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Abstract
Thermal treatment can improve the dimensional stability of wood, but it also decreases wood’s stiffness
and increases its brittleness. In this paper, combining FTIR spectroscopy and mechanical analysis was
used to in-situ study the molecular-level responses to stresses and analyze mechanical interactions
among components in thermally-treated wood. For both untreated and treated woods, the cellulose was
the longitudinal tensile load-bearing component of wood, but the lignin participated in the load transfer in
the �ber direction. Moreover, the FTIR results indicated that hemicellulose degradation, as the interface
between cellulose and lignin, decreased shear slipping between micro�brils. The interfacial material
degradation also caused the wood’s stiffness and mechanical responses of the matrix along the cell
transverse direction decrease. Upon increasing the heat treatment intensity, the cellulose micro�brils
rearranged along the cell axis, resulting in the ability of the cell wall to resist deformation and the wood’s
stiffness being increased.

1. Introduction
Due to increased focus on energy conservation and pollution reduction, wooden materials are widely
used in various �elds because wood is a renewable resource with an exceptional strength-to-weight ratio;
however, the utilization of wooden materials during outdoor service is restricted by their lack of
dimensional stability, low resistance to decay, and poor durability (Guo et al., 2015; Mastouri et al., 2021).
Many wood modi�cation technologies have rapidly advanced, including chemical, thermal, and other
treatment processes (Hill 2006).

Thermal modi�cation between 160 ℃ and 240 ℃ has been used to improve the dimensional stability
and microbial resistance of wood (Sandberg et al., 2013; Hill et al., 2021), but several undesirable
changes also occur which, depending upon the treatment intensity, can cause losses in both strength and
stiffness (Bekhta and Niemz 2003; Windeisen et al., 2009; Rautkari and Hill 2014; Candelier et al., 2016).
Changes in the chemical structure of wood are also aggravated due to thermal treatment, which can
increase its brittleness and decrease its toughness (Hughes et al., 2015). Thus, thermal treatment
changes the natural advantages of wood, i.e., its high strength and toughness (Barthelat et al., 2016;
Berglund et al., 2020). A key point in the wood thermal modi�cation �eld is how to characterize changes
in the mechanical properties of thermally-treated wood at the molecular level.

Previous studies have clearly shown that thermal treatment causes massive chemical structure changes
in wood polymers. The hemicelluloses and amorphous regions of cellulose are more susceptible to
thermal degradation, which increases wood’s crystallinity and dimensional stability (Hill et al., 2021; Alén
et al., 2002; Lin et al., 2018; Yin et al., 2017). In addition, cellulose crystallite dimensions signi�cantly
increased after thermal treatment due to the rearrangement of adjacent cellulose chains (Inagaki et al.,
2010; Guo et al., 2016). 13C CPMAS NMR spectroscopy was used to show that in softwood lignin, the
methoxyl group content decreased, leading to a more condensed lignin structure (Wikberg and Maunu
2004). The increased wood polymer interaction due to the heat treatment was most likely caused by
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cross-linkages being formed between the different components of the cellulose, lignin and xylan moieties
(Salmén et al., 2008); however, there is no direct evidence for determining how these chemical structural
changes affect the mechanical properties of thermally-treated wood.

Combining FTIR spectroscopy and mechanical analysis is important method for obtaining information
on the internal structure of wood polymers, such as ploymer orientation (Salmén and Bergstrm 2009),
interaction between wood ploymers (Åkerholm and Salmén 2001; Hofstetter et al., 2006). Furthermore, the
technology also provides an in situ method to study molecular-level responses to stresses and analyze
mechanical interactions among components in wood-based materials (Hinterstoisser et al., 2003; Salmén
et al., 2016; Peng et al., 2019; Stevanic and Salmén 2020). In this paper, to elucidate the in�uence of the
thermal treatment on the chemical structure and mechanical properties of wood, thermal treatment was
conducted at different temperatures. Static tension and dynamic FTIR spectra were used to investigate
the effects of chemical structure changes on the mechanical properties of thermally-treated wood at the
molecular scale.

2. Materials And Methods
2.1 Materials

Spruce wood (Picea asperata, about 31 growth rings) was obtained from Shanghai province, China.
Wood specimens with dimensions of 35 cm × 2 cm × 20 cm in the longitudinal (L), radial (R), and
tangential (T) directions were prepared. All specimens were oven-dried at 65 °C for 48 h and then at 103
°C for 24 h, and were then divided into six groups. Their average density was 0.41 g/cm3.

