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The global shift toward sustainable development has increased the demand for renewable biomass materials,
with rubberwood emerging as a promising resource due to its rapid growth and potential for carbon seques-
tration. However, its susceptibility to dimensional instability and decay has significantly hindered its widespread
industrial application. While current solutions address certain challenges, they often come with disadvantages
such as high costs, inefficiencies, and/or environmental risks. This study introduces an innovative heated platen
modification method designed to overcome these limitations. By employing direct-contact heating, a rapid
surface modification is achieved between 5 and 15 min at temperatures ranging from 250 to 290 °C. It creates a
functionally graded material structure that enhances surface properties while maintaining core strength.
Compared to untreated materials, the treated specimens exhibited a 524 kg/m® increase in surface density, a
29-47 % reduction in modulus of rupture, a 2-11 % decrease in modulus of elasticity, a 2-31 % drop in screw
holding power, a 33 % reduction in shrinkage, and a 58 % decrease in swelling. Surface natural decay resistance
performance improved significantly, with a 39-45 % decrease in mass loss rate. Mechanistic analysis revealed
that selective hemicellulose degradation and lignin redistribution enhanced the overall degree of crystallinity
from 40 % to 64 % without compromising the crystalline domains, collectively improved dimensional stability
and decay resistance without severe strength compromise. A key contribution of this study is establishing
quantitative correlations between color parameters and performance metrics, revealing strong relationships
between AE* and mechanical properties, chemical composition, and dimensional stability, and suggesting the
chromatic indices as viable proxies for performance evaluation. However, predicting fungal durability via color
requires further study due to decay mechanism complexities. This work advances the sustainable utilization of
plantation species by integrating controlled surface modification, performance enhancement, and non-
destructive assessment, offering a paradigm for efficient wood processing aligned with circular economy
principles.

1. Introduction

The global push toward sustainable development has increasingly
emphasized the utilization of renewable biomass materials as a key
strategy for mitigating carbon emissions and combating climate change.
Wood is recognized as one of the world’s most versatile and sustainable
biopolymer composites (Friend et al., 2022; Huang et al., 2025;

* Corresponding authors.

Rahiminejad et al., 2024; Zouari et al., 2024). As the largest producer
and consumer of wood products, China has set an ambitious “peaking
carbon dioxide emissions by 2030 and carbon neutrality by 2060 as the
national objective, which requires the adoption of more eco-friendly
materials and energy-efficient processing technologies. In this context,
the wood industry is undergoing a profound transition toward green and
low-carbon development (Mi et al., 2020; Yue et al., 2023). At the same
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time, with growing global ecological awareness, many countries have
implemented stringent policies and measures to protect valuable timber
resources. These initiatives have further exacerbated the conflict be-
tween increasing wood demand and limited supply (Zhu et al., 2024a).

To address these challenges, several solutions have been proposed,
including expanding fast-growing plantation areas, reducing wood
waste during processing, maximizing utilization efficiency, increasing
the recycling and utilization of waste wood, and enhancing wood pro-
tection and modification to extend service life (Huang et al., 2020; Zhu
et al., 2024b). These measures represent crucial strategies for reducing
carbon emissions and balancing supply and demand. Rubberwood
(Hevea brasiliensis), a byproduct of latex production, has emerged as a
promising biomass resource due to its rapid growth cycle, widespread
availability, and carbon sequestration potential. However, its high
nutrient content - approximately 8 % starch and free sugars - makes it
susceptible to fungal decay, while its low natural durability and poor
dimensional stability limit its widespread use in high-value industries
such as furniture, flooring, and construction (Zhao et al., 2021; Zhu
et al., 2021). Overcoming these challenges through innovative modifi-
cation technologies is essential to unlocking the full potential of rub-
berwood as a sustainable alternative to traditional, carbon-intensive
building materials. Conventional methods, such as chemical pre-
servatives, have been widely used but raise environmental and health
concerns due to their toxicity and non-biodegradability (Yao et al.,
2023; Zhao, S. et al., 2024a). In contrast, thermal modification has
gained popularity as an eco-friendly alternative, as it relies solely on
heat to induce physicochemical changes in the wood’s structure without
the use of harmful chemicals (Haseli et al., 2024; Xiang et al., 2024).

Thermal modification has been shown to be an effective method for
improving wood properties, such as dimensional stability and resistance
to biodegradation (Ditommaso et al., 2020). However, thermally
modified wood often experiences significant degradation in mechanical
properties, volume loss, mass and chemical changes (Xia et al., 2025).
Moreover, the conventional thermal modification process is complex,
typically requiring treatment durations exceeding 10 h, resulting in high
energy consumption. The need for specialized reactors, such as steam or
vacuum chambers, further increases both capital and operational costs.
According to Borrega and Karenlampi, the mechanical properties of
wood, including strength, fracture strain, and toughness, deteriorate
with thermal treatment, with degradation correlating to mass loss
caused by the autocatalytic decomposition of cell wall components
(Borrega and Karenlampi, 2007). Esteves et al. observed that mass loss in
pine and eucalyptus increased with prolonged treatment duration and
elevated temperatures, while the modulus of elasticity and bending
strength generally decreased correspondingly. These alterations make
thermally modified wood unsuitable for structural applications that
require high strength-to-mass ratios (Esteves et al., 2006). Although Yue
et al. suggested that maintaining treatment temperatures within the
170-180 °C range could preserve sufficient strength for structural ap-
plications, the dimensional stability of the material cannot be guaran-
teed under these conditions (Yue et al., 2023). He et al. found that
treating elmwood with tung oil at 210 °C could reduce volumetric
shrinkage by 85 %, whereas the process still required more than 6 h of
treatment (He et al., 2022). These limitations highlight the need for a
more efficient and targeted modification approach.

This study presents an innovative heated platen treatment thermal
modification method specifically designed to address these critical
limitations. Thermal surface modification through direct-contact heat-
ing significantly reduces processing time (5-15 min compared to the
conventional 8-24 h). The aims are to optimize the trade-off between
improved dimensional stability and minimal strength reduction. This
research also systematically investigates the fundamental relationships
between chemical structure, chemical composition, microstructure,
physical properties, mechanical properties, natural decay resistance and
visual characteristics in modified rubberwood. We establish quantitative
correlations between surface color parameters and key performance
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indicators (dimensional stability, decay resistance, and mechanical
strength) to develop a non-destructive quality assessment framework,
enabling rapid quality evaluation in industrial settings. Moreover, the
energy-efficient nature of the heated platen method aligns with circular
economy principles by minimizing waste and reducing the carbon
footprint of wood processing.

