell wall layers differing in cellulose and lignin with the color
scale bar based on variation in Raman intensity. Average spectra from these layers of interest
were extracted and baseline-corrected at 1800 cm™! and 2200 cm™' for detailed analysis.
For sample preparation, cross sections of 10 pm thickness were cut from the samples using
a rotary microtome (RM 2255, Leica, Germany). The cross sections were placed on glass
slides and wetted with deuterium oxide. To avoid evaporation and drying out during mea-
surements, the sections were covered with glass cover-slips (0.17 mm thickness) and sealed
with nail polish.

2.2.5 Atomic force microscope-infrared spectroscopy analysis (AFM-IR)

AFM-IR is a hybrid technique that combines the spatial resolution of atomic force mi-
croscopy (AFM) with the chemical analysis capability of infrared (IR) spectroscopy. This
technique can effectively distinguish different wall layers. A nanoIlR2™-FS instrument
(Anasys Instruments Corp., USA) was used to collect the spatially resolved IR spectra. The
horizontal resolution was 10 nm, and a line-scanning model was selected. The flat silicon
substrate with the sample was mounted on the sample stage of the AFM-IR instrument. Us-
ing an incident light micrograph as a guide, locations of the cell wall S, and CML layers
could be examined. The AFM-IR spectra were collected from 1000 to 1800 cm™'. AFM-IR
spectra were collected at secondary S, and CML layers. The spectra were baseline-corrected
at 1800 cm™!. Each spectrum of an S, or a CML layer was calculated from averages of 15
spectra of the same layer. Cross sections of 300 nm thickness were cut from the samples
using a rotary microtome (RM 2255, Leica, Germany) and diamond knife. The slice was
transferred onto a flat calcium fluoride (CaF) window with dimensions of 5 mm x 5 mm.

3 Results and discussion

3.1 The differences of wood chemical composites distribution between CML and
S layers

The Raman spectrogram shows cellulose and lignin distribution regularities within wall lay-
ers (Fig. 3). The characteristic band of lignin consists of the aromatic skeletal vibrations
close to 1600 cm~! (Agarwal 2019). The highest level of lignin concentration occurred in
the CML layer and the lowest level was found in the S, layers from the peak intensity at
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Fig. 3 CRM spectra (a) lignin distribution (/1600); (b) lignin/cellulose distribution (11600/12899); (¢) CRM
spectra between S; and CML layers; (d) the distributions of lignin, cellulose and lignin/cellulose in the
direction of wall thickness (Color figure online)

1600 cm~' (Fig. 3a and Fig. 3c). Similar findings were reported by previous studies (Ji
et al. 2014; Wang et al. 2014). The vibration bands of cellulose, specifically glucoside bond
at 380 cm™!, the C-H and C-H, stretchings at 2895-2902 cm~!, were monitored (Agar-
wal 2019). The highest concentration of cellulose was observed in the S, layer (Fig. 3c
and Fig. 3d). This is consistent with the wood cell wall structure that had been previ-
ously reported (Schmidt et al. 2009; Wang et al. 2014). Amorphous matrix relative pro-
portion (lignin/cellulose) changes within wall layers were consistent with lignin distribution
(Fig. 3b). Figure 4 illustrates a series of AFM-IR spectra (Fig. 4d) for secondary S, and
CML layer. The black IR spectra are recorded in the CML layer and the gray spectra in the
secondary S, layers (Fig. 4). The band at 1732 cm~' was indicative of the C=0 stretching
vibration in the acetyl group of hemicellulose (Marcott et al. 2014). The highest concen-
tration of xylan was observed in the CML layer (Fig. 4). The spatial distribution of lignin
was visualized based on the peak at 1596 cm~! and 1509 cm™' ascribed to the symmet-
ric stretching of the C=C bonds in the aromatic ring. The result indicated that the highest
concentration of lignin also was observed in the CML layer (Fig. 4).

