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Abstract: The temperature and relative humidity (RH) have
an impact on the moisture absorption rate, moisture distri-
bution, and swelling behavior of wood, which can lead to
wood absorptive rheological phenomena such as swelling
stress and swelling strain. This study examined the absorp-
tion and rheological characteristics of heat-treated (HT) and
conventionally kiln-dried (CKD) North American alder wood
under different conditions (50, 70, and 90 °C at 90 % RH) from
an absolutely dry state to target moisture content (MC) levels
(5%, 10 %, and 15 %). The results showed that heat treatment
significantly reduced the moisture absorption rate, the dif-
ference in MC, and the radial swelling ratio of the wood, with
maximum reductions of 0.94-points, 1.54-points, and 0.89-
points, respectively. The differential swelling between
wood’s surface and core generates stresses and swelling
strains (g, €y, €x9). These stresses showed a trend opposite to
that of the drying stress. Heat treatment notably reduced the
mechano-sorptive swelling creep strain (MSCS) in North
American alder wood (47.3 % lower at 70 °C and 0.7 % lower
at 90 °C). In contrast, there were no significant differences in
free swelling strain, elastic swelling strain, and viscoelastic
swelling creep strain between HT and CKD wood.
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1 Introduction

Wood is a natural material with porous, hygroscopic, and
anisotropic properties (Lyu et al. 2023; Xu et al. 2022a, b; Fan
et al. 2014; Feng and Zhao 2011). While its biodegradability
and environmental benefits make it widely applicable
(Huang et al. 2024; Yue et al. 2016; Liu et al. 2021). However,
the free hydroxyl groups in the chemical components of
wood are highly hygroscopic. When wood is exposed to the
air, changes in ambient temperature and humidity can affect
its shrinking, wetting, and deformation, leading to internal
stress (He et al. 2019; Yang and Liu 2020; Zhong et al. 2021).
This reduces the dimensional stability and mechanical
strength of the wood, thus limiting its further use in preci-
sion engineering and high-humidity environments (Ermey-
dan et al. 2021; Xu et al. 2022a, b; Yang et al. 2019; Zhu and
Yang 2025). Therefore, reducing moisture content (MC),
increasing dimensional stability, and reducing stress are
crucial for the widespread application of wood.

Heat treatment has emerged as an environmentally-
friendly physical modification method to tackle these prob-
lems. By reducing the equilibrium moisture content and
minimizing dimensional variations, heat treatment signifi-
cantly enhances the stability of wood (Yang and Jin 2021;
Zhang et al. 2021; Ding et al. 2015; Feng et al. 2022). However,
in industrial applications, there is often a requirement for
conventionally heat-treated (HT) wood, such as that modi-
fied at 180-220 °C under inert gas, superheated steam at at-
mospheric pressure, or in vacuum conditions, to quickly
absorb and regain moisture to reach specific moisture con-
tent (MC) levels for further processing. This process is the
opposite of drying. When the wood absorbs moisture under
harsh conditions such as high temperature and high hu-
midity, a significant MC gradient will form between the
surface and the core zones of the wood. This can lead to
asynchronous swelling of the surface and core layers,
thereby generating absorptive stress. This phenomenon is
similar to drying stress but occurs during the moisture
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absorption process (Yang and Liu 2021; Yang et al. 2022). If
these stresses are not properly managed, they may cause
warping, cracking, or even structural failure in the finished
wood products.

Numerous previous studies on the moisture absorption
of HT wood have been conducted under standard ambient
conditions of 25°C and 60 % relative humidity (RH), across
the full humidity range from 0 to 95% RH. These studies
mainly focused on the dimensional stability of HT wood after
moisture absorption (Li et al. 2008; Zhou et al. 2006; Militz
and Altgen 2014; Jiang and Lyu 2012; Jiang et al. 2023). For
example, Schneider and Rusche (1973) showed that vacuum-
heated beech (Fagus silvatica L.) and spruce (Picea asperata
Mast) had reduced moisture absorption. Kocaefe et al. (2015)
investigated the dimensional stability of different wood
species after heat treatment at 180-200 °C. The swelling ratio
of these treated woods was significantly lower than that of
other species, with a remarkable decrease in swelling
ranging from 50 to 80 %.