2.2 Methods

2.2.1 Thermal treatment processing

Thermal treatments were conducted in a vacuum vessel equipped with two metal heating plates. First, the
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. Then, the two metal heating plates were heated to a
predetermined temperature and held for 1 h. The temperature of the metal plates was set to 160 ℃, 180
℃, 200 ℃, and 220 ℃, respectively. Finally, the vacuum was unloaded, and the specimens were taken
out.

2.2.2 Chemical composition analysis

Chemical composition analysis was performed according to a previous research method (Wang et al.,
2014). The untreated and treated samples were mashed to a length of 0.18–0.25 cm. Holocellulose
analysis was performed according to Wises’s sodium chlorite method, cellulose was determined by
Kürschner-Hoffner’s nitric acid method, and the lignin content was determined by acid-insoluble Klason
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lignin. The hemicelluloses content was determined by subtracting the cellulose content from the
holocellulose content. All percentages of chemical constituents were averages of three replicates.

2.2.3 X-ray diffraction measurements

The untreated and treated samples were ground using an ordinary mill (Speed was 32000 revolutions per
minute) and sieved using a steel sieves (60 mesh). The samples of 0.5 mm in thickness and 7 mm in
diameter were formed from 0.05 g of the sieved powder by pressing in a mold under 10kN. Three samples
were formed for each treatment condition. The XRD patterns of the samples were measured using an X-
ray diffractometer re�ection mode (D8 Advance, BRUKER, Germany), with Ni-�ltered CuKα radiation (λ=
0.154 nm) at 40 kV and 40 mA. The re�ection intensity was recorded through the scanning angle (2θ)
range of 5–45° at a scanning speed of 1°/min, as shown in FigS.1 (Supplementary materials Figure 1).
Peaks in diffraction intensity cure were resolved using PeakFitR (Sea-Solve Software, Inc., Richmond, CA).
The crystallinity index (CI) was calculated by the Segal method (Segal et al. 1959) and the following
equation:

where I200 is the maximum re�ection intensity of the cellulose (200) peak, and Iam is the minimum
re�ection intensity near the 2θ angle of 18.5°.

The crystal width is de�ned as the average thickness of cellulose crystallites perpendicular to the
cellulose (200) plane (D200). Based on the Scherrer equation (Alexander 1969), D200 was calculated by the
following equation:

where K is the Scherrer constant (K = 0.9), λ is the wavelength of the X-rays (0.1542 nm), and β1/2 is the
half bandwidth (full width at half maximum, FWHM) of the (200) peak in radians, and θ200 is the Bragg
angle for the (200) plane.

The micro�bril angles (MFA) of thermally-treated wood samples were measured using an X-ray
diffractometer transmission mode (D8 Advance, BRUKER, Germany). The samples with dimensions of 20
mm × 10 mm × 1 mm in the L, T, and R directions were �xed with double-side tape in a platform holder,
with the direction of the zero scale of the platform holder parallel to the sample �ber axis. The platform
rotated 360° at a rate of 0.5°/step. In the test, the incident light was perpendicular to the sample chord
plane, exhibiting an angle 2θ with the receiving light. Of particular note, the relationship between (200)
re�ections and the azimuth angle could be measured when the setting diffraction angle 2θ was 22.1°.
Subsequently, diffraction curves were �tted by GaussAmp bimodal functions (Hu et al. 2017) and the T-
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method average MFA values was calculated by utilizing the well-established 0.6 T method (Cave 1966),
as shown in FigS.2 (Supplementary materials Figure 2).

2.2.4 Static-loading FTIR and Dynamic FTIR spectroscopies

Static tension and dynamic Fourier-transform infrared (FTIR) spectra were recorded on a VERTEX 70
spectrometer combined with a polymer stretcher kit (A555/Z, Bruker, Ettlingen, Germany). The samples
used in the static tension and dynamic FTIR experiments were cut into dimensions of 25 mm (L) × 15
mm (T) × 20 μm (R), with the direction of the �ber axis parallel to the load direction. Before testing,
samples were equilibrated in the sample chamber for 2 h (25 ºC, RH 65%).