2. Materials and methods
2.1. Materials

The samples used in this study were rubberwood (Hevea brasiliensis)
obtained from Thailand. The dimension of the sawn timber was
1000 x 110 x 23 mm® (LxT x R), with an air-dried density of
650-700 kg/m® and 12-15 % initial moisture content. The samples were
exclusively sourced from rubber trees cultivated in proximal regions
within the same forest plantation, and the sampling process was ran-
domized. The samples were prepared by selecting flatsawn lumbers
without visible defects, measuring 300 x 15 x 21 mm? (LxT x R). All
specimens were stored for subsequent treatment under controlled con-
ditions at 20 °C and 65 % RH for one month, resulting in a moisture
content of around 12 %.

2.2. Preparation of modified rubberwood

The preparation process used a laboratory-scale single-opening hot
press (XLB-0.6 x0.6 m°, JinJiuzhou, China), equipped with an electric
heating and a cooling water system. The samples underwent a simplified
two-stage heating and cooling process. Therefore, the modification
process in this study was carried out using a simple and efficient pro-
cedure, requiring only a relatively brief duration. Firstly, the upper and
lower plate temperatures were adjusted to the desired level and stabi-
lized. The samples were placed on the lower heated platen with 20 mm
thickness gauges on both sides to ensure close contact. Subsequently, the
samples were radially compressed at 5 MPa and a rate of 0.5 mm/s.
Timing commenced upon contact of the heated platen with the thickness
gauge, initiating the specified treatment duration under constant 5 MPa
pressure. Upon completion of this period, the heated platen was opened,
and the sample was transferred to cool down at room temperature. Two
flatsawn lumbers were processed each time, and a specific area was
designated before processing to track the changes in surface perfor-
mance. After thermal modification, all specimens were conditioned for
one month at 20 °C/65 %-RH. Combinations of different treatments
produced 9 specimens and an untreated specimen, each with a different
treatment: three heat treatment temperatures were studied, i.e., 250,
270 and 290 °C, at three different heating durations of 5, 10 and 15 min.

2.3. FTIR characterization, XRD structural analysis and chemical
analysis composition

For the FTIR characterization and the chemical analysis composition,
the material was ground into powder within 1 mm of the surface before
analysis, as this 1 mm area was guaranteed to have undergone heat
treatment. The control and treated samples were characterized by FTIR
using a Fourier transform infrared spectrophotometer (SPECTRUM100,
PerkinElmer Inc., USA), and before FTIR characterization, samples were
milled, sieved through the 80 mesh screen, and oven-dried at 103 °C.
FTIR spectra were recorded by combining 16 scans over the wave-
number range of 600-4000 cm ! with a 4 cm ™! resolution.

The wood structure was analyzed by X-ray diffractometry (AB 250Xi,
Thermo Fisher Scientific Inc., USA) with Acuk radiation of 0.15178 nm.
The sample size used for WAXS analysis wasa 10 x 10 x 2mm? (T x L x
R) sheet. WAXS scattering intensity profiles were collected using 40 kV
and 30 mA CuKo radiation. The X-rays were directed parallel to the
wood fibers, and the scan was conducted at a scanning rate of 10°/min
within the 5° to 85° (20) range, which corresponds to a scattering
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wavevector of 3.5 nm ! < q < 55 nm™!, where q is the scattering wave
vector (q = 4nsin 6/)). The degree of crystallinity ()) was calculated by
the deconvolution of the WAXS signal into crystalline and amorphous
peaks in the WAXS patterns, the areas of which give the y = Acrystalline /
(Acrystalline + Aamorphous) (Ahmed et al., 2025; Engelhardt et al., 2024).

The content of cellulose (CC), hemicellulose (HC), lignin (LC), and
extractives (EC) of rubberwood was analyzed following the method
outlined by the National Renewable Energy Laboratory (Sluiter et al.,
2008). The acid-soluble lignin (ASL) was measured using a UV-vis
spectrophotometer (Evolution 220, Thermo Fisher Scientific, Shanghai,
China), with 4 % dilute sulfuric acid as the control. The glucose and
xylose quantities after hydrolysis were measured using
high-performance liquid chromatography, and these values were used to
calculate the yields of cellulose and hemicellulose. Three replicates were
used to determine the content of each component to verify the obtained
results.

2.4. Microstructure characterization

After the cross section of the sample was trimmed by a sliding slicer
(REM 710, Daiko Optical Machinery Co., Ltd, Japan), the surface
morphology of the wood sample was observed by a scanning electron
microscopy (SEM, EVO 18, Carl Zeiss, Germany) working with an
accelerated voltage of 10 kV.

2.5. Physical properties

The drying shrinkage and swelling of the specimen in the tangential,
radial, and volumetric directions, respectively, were measured accord-
ing to the standard ISO 13061-13, 14, 15, 16 (2016). The weight and
thickness of the specimen with a dimension of 20 x 20 x 20 mm?
(LxT x R) were measured to an accuracy of 0.001 g and 0.001 mm,
respectively. The tangential, radial and volumetric drying shrinkage rate
of the specimen from waterlogged wood to air-dried wood - g, fwr and
Bwv, respectively -, and the drying shrinkage rate from air-dried wood to
absolute-dried wood - fmaxr, Pmaxt and Pmaxv, respectively - were
calculated. The tangential, radial and volumetric thickness swelling rate
of the specimen from air-dried wood to waterlogged wood - awgr, awr and
awy, respectively -, and the thickness swelling rate from absolute-dried
wood to air-dried wood - @maxr, @maxT and amaxv, respectively - were
also calculated.

The density profile of the wood specimens was measured using an X-
ray densitometer (DPX300-LTE, IMAL, Italy). Density measurements
were recorded at 0.05 mm intervals throughout the thickness of the
specimens with a dimension of 50 x 20 x 50 mm® (L. x T x R) and
measured along the thickness direction.

