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Abstract

Thermal modification is a well-established method to improve the dimensional
stability and the durability of wood for outdoor use. In this study, samples were
thermally treated at 160-220 °C for 1 h. The differences of viscoelastic properties
between the cell wall S, layer and compound middle lamella (CML) of thermally
treated wood were investigated by creep compliance testing and dynamic modulus
mapping of nanoindentation. The elastic parameters of the S, and CML, such as
reduced modulus and storage modulus, decrease and then increase as the treatment
temperature increases. By contrast, the loss moduli and loss factors of the two layers
decrease steadily as the treatment temperature increases. In addition, the creep com-
pliance results indicate that the S, layers of the untreated and treated samples exhibit
greater elasticity than does the CML, but the rheological characteristics of the CML
are more obvious. Finally, the loss modulus and loss factor of the S, layer are also
larger than those of the CML. The changes of viscoelastic properties of cell walls of
thermally treated wood are mainly related to hemicellulose degradation, the cross-
linkage structure between cellulose and matrix breakage, and cellulose microfibrils
arrangement.
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Introduction

As a lightweight renewable natural composite material, wood is widely used for
many purposes due to its high strength-to-weight ratio, excellent workability, and
aesthetic appeal. Its utilization is restricted, however, by its lack of dimensional
stability, low resistance to decay, and poor durability (Guo et al. 2015; Mastouri
et al. 2021). Among various techniques for overcoming these problems, thermal
treatment provides an efficient and ecofriendly strategy to improve the dimen-
sional stability and durability of wood (Esteves and Pereira 2009; Laine et al.
2016). The commercial production of thermally treated wood usually takes place
in the temperature range 160-240 °C (Hill 2006). The enhanced characteristics
of thermally treated wood contribute to its popularity for use in many outdoor
applications.

Changes in the mechanical properties (Bekhta and Niemz 2003; Windeisen
et al. 2009; Rautkari et al. 2014; Kacikova et al. 2013; Candelier et al. 2016),
physical properties (Ding and Li 2011), and chemical properties (Chen et al.
2018; Esteves et al. 2008; Rautkari et al. 2014) of thermally treated wood have
been extensively investigated. When being thermally treated, wood undergoes a
series of chemical transformations, including the degradation of hemicellulose,
cross-linking of lignin, and crystallization of cellulose (Chen et al. 2018; Esteves
et al. 2008; Rautkari et al. 2014). In addition, the cellulose of thermally treated
wood is degraded slightly in the secondary wall and compound middle lamella
(CML), especially in the cell corner regions, and f-aryl-ether links associated
with guaiacyl units of lignin are depolymerized followed by re-condensation
reactions (Yin et al. 2011, 2017). The effects of changes in chemical structure on
the mechanical properties of wood after thermal treatment have also been widely
studied (Ding and Li 2011).

Much of the current research is focused on finding out more about the mechan-
ical properties of thermally treated wood from the macro scale to the nanometer
scale (Guo et al. 2015; Li et al. 2017; Tjeerdsma and Militz 2005). It has been
found that compression strength and modulus of rupture decrease as exposure
duration and temperature increase (Yildiz et al. 2006). Treatment of wood at high
temperatures results in a reduction in toughness and an increase in brittleness
(Gong et al. 2010; Esteves and Pereira 2009).

Nanoindentation has been widely used to characterize the stiffness, hardness,
creep, and viscoelastic properties of thermally treated wood cell walls at the sub-
micrometer scale (Wang et al. 2014; Wu et al. 2019; Stanzl-Tschegg et al. 2009).
Xiang et al. (2021) and Xing et al. (2021) discussed the effect of thermal treat-
ment on creep of the S, layer of the cell wall by nanoindentation creep testing,
and demonstrated that both the creep ratio and maximum creep compliance of
thermally treated wood decreased. Viscoelastic deformation energies of the cell
wall S, layer also show a significant decrease with increasing temperature of ther-
mal treatment, which characterizes viscoelastic creep during the holding period
of the indentation test (Stanzl-Tschegg et al. 2009). Most of the previous studies
focused on the changes of the viscoelastic properties of the cell wall S, layer of
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thermally treated wood, with differences between layers of cell wall, especially
the S, and CML, being largely ignored. Although the CML is weaker than the
S, layer, it provides an important set of interfaces in wood, strongly affecting the
wood’s plastic and creep deformations (Barthelat et al. 2016). Furthermore, the
mechanisms of viscoelastic changes after thermal treatment between the S, and
CML are also different because of their differences in chemical composition.