There have been few studies on HT North American
alder wood (Alnus rubra Bong.), such as the one by Lazarescu
et al. (2014). However, these studies mainly focused on
moisture absorption at room temperature, ignoring the dy-
namic stress evolution and rheological behavior during
moisture absorption at elevated temperatures. This research
gap is crucial because harsh conditions such as high tem-
perature and high humidity can shorten the moisture ab-
sorption time of HT wood. Nevertheless, they will induce
moisture absorption stress and strain in the wood, which
affects the dimensional stability and subsequent processing
performance of the wood. Patcharawijit et al. (2018) have
shown that humidity significantly influences the mechano-
sorptive creep of Chinese fir (Cunninghamia lanceolata)
during the moisture absorption process. Fu et al. (2016) also
emphasized that drying defects in wood are typically related
to drying stress, and they measured the tangential and radial
drying strains in birch (Betula platyphylla). However, they
did not conduct a more in-depth analysis of how the varia-
tions in stress magnitude and direction across different
layers contribute to the overall differences in mechanical
response.

In this study, the absorption rate, MC distribution,
tangential and radial swelling ratios, and rheological prop-
erties of HT and conventionally kiln-dried (CKD) North
American alder wood were investigated to systematically
examine the effects of absorption conditions on the ab-
sorption rate behavior and the development of stress and
strain. The findings provide a theoretical and practical basis
for moisture absorption protocols and the control of stress
and strain in HT wood.
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2 Materials and methods
2.1 Materials

The test material consisted of North American alder boards
with dimensions of 20 mm (radial, R) x 70 mm (tangential,
T) x 4,000 mm (longitudinal, L) supplied by Mage Company
in Chongqing, China. Nine boards were selected and dried
at 80 °C and 65 % RH using the CKD method until their MC
reached 10 %. Subsequently, the wood was longitudinally
bisected, and the right-hand portion was HT at 160 °C for
6h under superheated steam conditions. After that, end-
matched defect-free specimens measuring 20 mm (R) x 70 mm
(T) x 600 mm (L) were cut from the CKD and HT boards
respectively, which were from the same original boards. In
total, there were 27 HT (group H) boards with an initial MC
of 8.0 % and 27 CKD (group C) boards with an initial MC of
10.0 %.

2.2 Moisture absorption tests

Three moisture absorption tests were conducted at a RH of
90 % and temperatures of 50 °C, 70 °C, and 90 °C respectively.
Figure 1 is a schematic diagram of the sample preparation
process for the test at 50 °C and 90 % RH. Nine CKD boards
were selected and divided into three C groups (CA;3, CBy3,
and CCy.3), with three specimens in each group. Meanwhile,
the corresponding nine HT boards were divided into three H
groups (HA;3, HB, 3, and HC,3) (Figure 1a). Prior to the test,
all boards were dried in an oven (Model DHG-9503BS-III,
Shanghai Xinmiao Medical Equipment Manufacturing Co.,
Ltd) at 103°C until they reached an absolutely dry state.
Subsequently, they were marked in red at the center of the
boards, and both ends of the boards were sealed with epoxy
resin adhesive. After that, the dimensions of the absolutely
dry boards in the tangential and radial directions were
measured using vernier calipers (Model CD-20CPX, with an
accuracy of 0.01 mm, Mitutoyo, Japan). The absolutely dry
mass of the boards was measured using an electronic bal-
ance (Model JA5003N, with an accuracy of 0.001 g, Shanghai
Precision Scientific Instrument Co., Ltd). Finally, all the
boards were placed in a constant temperature and humidity
chamber (Model DF-Hs-408, Nanjing Defu Experimental
Equipment Co., Ltd) set at 50 °C and 90 % RH for moisture
absorption.

During the moisture absorption process, each board was
taken out at certain time intervals to measure its dimensions
and mass so as to obtain its MC and dimensions. When each
board in Group 1 reached the target MC of 5%, it was
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Figure 1: Schematic diagram of test sample preparation.

removed from the chamber and then marked for the mea-
surement of MC distribution, dimensions, and strain
(Figure 1b).

As shown in Figure 1c, each board was first sawn in the
middle. From the left-hand part of the board, three end-
matched wood slices with dimensions of 20 mm (R) x 70 mm
(T) x 10 mm (L) were sawn for MC determination. From the
right-hand part of the board, three end-matched wood slices
of the same dimensions were sawn for strain measurement.
For the slices used for MC determination, they were
numbered and then dissected into 25 wood blocks as soon as
possible (Figure 1d), and then placed into a Ziploc bag. The
blocks were removed from the Ziploc bag one by one for
mass measurement, and then they were dried in an oven at
103 °C to obtain the absolute dry mass. For the slices used for
strain measurement, they were labeled along the tangential
direction and marked with dots at the ends, and then split
into nine strips along the tangential direction. The strips
with odd numbers were quickly placed into a Ziploc bag.
Then, one strip was removed from the Ziploc bag, and the
distance between the two dots of the strip was measured
using scanning images and Image] software at four stages:
after sawing (1), after splitting (I,), after the dimensions
became stable (I3), and after free swelling (l;) (Figure 1e).

marking cutting sealing for 24h _ free shrinking I
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When the MC of Group 2 and Group 3 reached 10 % and 15 %
respectively, the same operations were carried out. It was
noteworthy that the values measured here represented the
state of the samples after a short handling period after they
were removed. Although this error may cause slight varia-
tions in the absolute values of MC, swelling ratio, and strain,
both groups underwent the same handling procedures. This
ensured that any such error affected them equally.