2.6. Mechanical properties

The mechanical properties of the wood specimens were determined
using the universal testing machine (UTM5504, SUNS Company,
Shenzhen, China). The screw holding power (SHP) test, surface hardness
(the hardness of tangential, SH-T, and radial, SH-R, section), compres-
sive strength parallel to grain (CS), modulus of rupture (MOR), and
modulus of elasticity (MOE) were measured following the GB/T 17657
(2013), GB/T 1935 (2009), ISO 13061-12 (2017) and ISO 13061-3, 4
(2017) standards, respectively, with 10 replicates for each test. All
specimens were conditioned in a humidity chamber maintained at 20
°C/65 %-RH until reaching a constant weight.

2.7. Determination of wood color

Wood color measurement was conducted on the samples using a
portable spectrocolorimeter (CR10Plus, Konica Minolta, Inc., Japan).
The color difference between the samples before and after treatment was
expressed as AE*, calculated using the CIE Lab method. In the
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experiment, each group consisted of 6 replicates measured 5 times. The
physical images of the rubberwood surface were scanned using an Epson
scanner V700 at a resolution of 1200 x 1200 dpi.

2.8. Surface natural decay resistance test

The natural decay resistance of wood was evaluated according to the
GB/T 13942-1 (2009) with dimensions of 30 x 10 x 4 mm? (L x T x R).
The surface of the sample, except for the heat-treated surface, was
coated with epoxy resin. After the epoxy resin had fully cured, the
sample was placed in a drying oven at 103 °C. The mass of the sample
was recorded as my. After high-temperature sterilization, i.e., 121 °C, the
sample was placed in a medium containing white-rot fungi (Coriolus
versicolor L. Quel.) and brown-rot fungi (Gloeophyllum trabeum Pers.
Murrill). It was then cultured in an incubator at 85 % humidity and 28 °C
for 12 weeks. After the culture period, the fungus attached to the sample
surface was gently scraped off, and the sample was dried again in a
drying oven at 103 °C until absolutely dry. The mass of the sample after
drying was recorded as m;. The mass loss rates of the samples after being
corroded by white rot fungi (MLW) and brown rot fungi (MLB) were
calculated according to GB/T 13942-1 (2009) standard. Each experi-
mental group included 6 replicates.

2.9. Statistical analysis

To further evaluate the effects of treatment temperature and dura-
tion on various rubberwood properties, statistical analyses were per-
formed using SPSS software. Significant differences between groups
were assessed at a 95 % confidence level (p < 0.05), and linear regres-
sion analysis was conducted to investigate variable relationships.

3. Results and discussion
3.1. Chemical structure and chemical composition analysis

FTIR investigations were conducted to learn about the chemical
changes in the samples upon thermal treatment. Fig. 1a shows the FTIR
spectra for all samples treated at different temperature/duration con-
ditions. The heat-treated samples showed changes in their chemical
structure compared to the control sample, though the overall spectra
remained similar (Fig. SI-1). Specifically, the most notable change was
the degradation of hemicellulose during heat treatment, indicated by
changes in the 18001535 cm ™! region, with a reduced peak intensity at
1735 cm™! (C=O0, stretching) an increased peak intensity at 1590 cm ™
(COO, stretching), and the appearance of several new peaks between
1735 and 1590 cm™! of oxidized products from the degradation of
hemicelluloses and other saccharide units. Additionally, the peak
observed at 1230 cm ™! (C-O, stretching) showed an intensity decrease
due to the removal of acetate groups as a result of the hemicelluloses
degradation (Kavyashree and Krishna, 2012). Therefore, heat treatment
modified several chemical structures of wood to some extent, and these
differences in the degradation of cell wall components may be an
important reason for the macroscopic performance changes of the
rubberwood.

The WAXS analysis was performed in order to identify any change in
the crystalline structure of the wood samples during the heat treatment
process. The diffractograms of rubberwood samples before and after
heat treatment were similar within the scattering range (Fig. 1b and
Fig. SI-2). All samples showed the monoclinic crystalline structure with
lattice parametersa = 7.9 i\, b=8.0 f\, c=10.2 i\, and g = 96.9° for the
control sample corresponding to the cellulose I allomorph, and with
small variations for the heat-treated samples (Table SI-1)

The degree of crystallinity of the control sample was 40 %, and as the
treatment temperature and duration increased, the samples’ degree of
crystallinity increased between 50 % and 65 %, with a maximum value
for the sample treated at 290 °C for 15 min. The hemicellulose
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Fig. 1. a) FTIR spectra and b) XRD patterns for the heat-treated rubberwood
berwood samples and the control sample.

degradation causes a decrease in the amorphous content, resulting in an
increase in the overall relative crystallinity of cellulose (Ahmed et al.,
2025; Altgen et al., 2018; Sanchez-Ferrer et al., 2023). Interestingly, the
crystallinity observed in this study was much higher than that in Chen’s
research (Chen et al., 2018). Although he treated rubberwood with su-
perheated steam at temperatures ranging from 170 °C to 200 °C. This
discrepancy could be attributed to the distinctive treatment methodol-
ogy used in this study, as the wood was processed by direct heating
without requiring a medium. The immediate contact between the wood
surface and the heating plate guaranteed optimal heat transfer effi-
ciency. Furthermore, the heated platen method employed in this
research demonstrated significantly greater operational simplicity
compared to conventional heat treatment processes.

Chemical analysis was performed on all samples in order to identify
which components degraded during the heat treatment process
(Table SI-2). As shown in Fig. 1c, compared to the control sample, the
relative content of amorphous cellulose and hemicelluloses gradually
decreased as the treatment temperature and duration increased (Fig. SI-

samples and the control sample. ¢) Chemical composition of the heat-treated rub-

3). Specifically, the relative decrease in amorphous cellulose content at
250, 270 and 290 °C after 15 min was 10 %, 13 % and 20 %, respec-
tively, while for hemicelluloses it was 25 %, 38 % and 53 % respec-
tively, indicating that hemicelluloses decompose faster than amorphous
cellulose. The changes in the relative contents of lignin and extractives
in response to treatment temperature and duration differed from those
of cellulose (Fig. SI-3). The relative increase in lignin content at 250, 270
and 290 °C after 15 min was 5 %, 8 % and 12 %, respectively, and for
the extractives was 68 %, 121 % and 152 %, respectively. However, this
increase was not due to a rise in the absolute amount of lignin, but rather
because other components, such as hemicelluloses and amorphous cel-
lulose, degraded more rapidly, thereby increasing the proportion of
lignin in the remaining material. The increase in extractives content was
especially pronounced and can be attributed to some degradation
products from hemicelluloses and amorphous cellulose, which are
detected as extractives afterwards and contribute to the final percentage
of extractives (Candelier et al., 2013). The absolute percentage of
degraded polysaccharides, i.e., amorphous cellulose and hemicelluloses,
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at the three different temperatures and after 15 min ot heat treatment
was 9 %, 13 % and 19 %, whereas the absolute increase for the extrac-
tives together with the lignin content was 5 %, 9 % and 12 %, respec-
tively, matching quite well the decrease of the formers with the decrease
of the latter ones.