The objective of this study is to evaluate the differences in the viscoelastic prop-
erties of the S, and CML of thermally treated wood. Creep tests and dynamic modu-
lus mapping of nanoindentation conducted in this study should help to further eluci-
date the differences of viscoelastic parameters between the S, and CML of thermally
treated wood. Furthermore, clarifying the influence of thermal treatment on the vis-
coelastic properties of these layers may also be interesting for further understanding
viscoelasticity of thermally treated wood at the cellular scale.

Materials and methods
Materials

A quarter-sawn board of spruce wood (Picea asperata Mast.) was acquired from
Shanghai Chengjia Wood Industry Co., LTD, China. A board with dimensions of
350 mm X 200 mm X 20 mm (longitudinal X tangential X radial) was prepared for the
experiments. The board was arbitrarily divided into three specimens. The average
moisture content of the sample was 13.9% and its basic density was 0.41 g/cm®.

Methods
Thermal treatment

Specimens were treated thermally in a vacuum vessel equipped with two metal heat-
ing plates for 1-h successive periods at 160, 180, 200, and 220 °C, as described in
a previous study (Wang et al. 2022). First, specimens were clamped between two
metal heating plates. Then, residual gas was removed from the vessel by pulling a
vacuum of -0.9 MPa for 1 h. The two metal heating plates were heated to the prede-
termined temperature at a heating rate of 30 °C/min. Then, the specimen was held
for about 15 min to allow its center temperature to reach the heating-plate tempera-
ture. Treatment time was set to be 1 h. Finally, the vacuum was released, and the
specimens were taken out.

Chemical constituents
The untreated and treated wood specimens were ground into powders with particle

sizes between 40 and 60 mesh using a Wiley mill. The holocellulose content was
measured following the GB/T 747-2003 standard method, and the cellulose content
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was determined from the o-cellulose content according to the GB/T 744-1979
standard method. The hemicelluloses content was calculated using the difference
between holocellulose and a-cellulose. Three replicates were performed for each

group.

XRD measurements

The untreated and treated wood samples were milled to fine powders and passed
through a 60-mesh screen. The XRD patterns of the samples were measured using
an X-ray diffractometer (D8 Advance, BRUKER, Germany), with Ni-filtered CuKa
radiation (A=0.154 nm) at 40 kV and 40 mA. The reflection intensity was recorded
through a scanning-angle (20) range of 5° to 45° at a scanning speed of 1°/min.
The background was subtracted, and peaks were resolved using PeakFitR (Sea-Solve
Software Inc., Richmond, CA, USA). The crystallinity index (CI), or relative crys-
tallinity, was calculated by the Turley method, as follows:

Ia

I —
CI = 22— % 100% 1)
002

where [, is the maximum intensity at the diffraction angle of the 002 plane and 7,
is the minimum intensity corresponding to the amorphous cellulose fraction. The
crystal dimension Dy, was evaluated using the Scherrer equation,

Dy = —— 2)

where K is the Scherrer constant (K=0.9), 1 is the X-ray wavelength, f3,, is the peak
full-width-at-half maximum intensity (FWHM =2°), and 6 is the diffraction angle.

Viscoelastic properties

Creep tests using nanoindentation technology combined with the Burger model pro-
vide a method for studying the elasticity, viscoelasticity, and viscosity of wood cell
walls (Meng et al. 2015; Wang et al. 2019). For nanoindentation creep tests, the
holding segment of the load-depth curve was analyzed, and the creep compliance
J(t) was defined as

At

10 = =) pytand G

where v is Poisson’s ratio of the cell wall (z=0.21), ¢ is the half-open angle of the
indenter, and P, is the holding load. The contact area A(¢) is strongly related to the
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indentation depth and is calculated by the area function of the tip, as described in a
previous study (Wang et al. 2019).