2.3 Determination of moisture content and
absorption rate

Moisture content was determined based on the absolute dry
mass of the wood, following the GB/T1927.4-2021 “Part 4:
Determination of moisture content” standard. The moisture
absorption rate (MAr) was calculated using formula (1)
based on the change in MC between two measurement
points and the time interval between them.

MAr = u x 100 % 6))

where M, represents the MC at the previous measurement
point, %; M; represents the MC at the measurement point
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after absorption, %; and t is the time interval between the
two measurement points.

2.4 Determination of swelling ratio

The tangential and radial dimensions of the boards in the
absolute dry state, as well as during the process of moisture
absorption, were measured using vernier calipers. The
swelling ratio in the tangential and radial directions of the
specimen was calculated using formula (2) in accordance
with the GB/T1927.8-2021 “Part 8: Determination of Wet
Expansion” standard.

-1

0

S =

% 100 % 2

where S is the tangential or radial swelling ratio of the
boards, %, [ is the tangential or radial dimension of the
boards after absorbing, mm, and [, is the tangential or radial
dimension of the specimen in the absolute dry state, mm.

2.5 Measurement of rheological properties

With the incorporation of wood rheology theory into wood
drying, the total strain under drying stress is divided into
free shrinkage strain, elastic strain, viscoelastic creep strain,
and mechano-sorptive creep strain (MSCS) (Rice and Youngs
1990; Chdvez et al. 2021). In contrast, when dry wood is
exposed to wet conditions, stress could occur because the
swelling in the wood surface and core zones is not syn-
chronized during the absorption process. In this study, this
stress is referred to as absorptive stress. Consequently, the
absorptive stress during wood absorption gives rise to a total
absorptive swelling strain, which consists of free swelling
strain (&), elastic swelling strain (gg), viscoelastic swelling
creep strain (gy), and mechano-sorptive swelling creep
strain (&,). These strains correspond to those during wood
drying. The free swelling strain is reversible with moisture
adsorption and occurs without mechanical stress. The elastic
swelling strain is fully recoverable upon unloading and re-
sults from the immediate deformation of the cell wall under
applied stress. The viscoelastic swelling creep strain is a
time-dependent and partially recoverable deformation that
occurs under constant load and MC. The mechano-sorptive
swelling creep strain is the additional, irreversible creep
specifically induced by the change in MC under load.
Before moisture absorption, the surfaces of the boards
were marked with dots. Then, the boards were placed into
the scanner (CanoScan700F, 48-bit color, Canon China Co.
Ltd.) to measure the initial distance [, (in the absolute dry
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state) between the measurement points. When each board
reached the target MC, strain slices were sawn from the
right-hand part in the middle of the boards and labeled along
the tangential direction. Dots were marked at the ends of the
slices (Figure 1e). At this time, the distance (I;) between the
two points was measured (Figure 2). Next, the strain slices
were split into strips along the tangential direction. After the
odd-numbered strips were fixed with special tools, the dis-
tance (l;) between the points on these strips was measured.
After that, the strips were put into a resealable bag with the
air removed. Once the dimensions of the strips became sta-
ble, the distance (I3) between the points on the strips was
measured. Finally, the strips were immersed in distilled
water for 24 h, steamed for 8 h to restore any plastic defor-
mation, and then conditioned at the corresponding tem-
perature and RH of the absorption process until their MC
increased to 5 %, 10 %, and 15 % respectively. Then, the dis-
tance (I,) between the points on the strips was obtained. The
various strains of the specimen were calculated according to
formulae (3), (4), (5), and (6).

)

S L 3
g =2t @
lo
o L-1 )
lo
l _
b 6)
lo

where [; is the distance between measurement points on the
surfaces of absolutely dry boards, mm; [, is the distance
between the two end points in the strain slices after sawing,
when the boards have absorbed moisture up to the target
MC, mm; [, denotes the distance between the two end points
in the strips after splitting the strain slices, mm; I3 is the
distance between the two end points in the strips after they
have reached dimensional stability, mm; and I, represents
the distance between the two end points in the strips after
the strips have freely swelling to the target MC, mm.