Therefore, the heating degradation sequence is the following: first,
amorphous polysaccharides, i.e., hemicelluloses and amorphous cellu-
lose; then, partially the amorphous crosslinked lignin; and, finally, the
crystalline cellulose. Under the treatment conditions in this study, the
degradation of the three major components in the wood’s surface layer
was far greater than that observed in conventional low-oxygen heat
treatment processes. The analysis of variance (ANOVA) results demon-
strated that both treatment temperature and duration were highly sig-
nificant (P < 0.01) and affected the content of cellulose, hemicelluloses,
lignin and extractives. Moreover, treatment temperature exerted a more
substantial influence on both the content of hemicelluloses and extrac-
tives, as evidenced by higher F-values. In contrast, the content of cel-
lulose and lignin showed greater sensitivity to variations in treatment
duration (Altgen et al., 2016; Windeisen et al., 2007).

DAL T
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3.2. Microstructure analysis

The heated platen treatment method significantly changed the
microstructure of rubberwood, and these microscopic changes further
influence the macroscopic properties. Fig. 2 illustrates the microstruc-
ture of the cross-sections of each heat treatment group at different
magnifications. As shown in Fig. 2, at 250 °C, the appearance of the
wood rays was smooth and flat, with the integrity of the honeycomb
structure largely intact. The fibers had relatively thick walls and were
closely arranged, indicating that the wood’s microstructure was not
significantly damaged. The small granular starch in rubberwood main-
tained an ellipsoidal shape. When the treatment duration was extended
to 15 min, slight changes occurred in the fiber wall thickness and the
morphology of the ellipsoidal starch particles. It was evident that the
number of cracks in the cell walls had increased, and their lengths had
become longer. At 270 °C and after 10 min, this cracking became more
pronounced, with cracks nearly penetrating the entire cell wall. At this
stage, the starch underwent considerable pyrolysis and turned into a
paste-like substance that adhered to the inner wall of the lumina or the
wood rays. Following at 270 °C and after 15 min, the cracking of the cell
walls intensified further, with the true middle lamella separation, and

Fig. 2. SEM micrographs perpendicular to the fiber direction (L-direction) of rubberwood samples at different heat-treatment conditions.
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the pyrolysis of starch continued to accelerate. After treatment at 290 °C
for 10-15 min, the fibers became more brittle. Cracking and separation
occurred in most of the treated areas, and the starch was almost
completely pyrolyzed. As the cell walls rapidly lose water and the
degradation of components leads to increased mass loss, these changes
cause the cell walls to shrink and form cracks, thereby weakening the
wood structure. All biopolymers in wood degrade at high temperatures,
yet the rate of degradation varies, with hemicellulose degrading the
most rapidly (Domény et al., 2017; Huang et al., 2025).

3.3. Physical properties analysis

3.3.1. Dimensional stability analysis

The dimensional stability of the sample was assessed by measuring
its dry shrinkage rate and swelling rate at different equilibrium moisture
contents. As shown in Figs. 3a and 3b, the tangential, radial, and volu-
metric shrinkage rates of rubberwood, both towards air-dried and
absolute-dried states, showed a decreasing trend upon increasing tem-
perature and time. The maximum decrease in the air-drying process at
250 °C, 270 °C and 290 °C were 7 %, 21 % and 36 % in the tangential
direction, 9 %, 7 % and 29 % in the radial direction, and 15 %, 17 % and

a)

B (%)
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124 250 °C
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36 % in volume, respectively (Table SI-3), while the maximum decrease
in absolute-drying process at 250 °C, 270 °C and 290 °C were 7 %, 6 %
and 35 % in the tangential direction, 7 %, 11 % and 28 % in the radial
direction, and 3 %, 6 % and 33 % in volume, respectively (Table SI-4). In
a similar way, Figs. 3c and 3d show the tangential, radial, and volu-
metric thickness swelling rate of rubberwood, both towards air-dried
and absolute-dried states, where a decrease in these parameters is
observed upon increasing temperature and time. The maximum
decrease from the air-drying process at 250 °C, 270 °C and 290 °C were
1 %, 4 % and 26 % in the tangential direction, 4 %, 10 % and 39 % in
the radial direction, and 10 %, 12 % and 35 % in volume, respectively
(Table SI-5), while the maximum decrease from the absolute-drying
process at 250 °C, 270 °C and 290 °C were 41 %, 44 % and 57 % in
the tangential direction, 26 %, 30 % and 51 % in the radial direction,
and 40 %, 44 % and 58 % in volume, respectively (Table SI-6). In all
cases, the four studied dimensional parameters show a maximum
decrease at 290 °C and after 15 min of heat treatment.

After heat treatment, the hydrophilicity of rubberwood decreases,
significantly enhancing its stability. This improvement in stability also
reduces the risk of cracking and bending defects during subsequent use.
This improvement was attributed to the fact that the contact surface in

b)

0 T T T T

0 5 10 15
t (min)
d)

10

V T R
250 °C

841l @ O < 270°C

@ O < 290°C

Fig. 3. Kinetics curves for the volumetric (V), tangential (T) and radial (R) drying shrinkage rate of the rubberwood samples treated at 250 °C, 270 °C and 290 °C
from a) waterlogged wood to air-dried wood B, and b) air-dried wood to absolute-dried wood Bax. Kinetics curves for the volumetric (V), tangential (T) and radial
(R) thickness swelling rate of the rubberwood samples treated at 250 °C, 270 °C and 290 °C from c) air-dried wood to waterlogged wood a,, and d) absolute-dried

wood to air-dried wood oy ay.
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the heated plate method was the tangential surface, where the thermal
decomposition of the chemical components of wood was more pro-
nounced compared to the radial surface. As a result, the dimensional
stability changes in the radial and tangential directions differ, reducing
the discrepancy in dry shrinkage and swelling between these two di-
rections. In this study, only the surface of the wood was treated, yet its
stability was still superior to that of wood treated with conventional
overheated steam. Moreover, this treatment method offers greater ad-
vantages in terms of processing efficiency and energy consumption
(Laine et al., 2012).