The Burger model has previously been applied to rationalize experimental
results and to investigate the wood cell wall (Meng et al. 2015; Wang et al. 2019).
With reference to the Burger model, a combination of a Maxwell and a Kelvin
element was used, as indicated in the schematic diagram shown in Fig. 1. An
equation of creep compliance can be written as:

where J, = Kil J, = n_ll J, = Kiz and 7, = Z—i.ro is the retardation time, which

describes the retarded elastic deformation of the Kelvin model in the Burger
model and reflects the viscoelastic properties of wood cell walls.

The creep compliance test was conducted using a nanoindentation instrument
with a Berkovich diamond pyramid tip (TT 950 Triboindenter, Hysitron. Inc., tip
angle= 142.30). Prior to the indentation test, samples were stored in the indenta-
tion chamber and equilibrated for 24 h at 21 °C and 65 +4% relative humidity. A
load function of 5 s—50 s—5 s (loading, holding, and unloading) with a maximum
load of 100 pN was used for the measurements. The creep compliances of the S,
and CML layers were measured and calculated using Eq. (3) (see Fig. 1). Then,
using Eq. (4), nonlinear curve fitting was used to analyze the creep compliance
data with Origin 8.5 software; the correlation coefficient R? was found to be more
than 0.99. Finally, the elastic, viscoelastic, and viscosity parameters of the treated
wood cell walls were obtained. In addition, the reduced modulus and hardness
were calculated from the unloading segment (Fig. 1). To ensure the reliability of
the experimental results, at least 25 indentation measurements were conducted
for each group of samples.
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Fig. 1 Load-depth curve obtained from nanoindentation tests and Burger model
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Dynamic viscoelastic properties

The dynamic viscoelastic properties of the thermally treated wood cell walls were
examined using dynamic modulus mapping from nanoindentation (TI 950 Triboin-
denter, Hysitron, Inc.). To reduce the effect of roughness on modulus measurements,
the surface roughness was reduced to 10 nm or less by using new diamonds dur-
ing the cutting process. The cross-sectional area (10 pm X 10 pm) of the tangential
double walls of the treated latewood was chosen as the region of interest. While
scanning the sample surface, an appropriate dynamic force, sensitivity, and time
constant were chosen in the lock-in control window to obtain an amplitude plot of
about 0.90-1.20 nm. The frequency of the oscillation applied to the probe during
imaging was 200 Hz, and the dynamic force was 0.4 puN. The sensitivity was 50 mV
and the time constant 3 ms. The tip radius was calibrated by the reduced modulus
of nanoindentation during the modulus analysis. The complex modulus (CM), stor-
age modulus (SM), and loss modulus (LM) mapping images of the cell walls of the
treated wood were obtained.

Results and discussion
Chemical constituents

The results for the chemical constituents of the thermally treated samples are shown
in Table 1. The hemicellulose began to degrade at 160 °C, consistent with the results
of Li et al. (2017). One-factor ANOVA was used to investigate the statistical signifi-
cance of the relative chemical compositions as a function of temperature (Table 1).
The results indicate that the hemicellulose is significantly degraded with higher-tem-
perature treatment, but for the cellulose almost no degradation occurred. The main
reason is that cellulose has better thermal stability than hemicellulose (Shen et al.
2010). Finally, the degradation of hemicellulose after thermal treatment led to sig-
nificant increase in the relative content of lignin. Similar results have been reported
by others (Tiimen et al. 2010).

Table 1 Chemical constituents, crystallinity (CI), and crystallization width (D) of thermally treated
wood

Samples Lignin (%) Cellulose (%) Hemicellulose (%) CI (%) D, (nm)

Untreated  21.65° (0.31)  43.65%(0.29)  24.74" (0.45) 48.32P (0.32) 2.79P (0.02)
160 °C 22.70° (0.12)  43.89%(0.59)  21.66° (0.34) 49.48€ (0.06) 2.83¢(0.01)
180 °C 22.77° (0.88)  43.68%0.11) 21.18€ (0.23) 52.548 (0.19) 2.90% (0.02)
200 °C 23.558 (0.07)  43.474(0.19)  20.69° (0.30) 53.96" (1.08) 2.95% (0.03)
220 °C 24974 (0.13)  42.98(0.77)  18.41%(0.64) 532748 (0.70)  2.97%(0.02)

Superscripts A, B, C, D denote analysis of variance, where the same letter indicates no statistically sig-
nificant difference between different treatment temperatures at a significance level of 5%
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Cellulose crystalline structure

XRD patterns of the untreated and treated samples are shown in Fig. 2. After
thermal treatment, there was a significant increase in the intensity of the (200)
reflection, especially in the 180-200 °C treated samples. However, the inten-
sity for the 220 °C treated sample is less than that of the 200 °C treated wood.
Interestingly, the (004) reflection shows no difference between the untreated and
treated woods, suggesting that the cellulose molecular chains remained largely
unaffected by the 160-220 °C temperatures.