Static tension FTIR spectra were recorded at different tensile strains to study the molecular responses to
the loading of thermally-treated wood (Salmén and Bergstrm, 2009). A sample was mounted in the
stretcher kit, with the longitudinal direction of specimens parallel to the tensile direction. The spectra were
recorded at a 1 cm-1 resolution, using an average of 16 scans at each strain. Five samples were tested at
each treatment intensity. The spectra were baseline corrected at 1800 cm-1 and 2300 cm-1, and the 1st

derivative of each spectrum was used to determine the peak position for each speci�c absorption peak of
wood polymers (Wang et al., 2020).

Dynamic FTIR spectroscopy can be used to observe the molecular responses of wood constituents in
strained wood (Salmén et al., 2016; Wang et al., 2020). The samples were pre-stretched in the longitudinal
direction by using the stretcher to apply a load of 4 N (approximately 50% of the breaking stress). A small
sinusoidal strain (< 0.3% by a 4 N pre-stretched load) with a frequency of 16 Hz was applied to the
sample, and the transition dipole responses were monitored as a phase lag with respect to the external
perturbation. An interferometer was run in a step-scan mode with a scanning speed of 1.0 Hz. An in-
phase spectrum was obtained to indicate immediate changes or elastic responses (0° phase loss angle)
and an out-of-phase spectrum was used to represent the time-delayed changes or viscous response (90°
phase loss angle). IR radiation was polarized by a wire grid polarizer at 0° relative to the stretching
direction. An optical �lter was added after the polarizer to reduce the spectral range 3000–700 cm-1.
Three samples of each thermal treatment intensity were tested. The spectra were baseline corrected. All
spectra were baseline corrected at 2300 cm-1, 1800 cm-1, and 700 cm-1, and were normalized to 1 at 1435
cm-1 (Salmén et al., 2008). 

3. Results And Discussion

3.1 Chemical compositions
As shown in Fig. 1, the bar chart and line graphs show changes in the relative percentages of the wood
chemical composition. The least thermally-stable hemicelluloses began to degrade at 160 ℃, consistent
with a previous study (Alén et al., 2002), and the degradation rates of hemicelluloses at 160 ℃ and 220
℃ were faster compared with those at 180 ℃ and 200 ℃. Cellulose has better thermal stability than
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hemicelluloses (Inagaki et al., 2010; Guo et al., 2016). The relative percentage of cellulose changed very
little from 160 ℃ to 200 ℃, but it began to degrade at 220 ℃, but its relative percentage only decreased
by 1.5%. Finally, the loss of polysaccharides during heating also increased the relative lignin content.

3.2 Cellulose crystalline structure
Table 1 displays the crystallinity CI and crystal width of thermally-treated wood as functions of
temperature. The crystallinity and crystal width of thermally-treated wood samples increased with respect
to the untreated samples. For the untreated wood samples, the CI was 48.32%, in agreement with a
previous study (Andersson et al., 2005). The CI of the wood samples thermally-treated from 160 ℃ to
200 ℃ increased to 53.96%, which is similar to variations in the CI after heating in air or nitrogen
(Kubojima et al., 1998); however, there was a slight decrease in the crystallinity at 220 ℃. The average
crystallite thickness (D200) of the untreated wood was 2.77 nm, and the values of the thermally-treated
wood from 160 ℃ to 220 ℃ increased to 2.97 nm, indicating a 7.2% increase compared with the
untreated sample.

 
Table 1

XRD and static tensile FTIR analysis results of different thermally-treated samples
Treatment

Temp.

CI (%) D200 (nm) MFA (°) Bandshift of cellulose C-O-C (cm− 

1/dε)

Untreated 48.32 ± 0.32D 2.77 ± 
0.02D

19.81 ± 
0.41A

y= -2.92 × ε − 0.50C

R2 = 0.87

160 ℃ 49.48 ± 0.06C 2.83 ± 
0.01C

19.71 ± 
0.31A

y= -3.15 × ε − 0.06B

R2 = 0.74

180 ℃ 52.54 ± 0.19B 2.90 ± 
0.02B

19.48 ± 
0.62A

y= -3.31 × ε -0.06A

R2 = 0.87

200 ℃ 53.96 ± 0.63A 2.95 ± 
0.04A

19.41 ± 
0.38A

y=-3.36 × ε + 0.01A

R2 = 0.87

220 ℃ 53.27 ± 
0.83AB

2.97 ± 
0.02A

18.56 ± 0.24B y=-2.70 × ε − 0.10D

R2 = 0.81

Note: Superscripts A, B, C, D, denoted analysis of variance, same letter indicated no statistically
signi�cant difference at a signi�cance level of 5 %.