3.3.2. Density profiles analysis

To analyze the effect of the heated plate method on the internal
density distribution of the sample, a density profile measurement was
performed. The density profile curves of the samples are shown in Fig. 4,
and the analysis of the density profile was conducted by adjusting the
data to a double-exponential decay function (Fig. SI-4 and Table SI-7).
From the data obtained, it is clearly evident that the surface of the
sample has been compressed, as indicated by the increased density (Ap)
at both extremes of the samples and the reduced distance (d) due to
compression of the heated surfaces of the wood. Sample thickness varied
significantly with the processing parameters, showing a consistent
decrease with elevated temperature and prolonged treatment duration
(Fig. 4b), reaching up to 11 % of thickness reduction at 290 °C and after
15 min of heat treatment. The density increase on the surface was also
analyzed and the results are shown in Fig. 4c. The average density in-
crease value was also a function of temperature and processing time,
showing a maximum increase of 524 Kg/m> above the average density
value of rubberwood (p = 665 Kg/m>) was achieved at 290 °C and after
15 min of heat processing. However, the density inside the sample
remained nearly the same as the original density of the wood. This is
because the treatment temperature and processing time were not
enough to degrade the amorphous hemicelluloses and cellulose in the
cell wall domains. Under mechanical force, the softened tube cavities on
the wood surface were compressed and compacted. This softening and
compression process likely occurred within a very short time frame. As
the treatment duration increases, the three main components of the
wood undergo pyrolysis, significantly enhancing the plasticity of the
wood. The previous method of fixing the deformation of compressed
wood required heat treatment of the entire wood (Laine et al., 2016).
The method presented in this paper may offer a new solution for fixing
compressed wood.

3.4. Mechanical analysis

3.4.1. MOE and MOR analysis

The modulus of elasticity (MOE) and the modulus of rupture (MOR)
serve as the critical indicators for evaluating the mechanical properties if
degradation is present upon heat treatment, directly influencing its
potential application value. The trends in MOR and MOE are closely
linked to the heat treatment conditions. As the treatment temperature
and the treatment duration increased, both MOR and MOE of the wood
generally decreased, as shown in Fig. 5a and b (Table SI-8). A compar-
ative analysis revealed differential response patterns between these
mechanical parameters. While both properties were temperature-
dependent, MOR displayed greater sensitivity to heat treatment,
showing a more significant decrease than MOE at all temperature levels.
For long processing times, both MOE and MOR tend to reach a stabili-
zation plateau. The relative MOE values at 250 °C, 270 °C and 290 °C
after 15 min heat treatment decrease 2 %, 3 % and 11 %, respectively,
while the relative MOR values, at the same treatment temperature and
for 15 min, decrease 29 %, 31 % and 47 %, respectively.

The majority of wood samples prepared via the heated platen
modification method reached the TB.11-20 strength grade requirements
according to Chinese National Standard GB 50206-2012. Only those
treated at 290 °C for 10-15 min failed to meet the minimum strength
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wood samples.
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Fig. 5. a) Modulus of elasticity (MOE), b) modulus of rupture (MOR), c) surface hardness in the tangential direction (SH-T), d) surface hardness in the radial di-
rection (SH-R), e) screw holding power (SHP), and d) compressive strength (CS) parallel to grain direction for the rubberwood samples treated at 250 °C, 270 °C and

290 °C after 5, 10 and 15 min of heat treatment.

criteria, while all other treatment conditions conformed to structural
application standards. Consequently, heated platen-modified rubber-
wood was particularly well-suited for non-structural or semi-structural
applications where dimensional stability was paramount, such as in-
door furniture and interior floor requiring resistance to warping under
varying humidity conditions under primarily static loads. In summary,
this modified wood demonstrates significant potential as a value-added

material for furniture manufacturing and building construction
applications.

The increase in percentage of the cellulose crystallinity due to the
loss of amorphous components can also offset the mechanical property
degradation caused by the initial heat treatment. As treatment temper-
ature and duration increase, thermal degradation initiates in hemicel-
lulose, followed by progressive breakdown of lignin and crystalline
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cellulose. Functioning as a natural interfacial coupling agent within the
cell wall, hemicellulose provides both filler material and adhesive
bonding between lignin and cellulose microfibrils. Its thermal decom-
position critically compromises this interfacial adhesive function,
affecting stress transfer under load. As a result, the static bending
strength of the wood is significantly reduced. (Muzamal et al., 2017;
Zauer et al., 2016). This reduction was macroscopically manifested as a
decrease in both MOE and MOR. At the microstructure level, this phe-
nomenon is evident through cell wall deformation and cracks in the true
middle lamella.

3.4.2. Surface hardness analysis

Surface hardness plays an important role in heat-treated wood,
particularly that used as solid wooden flooring or furniture. Heated
platen treatment can reduce the surface hardness of the tangential sec-
tion; however, within a certain temperature and duration range, it can
increase the surface hardness of the radial section as shown in Figs. 5c
and 5d (Table SI-8). Quantitative analysis of the surface hardness dis-
closed fundamentally different temporal evolution patterns for the two
hardness orientations. SH-T asymptotically approached equilibrium
hardness values with prolonged exposure, whereas SH-R manifested a
characteristic peak at approximately 10 min before commencing decay.
This phenomenon can be explained by the structural transformation of
lignin during treatment. In the early stages of treatment, the extensive
degradation of polysaccharides increased the relative content of lignin
and crystalline cellulose. As the treatment temperature and duration
increased, while lignin did not undergo significant degradation, its
molecular structure underwent reorganization. This structural rear-
rangement resulted in the formation of a more stable cross-linked
network that encapsulated microfibril surfaces, enhancing their ability
to withstand compressive loads along the grain (Brosse et al., 2010; Sun
et al., 2022). Wang et al, through infrared imaging and nano-
indentation, revealed a strong correlation between lignin redistribution
patterns and cell wall hardness evolution (Wang et al., 2022).