As shown in Table 1, the crystallinity and crystal width of thermally treated
samples are greater than those of untreated samples. In addition, the CI values
of samples at 160-200 °C increased from 49.48% to 53.96%, which is similar to
variations in the CI after heating in air or nitrogen (Kubojima et al. 1998). The
ANOVA analysis results show that thermal treatment at 160-200 °C has a clear
influence on the CI at a significance level of 5%. The main reasons for this are
hemicellulose degradation and the rearrangement of amorphous cellulose mol-
ecules (Hori and Wada 2005; Xing et al. 2016; Yin et al. 2017). Moreover, there
was a slight decrease in the crystallinity at 220 °C, but it was not a meaningful
difference from the value at 200 °C at a significance level of 5%. Furthermore,
the crystallite thickness (D,,) of the untreated wood was 2.77 nm, and the val-
ues of the thermally treated samples at 160-220 °C increased from 2.83 nm to
2.97 nm. The ANOVA analysis shows that the treatment temperature has an influ-
ence on the cellulose crystallite dimensions at a significance level of 5%, which is
in agreement with the results of Wang et al. (2018).
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Fig.2 X-ray diffraction patterns of thermally treated and untreated samples
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Reduced modulus of cell wall layers

The basic evaluation of nanoindentation creep tests reveals that the reduced modu-
lus of cell walls is dependent on the thermal treatment temperature (Fig. 3). For
both untreated and treated samples, the reduced modulus of the S, layer was more
than that of the CML. The main reasons for this are that the highest level of lignin
concentration occurs in the CML, while the highest level of cellulose is found in
the S, layer, and the cellulose microfibril arrangement in this layer is parallel to
the cell axis (Wang et al. 2019). Furthermore, the thermal treatment at 160—180 °C
led to a decrease in the cell wall modulus, which is in accordance with correspond-
ing softwood data described by Xing et al. (2016). For the 160 °C treated sample,
the reduced moduli of the S, and CML layers slightly decreased, the amounts of
decrease being 4.4% and 7.1%, respectively. However, this effect is not very signifi-
cant in view of the large scattering of data relative to the untreated sample (Fig. 3).
For the 180 °C treated sample, the elastic parameter E, of the S, and CML layers
significantly decreased, by 15.6% and 11.6%, respectively. The hemicellulose deg-
radation was a cause of the slight decrease in the indentation modulus. The main
reason was that the hemicellulose crosslinked on the surface of the microfibrils and
improved the stiffness of the cell wall (Berglund et al. 2020; Wang et al. 2022).
Another likely reason is that the morphological changes in cell walls caused by ther-
mal treatment, such as the cleavage of acetyl groups of the hemicellulose, the forma-
tion of carbonic acids (Tuong and Li 2010), and the recondensation of the lignin
(Nguila Inari et al. 2007) dramatically affect the nanomechanical properties of the
cell walls.

However, as the treatment temperature is increased from 180 °C to 220 °C, the
reduced modulus of the cell wall increases again (Fig. 3). For example, the modulus
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24 ] —a—S, —e—CML

22 1 -

Reduced modulus (GPa)
o)
1

ST S S T
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Fig. 3 Dependence of the reduced modulus of the S, and CML layers on the treatment temperature
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of the S, layer increased from 18.45 to 20.41 GPa, consistent with previous results
for thermally treated wood at 180-210 °C under N, conditions (Xing et al. 2020);
and the modulus of the CML increased from 7.47 to 8.01 GPa. The modulus is
affected by several factors, such as the cellulose microfibril angle, crystallinity, and
the cellulose, lignin, and hemicellulose components of the cell walls. Although
the hemicellulose at a treatment temperature of 200 °C was further degraded, the
crystallinity of the cell wall increased. Hence, the crystallinity contributes to the
modulus of the cell wall. Furthermore, in an earlier study (Wang et al. 2022), the
microfibril angle significantly decreased at a treatment temperature of 220 °C, which
increased the modulus of the S, layer. This indicates that the modulus of the S, layer
after 220 °C treatment was increased by 10.6%, and was more than that of the CML
(7.2%).