One-factor ANOVA was used to investigate the statistical signi�cance of the crystallinity and cellulose
crystallite dimensions as a function of temperature (Table 1). Analysis showed that temperature (160–
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200 ℃) had a signi�cant in�uence on the crystallinity and cellulose crystallite dimensions at a
signi�cance level of 5%. The main reason for the increase in the degree of crystallinity was hemicellulose
degradation, which also was related to the rearrangement of amorphous cellulose molecules (Hori and
Wada 2005; Xing et al., 2016; Yin et al., 2017); however, the crystallinity and cellulose crystallite
dimensions of the sample treated at 220 ℃ were not signi�cantly different than those of the sample
treated at 200 ℃. The reason could be that cellulose began to degrade at 220 ℃, and it only decreased
by 1.5% (Fig. 1). This is supported by previous results that investigated crystalline cellulose degradation
in the temperature range 300–340 ℃ (Kim et al., 2001; Kačíkováa et al., 2013).

3.3 Arrangement of cellulose micro�bril
As shown in Table 1, the average MFA of the untreated sample wood was 19.81°. The MFAs of all
thermally-treated samples only slightly changed compared with the untreated sample. The mean MFAs
decreased from 19.71° to 18.56° upon increasing the temperature from 160 ℃ to 220 ℃, and the
standard deviations were in the range 0.31–0.62°. The one-factor ANOVA results indicated no systematic
variation in the MFA distributions with temperature from 160 ℃ to 200 ℃ (Table 1), but for the sample
treated at 220 ℃, the MFA signi�cantly decreased to 18.56° compared with the untreated and other
thermally-treated samples. The most probable reason was that the degradation of polyoses near
cellulose micro�brils and lignin softening during thermal treatment caused partial reorientation of the
cellulose micro�brils (Zollfrank and Fromm 2009; Björn, 2010).

3.4 Results of static tension FTIR
Figure 2 shows the spectral changes as a function of longitudinal tensile strain applied to the thermally-
treated (180 ℃) and untreated wood samples. The absorption peak at 1160 cm− 1 (glycosidic C-O-C
vibration of cellulose) underwent a substantial shift to lower wave numbers as the tensile strain
increases, which signi�ed an increase in the length of the covalent bonds involved in the vibration
absorption, i.e., a decrease in the force constant of the bond (Wool 1981). This response was attributed to
the deformation of the glycosidic bond of cellulose, which has also been observed in previous studies of
normal wood (Eichhorn et al., 2001; Salmén and Bergström 2009; Wang et al., 2020). Furthermore, as
shown in Fig. 2, the longitudinal tensile strain of 180 ℃ treated sample was less than that of the
untreated sample, but the bandshifts of the cellulose glycosidic bond before the sample break were more.

To examine the effect of the treatment temperature on the deformation of cellulose, the shift in the
absorption peak at 1160 cm− 1 was plotted against the applied strain. The peak shifted approximately
linearly with the tensile strain towards a lower wavenumber (R2 > 0.7, Fig. 3). As shown in Table 1, the
shift ratio of the untreated sample was − 2.92 cm− 1/dε, and the shift ratios of the samples treated from
160–200 ℃ increased upon increasing the temperature; however, the shift ratio of the sample treated at
220 ℃ was − 2.72 cm− 1/dε, which was smaller than that of the other samples. The ANOVA results
indicated that temperatures from 160 ℃ to 180 ℃ signi�cantly in�uenced the shift of the absorption
peak at a signi�cance level of 5%, but there was no signi�cant difference between the samples treated at
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180 ℃ and 200 ℃. Finally, the shift ratio of the sample treated at 220 ℃ was signi�cantly reduced
compared with the untreated and other treated samples.

For hemicelluloses and lignin, the characteristic peaks at 1735 cm− 1, 1510 cm− 1, and 810 cm− 1,
belonged to C = O stretching vibrations in the O = C-OH group of the glucuronic acid unit in xylan
(Åkerholm and Salmén, 2001), to the aromatic skeletal vibrations and C = O stretching of lignin (Faix,
1991), and to vibrations caused by equatorial hydrogens on the C2 atom in the mannose residues of
glucomannan (Åkerholm and Salmén, 2001; Guo, et al. 2015). As shown in Fig. 2, for the untreated or
treated wood samples, no substantial shift in the speci�c absorption peaks of hemicellulose and lignin
occurred, which has also been widely con�rmed by earlier researches on normal wood (Eichhorn, et al.,
2001; Salmén and Bergstrm, 2009; Wang, et al., 2020). Taking the characteristic peak at 1510 cm− 1 of
lignin as an example, the shift in the characteristic peak of the matrix was almost zero at all tensile
strains (Fig. 3).