3.4.3. Screw holding power analysis

Screw holding power (SHP) refers to the resistance of wood materials
to pull out a screw. It is a crucial property in the design of wooden
structures with screw connections, as it helps secure the screw and
prevent it from being pulled out by external forces. As shown in Fig. 5Se,
when the treatment temperature was 250 °C, the screw holding power
exhibited a trend of initially increasing and then decreasing with the
extension of the treatment duration. After 15 min of processing, the
effect of the treatment temperature became more pronounced. The
relative SHP values at 250 °C, 270 °C and 290 °C after 15 min heat
treatment decrease 2 %, 16 % and 31 % (Table SI-8), respectively,
suggesting a big change in the polymers’ composition at high temper-
ature and reaching a plateau value for longer processing times. The
changes in lignin and hemicellulose significantly affect SHP. Lignin
serves as the primary filler and hardening substance in the cell wall,
while hemicellulose functions as an interfacial coupling agent that
connects lignin and cellulose, playing a role in filling and partially
binding components within the cell wall (Berglund et al., 2020).
Changes in the contents of these two substances may affect the me-
chanical interlocking strength between the screw and the wood, as well
as the friction between them. The compositional analysis results
demonstrated a correspondence with the observed fluctuations in SHP.
However, current research has primarily focused on the influence of
macroscopic properties of wood, such as wood species, density, moisture
content, and controllable screw factors, on screw holding power. There
has been less exploration of the mechanisms at the nanoscale, which will
require further research.

3.4.4. Compressive strength analysis
As a structural material for furniture manufacturing, wood’s load-
bearing capacity predominantly depends on its compressive strength
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(CS) parallel to the grain direction. Accordingly, the CS of the rubber-
wood samples under different heat-treatment conditions and the control
sample were measured (Table SI-8). As shown in Fig. 5f, the relative CS
values at 250 °C, 270 °C and 290 °C after 15 min heat treatment
decrease by 3 %, 10 % and 20 %, respectively, which are consistent with
the observed changes in hardness. However, distinct variation patterns
were observed between these two parameters. CS demonstrated pro-
nounced sensitivity to both thermal processing parameters (temperature
and duration), as clearly illustrated in the performance kinetics curve.
ANOVA results demonstrated that both treatment temperature and
duration significantly affected MOR and CS. Notably, the effect on MOR
was highly significant (P < 0.01), with treatment temperature having a
more pronounced influence on both MOR and CS than treatment
duration.

3.5. Wood color analysis

The chromatic evolution of heat-treated wood represents a critical
quality indicator. The aesthetically pleasing texture developed during
treatment significantly enhances consumer appeal, while these color
variations directly correlate with underlying changes in chemical
composition, physical and mechanical properties. Fig. 6a compares the
surface color between heat-treated samples and the control sample.
Rubberwood darkened progressively with increasing temperature/
duration, approaching indistinguishable dark brown at 290 °C for
10 min and longer processing times. The surface color of the high-
temperature, short-term treatment process was similar to that of the
low-temperature, long-term treatment process.

Fig. 7 indicates the changes in the color characteristic as a function of
the processing temperature and time (Table SI-9). L* values decreased as
temperature and duration increased, with a relative decrease at 250 °C,
270 °C and 290 °C after 15 min of heat treatment of 37 %, 44 % and
49 %, respectively. The a* value mirrored visual changes with an in-
crease of 24 %, 35 % and 61 % after 15 min at 250 °C, 270°C and 290
°C, respectively, whereas it was opposite to b* with a decrease of 20 %,
32 % and 44 %, respectively. The AE*, which most effectively reflected
the changes in surface color after treatment, showed a pattern similar to
that of L* value but with a positive correlation, as shown by the kinetics
curve. A notable observation was that, at the same processing temper-
ature, the color difference increased sharply with longer durations.
ANOVA revealed that both temperature and duration significantly
affected L* and AE*, with duration having a greater impact, yet neither
parameter significantly affected a*.

During the treatment, the changes in the surface color of rubberwood
are closely related to alterations in the structure and content of lignin.
Lignin undergoes discoloration reactions under high-temperature con-
ditions. Specifically, acid-insoluble lignin begins to undergo a thermal
color change at temperatures as low as 140 °C, with the color gradually
turning brown as the temperature increases. In heated platen treatment,
acetic acid generated from the degradation of hemicellulose acts as a
catalyst, promoting the continuous increase in phenolic hydroxyl groups
formed by acid-soluble lignin during heat treatment (Sundqvist et al.,
2006; Zhu et al., 2024c). This results in enhanced absorbance and
further color changes. Simultaneously, the extractives in the rubber-
wood continue to decompose, producing new chromophores that
deepen the color, reduce the value of L*, and increase the value of AE*.

3.6. Surface natural decay resistance analysis

Wood decay is primarily caused by fungal infection, where microbial
proliferation degrades the structural components of wood, resulting in
the loss of rigidity. Table 1 presents the average mass loss rate for the
treatment group and the control group after twelve weeks of exposure to
the white-rot fungi and brown-rot fungi; the mass loss rates of the
treatment group were significantly lower than those of the untreated
control, which were 11.6 % and 7.1 %, respectively. Notably, white-rot
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Fig. 6. The surface color of rubberwood samples treated at 250 °C, 270 °C and 290 °C after 5, 10 and 15 min of heat treatment.

fungi caused significantly greater mass loss than the brown-rot fungi
across all treatment groups. This pattern was consistent with previous
studies, as white-rot fungi comprehensively degrade all wood compo-
nents, with a preferential breakdown of lignin, whereas brown-rot fungi
primarily target cellulose and hemicelluloses while causing limited
lignin degradation (Goodell et al., 2017). Consequently, although
brown-rot fungi result in lower mass loss, they cause more severe
structural damage due to cellulose depletion.