Viscoelastic properties of cell walls

The investigation of creep behavior was limited to 50 s of constant loading force,
and J(t) creep compliances were determined by means of the indentation holding
section data. The experimental creep compliances of the S, and CML layers after
thermal treatment are illustrated in Fig. 4. For both the treated and untreated sam-
ples, the creep compliances of the S, (Panel A) and CML (Panel B) increased as the
holding times increased. For comparing the data (Fig. 5), the average creep compli-
ance is defined as the area under the creep compliance curve divided by the holding
time. The average creep compliance of both layers increases as the treatment tem-
perature increases from 160 to 180 °C, and then decreases as the treatment tempera-
ture increases further. The microfibril angle, linkage of lignin, and activation energy
are the main factors for the creep behavior of wood cell walls (Gril et al. 2004).
With increasing temperature, the hemicellulose first degrades for higher activation
energy, which makes the shear slip between cellulose and matrix easier (Jin et al.
2015). The loss of hemicellulose and cross-linkage of lignin aggravates creep of
thermally treated samples. However, an earlier study shows that thermal treatment
from 200 °C to 220 °C can also lead to reorientation of cellulose microfibrils along
the fiber axis (Wang et al. 2022). This reorientation behavior causes the viscous flow
and creep behavior of cell walls to decrease.

The slope of the creep compliance curve is the time rate of change of creep, as
illustrated in the Supplemental Material (Fig. 1S). The creep rate of the S, layer
during the first 5 s of holding time is more than that of the CML; after 5 s, the creep
rates for both tests tend toward constancy (Fig. 1S). Furthermore, the average creep
compliances of the CMLs for all samples, treated and untreated, are more than those
of the S, layers (Fig. 5). The main reason is that the highest level of lignin con-
centration occurs in the CML. The viscoelastic behavior is mediated by the lignin,
which may entangle and disentangle in the shearing process (/&kerholm and Salmén
2003). For the S, layer, the cellulose microfibrils are arranged parallel to the cell
axis, leading to a decrease in creep in the S, layer (Xing et al. 2016).

The rheological representation of the proposed Burger model is drawn in Fig. 1,
with a Maxwell element and a Kelvin element. The Maxwell element is represented
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Fig.4 Creep compliance of thermally treated wood cell walls (a: S,; b: CML)

by a spring of rigidity E, in series with a parabolic dashpot, characterized by #,. The
Kelvin element is represented by a spring of rigidity E, in parallel with a dashpot
(n,). The two elements are arranged in parallel with respect to the fiber direction.
The experimental creep compliance data, together with the Burger model, predicts
important viscoelasticity parameters. The correlation coefficient (R*) was over 0.99
for all samples, indicating that the Burger model is appropriate for predicting the
viscoelastic behavior of wood cell walls, as shown in Fig. 2S in Supplementary
Material. In the Burger model, the fitting parameters can be physically interpreted as
instantaneous elastic deformation followed by viscoelastic deformation and viscous
deformation. The parameters in the Burger model are listed in Table 2.
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Fig.5 Average creep compliance of thermally treated wood cell wall S, and CML layers

The stiffness parameter (K;) of the S, layers for the untreated and treated samples
are greater than those of the CML, and the variation of this parameter with thermal
treatment temperature is similar to that of the reduced modulus measured by the
nanoindentation test. Moreover, when the stress is constant, the higher the viscosity
coefficient (1) the lower the rheology deformation rate de/dt (Meng et al. 2015). Hence,
the viscosity coefficient (1);) in the Maxwell element of the S, or CML decreases as the
thermal treatment temperature increases from 160 °C to 180 °C, indicating an increase
in the rate of rheology deformation of thermally treated wood cell walls. The main rea-
sons are that the hemicellulose degradation and the broken cross-linkage between cel-
lulose and matrix lead readily to shear slip between microfibrils. Finally, the reorienta-
tion of the microfibrils’ long fiber axis by thermal treatment, particularly at 220 °C
(Wang et al. 2022), causes 1, to increase, but the rheology deformation rate to decrease.
Finally, according to the data in Table 2, the changes of the parameters of the S, and
CML layers in the Kelvin element at treatment temperatures are complex.