A schematic showing the cell wall deformation of wood is shown in Fig. 4. The S2 layer of the wood cell
wall, generally the thickest with the smallest distribution of MFA, is the layer directly responsible for the
axial mechanics of cells (Jarvis, 2009). When the tracheid was stretched to a strain (ε0) along the cell
axial direction, the strain along the micro�bril longitudinal direction was ε0/cosθ, which was the sum of
shear slipping strain between micro�brils (ε2) and the stretching strain of micro�bril itself (ε1) (Adler and
Buehler, 2013), as shown in Eq. (3):

It was assumed that the MFA (θ) did not change during stretching, and then the �rst derivative with
respect to the deformation (ε0) was calculated using Eq. (4):

The former deformation was a relationship of the deformation of cellulose, which was related to the shift
in the absorption peak at 1160 cm− 1. The later deformation had contributions from shear slipping
between micro�brils, which was related to bridges between micro�brils, such as hemicelluloses and
intermolecular hydrogen bonds (Kretschmann 2003).

For the samples treated at 160–200 ℃, the absolute values of the shift ratios of the cellulose
characteristic peak increased upon increasing the temperature, which indicated the stretching
deformation of cellulose increased with the thermal treatment temperature. According to Eq. (4) (1/cosθ
= Constant), increasing the stretching deformation of cellulose decreased shear slipping between
cellulose micro�brils. This might lead to the toughness of the treated wood decreasing, or the brittleness
increasing. Hemicelluloses, as the interface between cellulose and lignin, caused the micro�brils to
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undergo shear slip and provided ‘Velcro mechanics’ in wood, which increased the plastic deformation and
toughness of cell walls (Kretschmann 2003; Adler and Buehler, 2013). For the samples treated at 220 ℃,
a decrease in the MFA was obvious (Table 1), which decreased the value of 1/cosθ. This indicated that
the stretching deformation of cellulose and the shift ratio of the C-O-C bonds of cellulose decreased;
therefore, shear slipping deformation between micro�brils and stretching deformation of wood
micro�brils decreased. The MFA rearrangement along cell axis also might lead to a decrease in the
toughness of thermally-treated wood.

3.5 Results of dynamic FTIR
Figure 5 shows the mean dynamic FTIR spectra of untreated wood samples with an IR beam polarized 0°
and 90° relative to the strain direction. The in-phase spectrum is a measure of the elastic-like response,
and the out-of-phase spectrum is associated with the viscous-like behavior (Hofstetter et al., 2006;
Åkerholm and Salmén 2003). In the 0° and 90° polarization modes, the signal intensities of the in-phase
spectra in both polarization directions were several times higher than those of the out-of-phase spectra,
which mean that there were no molecular groups with a time-delayed response (Åkerholm and Salmén
2003).

Two clear split bands at 1169–1149 cm− 1 and 1435–1420 cm− 1 can be seen in the in-phase spectrum at
0° polarization. These signals appeared because cellulose micro�brils are the load-bearing components
of wood. The C-O-H bending vibrations of the CH2-OH group appeared at 1435 cm− 1, and the cellulose

skeleton vibrations, including the C-O-C bridge stretching, appeared at 1169 cm− 1 (Hinterstoisser et al.,
2001). A schematic of the cell wall structure indicating the main structure and alignment of cellulose,
hemicellulose, and lignin is shown in Fig. 6. The micro�bril arrangement in the S2 layer was parallel to the
cell axis; therefore, the two split peaks at 0° polarization re�ected changes in the energy of these bonds of
cellulose due to stretching and deformation by the applied load (Hinterstoisser et al., 2003).

At 90° polarization, the two split peaks of cellulose disappeared in the in-phase spectrum in Fig. 5, but
two single peaks of lignin at 90° polarization can be seen. At 1035 cm− 1, a peak appeared due to C-O
deformation and aromatic C-H deformation in lignin, and the peak at 1510 cm− 1 was assigned to the
aromatic structure of lignin (Faix 1991). In addition, a weaker peak at 1730 cm− 1 due to xylan can also be
seen in Fig. 5 (Collier, et al., 1992). As shown in Fig. 6, in softwood, xylan and lignin are closely
associated, and gulcomannan crosslinks on the surface of micro�brils (Åkerholm and Salmén 2001).
When the wood sample was stretched, a contraction perpendicular to the strain direction occurred due to
the Poisson effect of the material (Bergander and Salmén 2002).