From the values in Table 1, and assuming an exponential decay m(t)/
mgy = e the lifetime for each rubberwood sample could be calculated,
allowing for the simulation of the decay behavior for each heat treat-
ment. Fig. 8a and b depict the corresponding decay curves for all rub-
berwood samples and the corresponding control sample when exposed
to white-rot fungi and brown-rot fungi, respectively. Even though there
is no clear trend between the heat-treated samples, all of them fall above
the corresponding control sample, indicating that heat treatment re-
duces the decay behaviour due to changes in the chemical composition
and molecular structure of the wood components.

In order to better understand the decay behaviour between the
different heat treatment conditions, the lifetime values were plotted as a
function of time, as shown in Figs. 8a and 8b. For both fungi tests, a
maximum in the lifetime value can be localized, which can be attributed
to the optimal processing time for each temperature. For the white-rot
fungi test, the optimal processing time at 250 °C, 270 °C and 290 °C is
13.1, 8.7 and 7.1 min, respectively, whereas for the brown-rot fungi test,
the optimal processing time is 1.5, 9.3 and 8.1 min, respectively.

10

Therefore, any time applied below or above these optimal values results
in lower decay time and, thus, lower resistance to the fungi exposure.
This seems to be the case where, above the optimal processing times, the
wood components suffer some chemical transformation to make the
wood more resistant than the control sample, but still edible for the
fungi. At processing times above the optimal value, wood degrades more
and makes it easier the access to the fungi to components hidden in the
core of the cell wall.

Microstructural analysis revealed that elevated temperatures and
extended durations led to microfractures in the cell walls, ultimately
causing fiber embrittlement. These microcracks facilitate fungal hyphae
penetration and colonization. Since the interior of the rubberwood re-
mains largely unmodified, it becomes highly susceptible to decay
(Dubey et al, 2016). Thus, specimens subjected to
high-temperature/long-duration treatments exhibited reduced decay
resistance. This enhanced resistance can be attributed to several mech-
anisms resulting from thermal modification. Firstly, the heat treatment
process forms a protective surface layer while simultaneously degrading
a substantial portion of hemicellulose and modifying the edible mono-
mers in wood biopolymers, thereby reducing the availability of easily
degradable substrates for fungal colonization and growth (Jiang et al.,
2022). Secondly, the cross-linking and reorganization of lignin polymers
lower the concentration of water-absorbing functional groups in the
wood matrix, creating less favorable conditions for fungal development
(Mohareb et al., 2011; Zhao, X. et al., 2024b). Additionally, under the
closed, pressurized conditions of thermal modification, various reaction
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Fig. 7. The color characteristics (L*, a*, b* and AE*) of rubberwood samples treated at 250 °C, 270 °C and 290 °C after 5, 10 and 15 min of heat treatment.

Table 1

The mass loss rate of the treatment group and the control group after 12 weeks of
natural decay resistance test of rubberwood samples treated at 250 °C, 270 °C
and 290 °C after 5, 10 and 15 min of heat treatment.

sample t (min) White-rot fungi Brown-rot fungi
control 11.6 +0.6 7.1 +0.6
250 °C 5 8.7 +0.9 4.9 +0.9
10 7.5 +0.6 4.7 +0.8
15 7.1 + 0.9 4.6 + 0.4
270 °C 5 8.1 +0.8 4.8 +0.7
10 7.1 +05 4.5 +0.9
15 8.6 +0.4 4.8 +0.2
290 °C 5 7.6 +0.4 4.5 +0.5
10 8.3 +0.8 4.7 +0.4
15 9.1 + 1.1 5.0 +0.5

Notes: a mean value + standard deviation.

products remain trapped within the wood structure. These include furan
derivatives and phenolic compounds with known antifungal properties,
which persist in the modified wood and contribute to fungal growth
inhibition (Candelier et al., 2016).

3.7. Correlation analysis

As mentioned previously, the properties of thermally modified rub-
berwood through the heated platen method were significantly
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influenced by both treatment temperature and duration. To rapidly
evaluate performance variations and identify the most strongly corre-
lated indicators, Pearson correlation analysis was conducted. Fig. 9a
presents the results of the correlation analysis, encompassing mechani-
cal properties, compositional characteristics, dimensional stability,
surface color changes, and decay resistance across all treatment
conditions.

The analysis revealed several strong correlations between color pa-
rameters and material properties. The total color difference (AE*)
showed significant negative correlations with mechanical properties,
including MOR (r = -0.927), SH-T (r = -0.892), and SHP (r = -0.835),
indicating that greater color darkening corresponds to more pronounced
mechanical deterioration. Conversely, b* demonstrated positive corre-
lations with these mechanical properties (MOR: r = 0.842; SH-T:
r = 0.789; SHP: r = 0.762), suggesting that cellulose integrity contrib-
utes to both mechanical performance and yellower coloration. Particu-
larly, strong correlations were observed between color parameters and
chemical composition, with LC showing high correlation with both AE*
(r =0.941) and b* (r = -0.883), while HC correlated strongly with AE*
(r =-0.921). Dimensional stability parameters also exhibited notable
correlations, with anaxy showing strong negative correlations with both
AE* (r = -0.879) and b* (r = -0.812).

Based on the concept of non-destructive testing, we propose utilizing
surface color parameters of rubberwood as indirect indicators of per-
formance changes after heat treatment. Pearson correlation analysis
revealed significant positive correlations between L* and b* with most
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Fig. 8. Decay curves for the rubberwood samples treated at 250 °C, 270 °C and 290 °C after 5, 10 and 15 min of heat treatment and the corresponding control sample
calculated from the data obtained in the a) white-rot fungi and b) brown-rot fungi tests. Lifetime values as a function of processing time at 250 °C, 270 °C and 290 °C
after 5, 10 and 15 min of heat treatment from the data obtained in the a) white-rot fungi and b) brown-rot fungi tests.

mechanical properties. Notably, the AE* demonstrated significant
negative correlations with all mechanical properties (|r|=0.648-0.927),
suggesting that greater color changes correspond to more pronounced
mechanical deterioration. The positive correlations between b* and
mechanical properties (r = 0.672-0.842) may originate from the asso-
ciation between increased yellowness (due to lignin degradation during
heat treatment) and mechanical performance. Cellulose content
exhibited highly significant positive correlations with b* (r = 0.854,
p = 0.003 <0.01), confirming cellulose’s contribution to lighter, yel-
lower wood coloration. Furthermore, swelling and shrinkage co-
efficients showed strong negative correlations with AE*, demonstrating
that color change can predict dimensional stability. However, the cor-
relation between the mass loss and various performance indicators was
relatively weak. Therefore, the comprehensive assessment system for
the loss rate still requires further investigation.