3.2 The effect of maximum load and loading rate on creep compliance
Creep experiments conducted with a pyramid tip induced a load-dependent response but
also a loading-rate-dependent response. The creep compliance was calculated by Eqgs. (5)—

(7). This point in illustrated in Fig. 5 where J(¢) is shown for different maximum loads
(Fig. 5a) and loading rates (Fig. 5b). Increase of holding time induced an increase in J(¢),
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but this trend became slow with holding time increase because the material became stronger
with compression strain increase. As the maximum loads increase from 300 uN to 500 uN,
the creep compliances at the beginning of the holding period increased from 0.35 GPa™' to
0.42 GPa™! for the S, layer, and from 0.48 GPa™! to 0.56 GPa~! for CML layer (Fig. 5a).
This result indicated that load was the main cause of deformation. The creep compliance
percentage is defined as the compliance difference between the beginning and ending of the
holding period divided by the creep compliance at the beginning of holding (Meng et al.
2015). As the maximum loads increase from 300 puN to 500 pN, the creep compliance per-
centages of the S, layer were 25.71%, 28.21% and 23.81%; and for the CML layer the
percentages were 31.25%, 32.69%, and 22.22% (Fig. 5a). When the maximum load was
400 pN, the creep compliance percentage was the largest. The most likely reason for this is
that the 300 uN load produces smaller strain at the beginning of the holding period, but the
500 uN load produces hardening deformation.

The increase in loading rates from 12 uN/s to 60 puN/s, namely the decrease in loading
times from 25 s to 5 s, induced an increase in J () (Fig. 5b). For different loading ratios,
the creep compliances at the beginning of the holding period had no significant differences.
However, as loading ratios increase from 12 uN/s to 60 uN/s, the creep compliance per-
centages of the S, were 20.61%, 22.66% and 24.35%, respectively, and for the CML layer
were 16.07%, 21.14%, and 35.96% (Fig. 5b). This result indicated that the creep compliance
percentage increased with loading rates increase. Rapid loading to Py minimizes energy dis-
sipation through viscous mechanisms, while slow loading to P, enables concurrent elastic
and viscous responses prior to creep (Zhang et al. 2012).

3.3 The effect of MC on creep compliance

The experimental creep compliance of wood cell walls with different MCs is shown in Fig. 6.
The creep compliances of cell walls were increased with MCs ranging from absolutely dry
to 19.6%. The creep compliance of the S, layer at the onset of unloading increased from
0.38 GPa™! in the oven-dried condition to 0.52 GPa~! under 19.6% MC, and the creep
compliance of the CML layer increased from 0.54 GPa™' to 0.74 GPa™'. The creep com-
pliance percentages of the S, layer were 23.33%, 32.26%, 36.36% and 36.84% for different
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MCs samples, and the creep compliance percentage increased with MC increasing. Further-
more, the creep compliance percentages of the CML layer were 28.57%, 34.15%, 43.48%
and 42.31% for different MCs samples. In other words, the samples with higher MC de-
formed more when subjected to the constant load. In a wood polymer chain, the induction
of MC tends to increase the number of water molecules at the interface between amorphous
hemicellulose and crystal cellulose and to enlarge the inter-chain distance, which weakens
the structural continuity and reduces the resistance of the wood cell wall to creep (Meng
et al. 2015). The creep compliances and creep compliance percentages of the CML layer
under different MCs were more than that of the S, layer. This result indicated that the creep
behavior of the CML layer is more sensitive to MC than the S, layer.

The viscoelastic behavior of wood cell wall in terms of stress and strain can be described
by the four parameters Burgers model by means of the observed J(¢), which were obtained
by fitting the creep compliance curve to Eq. (10). The experimental creep compliance data
for the CML and S, layers, together with Burgers’ model, predicted creep compliance, as
shown in Fig. 7 (red dot dash line). The R? correlation coefficient was over 0.99 for all
samples, indicating that Burgers’ model was appropriate for predicting wood cell wall vis-
coelastic behavior. The four-parameter Burgers’ model is that the fitting parameters could
be interpreted physically as an instantaneous elastic deformation, followed by a viscoelastic
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Table 2 Elastic and viscosity coefficients from Burgers’ fit curves: spring constant, viscosity, and viscoelas-
ticity (maximum load: 400 uN; loading time: 5 s)