Figure 7 presents the mean spectra of the thermally-treated wood samples at 0° polarization. There are
two split peaks at 1169 cm− 1 and 1435 cm− 1 related to cellulose, but their intensities in the spectra of
thermally-treated samples were different. For the samples treated from 160 ℃ to 200 ℃, the intensities
of the two split peaks decreased upon increasing the temperature, which indicated that the elastic-like
response of cellulose and the stiffness of thermally-treated wood were decreased (Hofstetter et al., 2006;
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Åkerholm and Salmén 2003). The main reason for this was that the hemicelluloses, as the micro�bril-
matrix interface, crosslinked on the surface of the micro�brils, which increased the stiffness of the cell
wall (Berglund 2020). This was also demonstrated by the relationship between the hemicellulose content
and elastic modulus of thermally-treated wood (Kačíková et al., 2013), but for the sample treated at 220
℃, the intensities of the two split peaks increased, which indicated that the stiffness of the sample
increased because the MFA decreased (Table 1).

The mean dynamic spectra of thermally-treated samples at 90° polarization are shown in Fig. 8. The
intensities of many peaks decreased upon increasing the treatment temperature. For example, the
characteristic peak of xylan at 1730 cm− 1 disappeared in the spectra of thermally-treated samples. In the
in-phase spectra, the peaks at 1510 cm− 1 and 1200–1300 cm− 1, which were related to the C-C and Caryl-
O vibrations of lignin (Collier et al., 1992; Salmén et al., 2008), remained, but their peak intensities
decreased upon increasing the treatment temperature. Finally, the peak at 1035 cm− 1, assigned to the
aromatic C-H deformation of lignin, also decreased upon increasing the treatment temperature. The main
reason for this was hemicellulose degradation, particularly xylan, which led to the disappearance of the
characteristic peak of xylan at 1730 cm− 1. The degradation of xylan, as the cellulose-lignin bridge
material in softwood, may have also resulted in a decrease in the mechanical responses of lignin in the
cell transverse direction. Finally, the decrease in the intensities of several peaks in the lignin spectra might
indicate that cellulose and lignin did not cross-linking occur.

4. Conclusion
Thermal treatment greatly changed the chemical structure of wood, including changes in the interactions
between wood components, degradation, crystallinity increase, and micro�bril orientation rearrangement.
The FTIR spectra indicated that wood’s chemical structure changed after thermal treatment, which
resulted in large changes in its mechanical properties. The degradation of hemicellulose, as the interface
between cellulose and lignin, resulted in shear slipping between micro�brils. In addition, the interface
material degradation decreased the wood stiffness along the cell axis, as well as the mechanical
response of the matrix along the cell transverse direction. Upon increasing the heat treatment
temperature, the micro�brils rearranged along the cell axis, which indicated that the ability of the cell wall
to resist deformation increased, and the wood stiffness recovered. These structures and mechanical
property changes increased the brittleness of thermally-treated wood.
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Figure 1

The relative percentages of chemical components of thermally-treated wood as a function of temperature

Figure 2

Static FTIR spectra of thermally-treated treatment (A: 180 ℃) or untreated (B) wood samples subjected to
different strains
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Figure 3

Shifts in the absorption peaks at 1160 cm-1 (cellulose) and 1150 cm-1 (lignin), as a function of the
longitudinal strain for samples subjected to different thermal treatments
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Figure 4

Schematic of cellulose micro�bril deformation of untreated and thermally-treated woods, and a depiction
of the mesoscale model used here, which represents cellulose micro�brils (green line) interconnected by
hemicelluloses (purple curve), and intermolecular hydrogen bonds (orange triangles)
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Figure 5

Dynamic mean spectra of the untreated wood sample at 0° and 90° polarization
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Figure 6

Schematic structure of the cell wall indicating the main structure and alignment of cellulose,
hemicellulose, and lignin: modi�ed following an original drawing by Salmén et al. (2016)
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Figure 7

Mean dynamic spectra of the different heat-treated samples measured at 0° polarization
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Figure 8

Mean dynamic spectra of samples subjected to different thermal treatments measured at 90°
polarization
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