The average correlation coefficients using b* and AE* as reference
sequences are shown in Figs. 9b and 9c, respectively. The remarkably
similar rankings obtained from both reference sequences, as evidenced
by nearly identical radar chart patterns, confirm the robustness of these
color parameters as indicators. Among the 11 evaluated parameters,
only MOE showed relatively weak correlations. Subsequently, multiple
linear regression analysis was performed to establish predictive models
for key performance metrics using AE* and b* as independent variables.
The regression equations and the corresponding correlation coefficients
(R?) are summarized in Table 2. All developed models exhibited high R?
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values, ranging from 0.698 to 0.902, indicating that the color parame-
ters effectively explain a substantial portion of the variance in the
measured properties.

The regression analysis, as shown in Table 2, demonstrated that in all
established models, AE* had P-values below 0.001 and generally
exhibited higher standardized coefficients compared to b*. This finding
underscored that color darkening induced by heat treatment was the
most sensitive indicator for predicting wood property alterations,
including reductions in mechanical strength and chemical composition
changes. The highest R? value (0.902) was observed for lignin content,
strongly supporting that the color development was predominantly
driven by chemical transformations, e.g., condensation, redistribution,
and relative enrichment of lignin. The negative correlation between AE*
and polysaccharide contents, ie., cellulose and hemicellulose, aligns
with their degradation during treatment. These results provided a
theoretical foundation for the non-destructive quality assessment of
thermally modified wood using colorimetry.

Finally, in Table SI-10, the changes in crystallinity (y), maximum
volumetric drying shrinkage rate (Bmaxv), maximum volumetric thick-
ness swelling rate (0w maxy), modulus of elasticity (MOE), modulus of
rupture (MOR), surface hardness (SH-T and SH-R), screw holding power
(SHP), compressive strength (CS), mass loss rate of white-rot fungi
(MLW), and mass loss rate of brown-rot fungi (MLB) of the rubberwood
samples at different temperatures and heating times compared with the
control sample are summarized for comparison.
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Table 2

The regression equations and the corresponding correlation coefficients (R?) of
the predictive models for key performance metrics using AE* and b* as inde-
pendent variables.

Property Regression Equation R?

Volumetric Shrinkage (Bmaxv) Bmaxv = 3.87-0.28b* + 0.354E* 0.812
Volumetric Swelling (dmaxv) Omaxy = 5.23-0.34b* + 0.41AE* 0.864
Modulus of Rupture (MOR) MOR = 32.14 + 1.25b* - 0.87AE* 0.782
Tangential Surface Hardness (SH-T) SH-T = 45.67 + 0.98b* - 1.124E* 0.735
Screw Holding Power (SHP) SHP = 28.56 + 0.85b* - 0.734E* 0.698
Lignin Content (LC) LC = 12.45-0.75b* + 0.88AE* 0.902
Cellulose Content (CC) CC = 68.33 + 0.92b* - 0.654E* 0.831
Hemicellulose Content (HC) HC = 24.37 + 0.62b* - 0.78AE* 0.849
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4. Conclusions

In summary, this paper investigated a rapid thermal modification
method for rubberwood, which can be fully performed using a hot press.
Compared to conventional thermally modified wood, this approach al-
lows the production of materials with minimal mechanical loss,
enhanced dimensional stability, and improved decay resistance, while
maintaining the integrity of the bulk material. The study systematically
evaluated heated platen-treated rubberwood through a comprehensive
analysis of its chemical structure, chemical composition, microstructure,
physical performance, mechanical performance, surface color, and
natural decay resistance. Additionally, color parameters were used for
non-destructive quality assessment of these properties. The main con-
clusions are as follows:

(1) The FTIR analysis revealed that hemicellulose degradation was
the most prominent chemical change. WAXS analysis showed that as the
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treatment temperature and duration increased, hemicellulose degrada-
tion reduced the amorphous content, raising the cellulose crystallinity
from 40 % to 64 %. Components analysis corroborated these findings,
with hemicellulose content decreasing by 25 %, 38 %, and 53 % at 250
°C, 270 °C, and 290 °C after 15 min, respectively. The increase in
degradation products and their reduced proportion in the remaining
material led to a higher content of extractives and lignin.

(2) Heated platen treatment resulted in significant improvements in
both efficiency and performance retention. At the three treatment
temperatures and after 15 min, MOR reduction was limited to 29-47 %,
with only a 2-11 % loss in MOE and a 3-20 % reduction in CS. SH-R
increased by 15-30 %, while SHP resistance decreased by only
2-31 %. The treated rubberwood showed remarkable dimensional sta-
bility improvements, with tangential shrinkage reduced by 7-36 % and
volumetric swelling decreased by 40-58 % compared to the controls.
Density profiles analysis revealed a maximum density increase on the
surface of 524 kg/m?® above the average rubberwood density.

(3) Rubberwood modified by heated platen treatment exhibited
significantly enhanced fungal resistance, reducing mass loss from white-
rot fungi from 11.6 % to 7.1 % and brown-rot fungi decay from 7.1 % to
4.5 %, representing ca. 35-40 % of decay reduction. Optimal decay
protection was achieved at 270 °C for 10 min. By simulating the decay
behavior of heat-treated wood, the optimal treatment durations for
protection were further refined to 8.7 min and 9.3 min at 270 °C.
However, prolonged high-temperature treatment induced micro-cracks
in the cell walls, creating pathways for fungal invasion and resulting
in increased mass loss.

(4) The thermal treatment caused a progressive darkening, with AE*
increasing proportionally to both temperature and duration. L* values
decreased by 37-49 %, while a* increased by 24-61 %, and b*
decreased by 20-44 %. This study used color parameters for non-
destructive quality assessment, revealing strong correlations between
color differences and mechanical properties (|r] = 0.648-0.927),
chemical composition (R? up to 0.902), and dimensional stability (R? up
to 0.864). However, due to the complexity of decay resistance mecha-
nisms, the chromatic parameters could not fully account for variations in
fungal durability.
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