3 Results and analysis
3.1 Moisture absorption rate

Figure 3a illustrates the variation in MC over time for groups
H and C at temperatures of 50, 70, and 90 °C. Figure 3b shows
the average moisture absorption rates for these groups when
they reach target MC of 5%, 10 %, and 15% at the same
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Figure 2: Diagram of strain measurement of the specimen by Image).

temperature. For both group H and C, the MC exhibited nearly
linear increases at 90 °C, while at 50 °C, the increase was more
gradual. The maximum MC of group H and C at 90 °C was
13.03 % and 15.38 %, respectively. Under all three temperature
conditions, the moisture absorption rate increased notably
with rising temperature and decreased as the wood’s MC in-
creases for both groups H and C. Notably, group H had a
slightly lower moisture absorption rate compared to group C,
the analysis indicated that there was a statistically significant
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between group H and C at 50, 70 and 90 °C was 0.94 %-points,
0.35 %-points, 0.83 %-points per hour, the heat treatment was
most pronounced at 50 °C. A multifactor ANOVA was con-
ducted on the absorption rates of groups H and C at the three
temperatures (Table 1). The results indicated that tempera-
ture significantly affected the moisture absorption rate for
both groups, with group H exhibiting lower moisture ab-
sorption than group C. This finding aligned with theoretical
studies suggesting that heat treatment effectively reduces
wood’s moisture absorption (Hill et al. 2021).

3.2 Moisture content distribution

Figure 4 illustrates the distribution of MC in the T1 to T5
layered strips of Group H and Group C at various tempera-
tures under target moisture conditions of 5 %, 10 %, and 15 %.
The MC in the T1to T5 layered strips exhibited a symmetrical
distribution along the radial direction of the wood. During
the moisture absorption process from 0 % to 15 %, the MC of
the surface layered strips (T1 and T5) in both Group H and
Group C was higher than that of the sub-layered strips (T2
and T4), with the core layered strips (T3) having the lowest
MC. At all three temperatures, the MC of each layered strip in
Group H was significantly lower than that in Group C, except
for the conditions at 50°C and a target MC of 5%. The

Table 1: Results of multifactor ANOVA for absorption rates of Group H
and Group C wood at temperatures of 50 °C, 70 °C, and 90 °C.

difference between Group H and Group C (P < 0.05). In the ~ Source Degreesof  Mean F significance
. . . . freedom square P-value
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Figure 3: Change curves of moisture content (a) and comparison of average moisture absorption rate (b) of Group H and Group C wood at temperatures

of 50 °C, 70 °C, and 90 °C.
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analysis indicated that there was a significant difference in
MC levels between Group H and Group C (P < 0.05). This
indicated that heat treatment had an inhibitory effect
on moisture absorption. The varying MC levels in the T1 to
T5 layered strips during moisture absorption resulted in
different degrees of swelling, leading to internal stress b-
etween the layered strips.

The MC differences between the surface and core layers
of Group H and Group C are shown in Table 2. At 70 and 90 °C,
for both groups, the MC difference decreased as the MC of the
wood increased. However, at 50°C, the difference was
greatest when the MC reached 10 % (H group: 2.90 %-points,
C group: 2.63 %-points). This was attributed to the slower
absorption rate at lower temperatures. Generally, the MC
difference between the surface and core layers of Group H
was smaller than that of Group C, indicating that heat
treatment effectively reduced this difference. This reduction
in MC variability diminishes the stress caused by the MC
difference and, consequently, the resulting strain.

3.3 Swelling ratio

The swelling ratio in the tangential and radial direction
during moisture absorption process is shown in Figure 5. The
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swelling ratio in the T and R direction of the group H and
group C under the three conditions increased with the in-
crease of MC, and the swelling ratio in the T direction was
greater than that in the R direction at the end of moisture
absorption. The analysis indicated that there was a signifi-
cant difference between Group H and Group C (P < 0.05). The
swelling ratio of H group was significantly lower than that of
C group during the absorption process, especially in the R
direction. The greatest differences in T and R direction be-
tween groups H and C occurred at 90 °C, presenting increase
with temperature. This indicates that heat treatment has an
inhibitory effect on the rate of swelling, help reducing the
swelling of H groups and resulting lower internal stress and
strain (Gao 2016; Yin et al. 2023), the reduction in swelling
coefficients exceeds reported values for ring-porous hard-
woods like oak (Kubovsky et al. 2020). Meanwhile, at the
same MC, the swelling ratio in T and R directions for both
group H and group C increased with temperature increasing,
indicating temperature is a critical factor for wood swelling.