MC Absolutely dry 5.9% 14.3% 19.6%
CML S, CML S, CML S, CML S5

K| (GPa) 231 3.22 2.36 3.00 2.08 2.96 1.83 2.54

K, (GPa) 15.18 29.45 13.88 25.06 1208  20.30 11.04 19.24

np (GPa)  1250.00  1473.12  917.43  1251.58  480.77  917.43  436.68  617.28

13 (GPa) 196.40 113.90  59.98 83.35 59.83 7676 4486  54.65

deformation and viscous deformation. The parameters in Burgers’ model include the mod-
ulus of elasticity (E,), modulus of viscoelasticity (E,), and coefficient of viscosity (17, and
n3), as listed in Table 2. Apparently, the viscoelastic behavior of the CML layer is sensi-
tive to the MC compared with the S, layer. It was observed that in the moisture range of
the current study, elasticity, viscoelasticity, and viscosity parameters of wood cell wall were
decreased with MC increasing. When water entered into matrix and cellulose amorphous
layers, the distance between macromolecular chains increased, indicating that slippage be-
tween macromolecules increased under load. Thus, the ratio of wood viscosity to rheology
deformation (de/d¢) was larger, and viscosity coefficient (1,) was decreased (Meng et al.
2015; Cousins 1976, 1978). Furthermore, the absorption of matrix led to its size change and
to cellulose lateral elongation that increased axial strain (Pitti et al. 2009). Finally, water
easily enters cellulose amorphous layers and surfaces, leading to the decrease in cellulose
stiffness.

3.4 Creep compliance differences between the CML and S; layers

The creep compliances and creep compliance percentages of the CML layer were higher
than that of the S, layer in different maximum loads, loading rates and MCs (Fig. 5, Fig. 6).
The E,, E,, n;, and n, of the CML layer also were lower than that of the S, layer (Table 2).
The main reasons for this were that the highest level of lignin and hemicellulose concentra-
tion occurred in the CML layer; the highest level of cellulose was found in the S, layer and
microfibrils arrangement were parallel to the cell axis (Fig. 3, Fig. 4d). The measurements
indicated that lignin and hemicellulose showed much more viscosity behavior than did cel-
lulose (Akerholm and Salmén 2003). Brémaud et al. (2013) also found that an increased
lignin/cellulose ratio should result in an increased viscosity. Furthermore, the main ingredi-
ent of the primary wall is pectin, which has strong hydrophilicity and plasticity, and could
lead to much more viscosity. Additionally, the angle of the cellulose microfibrils to the lon-
gitudinal direction within the S, layer ranged from 10° to 30°, the stiffness of cellulose in the
longitudinal direction was greater. The increasing trend of the creep compliance percentages
of CML layer as MC increase was more than that of the S, layer. The viscoelastic behavior
of the CML layer is more sensitive to the MC compared with the S, layer, mainly because of
higher concentrations of hemicellulose in the CML layer. As a stress transmitter and weak
interface, it allows the adjacent secondary wall to incur a greater shear slip. When wood was
subjected to long-term compression stress parallel to grain, the creep deformation occurred
and led to the formation of slip planes in the cell wall S, layer (Hoffmeyer and Davidson
1989; Gong and Smith 2004).
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4 Conclusion

The creep compliance of cell wall under compression along grain increased with the maxi-
mum load and loading rate increasing. Furthermore, the creep compliances and creep com-
pliance percentages of the CML layer were more than that of the secondary S, layer layers
under all test conditions and MCs. Furthermore, Burgers’ model was appropriate for pre-
dicting the viscoelastic behavior of cell walls. The parameters of Burgers’ model dropped
markedly with increased MC. These parameters in the CML layer also were lower than those
of S, layer. When wood subjected to compression stress parallel to grain, the differences of
creep compliance between the CML and S, layers lead to stress concentration and slippage
failure of cell wall occurring in the S, layer.
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