Dynamic viscoelastic properties

To further study the differences of viscoelastic properties of the S, and CML, modulus
mapping of nanoindentation was used to test CM, SM, and LM of cell walls in a man-
ner similar to the approach in earlier studies (Qin et al. 2018; Wang et al. 2019). The
complex modulus is given as:

E=E +iE" 5)
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where, E’' and E"” are the SM and LM, respectively, and are related to the phase and
amplitude.

The moduli CM, SM, and LM of the untreated and treated samples are displayed
as a map in Fig. 6. In this map, quantitative values are indicated by different colors.
It is evident that the S, layer exhibits greater modulus than the CML. Furthermore,
there is an obvious transition zone between the S, and CML layers, which is related
to the secondary wall S, layer. It is also interesting that the storage modulus across
the thickness of the secondary walls clearly illustrated the gradient distribution near
the S, and S, layers, showing a tendency of decrease from S, to S; (Fig. 6).

To further evaluate the effect of thermal treatment on storage and loss moduli
of wood cell walls, the average E’, E and loss factor (tan 8=E" /E’) of the S, and
CML layers were calculated from mapping images (Fig. 7). As shown in Fig. 7a,
the CM of both the S, and CML layers decrease and then increase as the treatment
temperature increases, with minima at 180 °C. The variation tendency of the CM is
similar to the reduced modulus and creep compliance of the nanoindentation tests,
which also relates to the hemicellulose degradation, cross-linkage breakage, and
microfibrils reorientation.

The loss modulus E’ of wood is part of the viscous response and generally repre-
sents the dissipated energy. The loss moduli and loss factors of the S, and CML layers
decrease as the thermal treatment temperature increases (Fig. 7b, c). The reason for
this is that the connections between hemicellulose, lignin, and cellulose are destroyed
at the elevated temperature, and the number of junction points between hemicellulose
and cellulose is reduced, which means that the wood cell walls have higher mobility
of molecular chains (Wang et al. 2021). This also leads to a decrease in the dissipa-
tion energy of interlamellar slip of macromolecules. Moreover, the viscosity of lignin
is more prominent than that of polysaccharides (Akerholm and Salmén 2013). Previ-
ous studies have revealed that condensation between lignin fragments can occur during

_ Untreated

Ty ey e

Fig.6 CM, SM, and LM images for modulus mapping
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Fig.7 Dependence of a SM, b LM, and c loss factor on thermal treatment temperature for the S, and

CML layers
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heat treatment (Kim et al. 2014). The condensation reaction of lignin also leads to a
decrease in its viscosity.

Comparing the data in Fig. 7 shows that the SM, LM, and loss factor of the S, layer
are larger than those of the CML. The SM difference between the S, and CML layers
results from the higher cellulose and smaller microfibril angle in the S, layer. In addi-
tion, the ordered arrangement of cellulose microfibrils in the S, layer means that the
cell wall has stable structures with lower mobility of molecular chains. This leads to an
obvious viscous response and dissipated energy of the S, layer in viscoelastic deforma-
tion. So the LM and loss factor of the S, layer are also greater than those of the CML.

Conclusion

The differences in viscoelastic properties between the cell wall S, and CML layers of
thermally treated wood at 160-220 °C were evaluated by creep testing and dynamic
modulus mapping of nanoindentation. The elastic parameters of cell walls, such as the
reduced modulus K, of the Burger model and the storage modulus decrease and then
increase as the treatment temperature increases, with minima occurring at 180 °C.
The loss moduli and loss factors of the S, and CML layers decrease as the treatment
temperature increases. The changes of viscoelastic properties with thermal treatment
are related mainly to hemicellulose degradation, cross-linkage breakage, and cel-
lulose microfibrils arrangement. In addition, creep compliance results indicate that
the S, layer of the untreated and treated samples exhibited greater elasticity than
the CML, although the rheological characteristics of the latter are more obvious.
Finally, the loss modulus and loss factor of the S, layer were also both larger than
those of the CML.
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