The parameters of the linear fitting equations for the
swelling ratio and MC of Groups H and C are presented in
Table 3. The results showed that both tangential and radial
swelling ratios exhibited a clear linear relationship with MC
for both groups. The slope, representing the swelling coef-
ficient, was generally smaller for Group H compared to

20
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Figure 4: Distribution of moisture content in the T1 to T5 layered strips of Group H and Group C wood under target MC of 5 %, 10 %, and 15 % at

temperatures of (a) 50 °C, (b) 70 °C and (c) 90 °C.

Table 2: The difference in MC (%) between the surface layer and core layer of Group H and Group C wood at temperatures of 50 °C, 70 °C, and 90 °C.

Temperature (°C) 50 70 20

Target MC (%) 5 10 15 5 10 15 5 10 15
Group C 1.88+0.10 290+0.15 0.88+0.08 1.87+0.12 148+0.11 085+0.08 2.01+0.09 1.00+0.01 0.52+0.05
Group H 206 +0.18 2.63+0.12 0.79+0.07 1.88+0.10 1.27+0.10 0.75+0.06 1.94+0.08 1.00+0.07 0.27+0.03
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Figure 5: The swelling ratio during moisture absorption process in the tangential direction (a) and in the radial direction (b) of Group H and Group C

wood at temperatures of 50 °C, 70 °C, and 90 °C.

Group C, particularly in the radial direction. This indicated
that heat treatment reduced the North American alder
wood’s swelling capacity, resulting in less swelling and
lower internal stress.

3.4 Rheological property

During the process of moisture absorption from an oven-
dried state to targeted MC, no significant differences were
observed in free swelling strain, elastic swelling strain, or
viscoelastic swelling creep strain between Groups H and C.
However, a statistically significant difference was observed
in MSCS between the two groups (P < 0.05).

Figure 6a illustrates that as MC increased, the free
swelling strain in both groups increased. Multifactorial
analysis of variance indicated that temperature had no sig-
nificant impact on free swelling strain. At MC of 5 %, 10 %,
and 15 %, the maximum free swelling strains were 0.0072,
0.0293, and 0.0474, respectively.

Due to differing moisture absorption rates between
internal and external wood regions, uneven moisture
distribution occurs. This triggers asynchronous swelling

phenomena, leading to stress and strain changes (Gao 2016).
Figure 6b shows symmetric distributions of elastic swelling
strain in the surface layers and interlayers of H group and C
group. Stress patterns for both groups followed similar trends,
with compressive stress occurring in the surface layer and
tensile stress developing in the interlayers and core layer,
though slightly stronger strain was observed under 90 °C
conditions. Surface layers exhibited compressive stress
because their faster moisture absorption caused swelling,
which was constrained by adjacent inner wood. At 50 °C and
90 °C, compressive stress increased with MC, peaking at a
value of —0.0039 for HT wood at 90 °C. Conversely, interlayers
and core layers exhibited tensile stress, which decreased with
increasing MC and reversed to compressive stress at 50 °C and
90 °C. Notably, heat treatment did not significantly affect
elastic swelling strain, as no differences were observed be-
tween Groups H and C under identical temperature and MC
conditions (P > 0.05). However, the moisture absorption
temperature had a significant effect on elastic swelling strain,
with the strain being more pronounced at 90 °C.

In Figure 6c¢, viscoelastic swelling creep strain trends of
both groups mirror those of elastic swelling strain, with
compressive stress in surface layers and tensile stress in

Table 3: Parameters for the fitting equation of swelling ratio in the tangential (T) and radial (R) directions of Group H and Group C wood at temperatures

of 50 °C, 70 °C, and 90 °C.

Temperature (°C) 50 70 20

Specimen orientation H-T CT H-R CR H-T CcT H-R C-R H-T CcT H-R C-R
Intercept -2.74 -2.28 0.21 0.22 -2.24 0.22 0.28 0.33 -0.51 -0.86 0.70 0.52
Slope b 0.46 0.43 0.19 0.26 0.50 0.50 0.21 0.28 0.44 0.51 0.21 0.33
R 0.93 0.88 0.94 0.96 0.95 0.99 0.98 0.99 0.98 0.94 0.97 0.94

Specimen orientation: T (tangential direction), R (radial direction). For examples, H-T represents the wood from Group H (HT) measured in the tangential
direction; C-R indicates the wood from Group C (CKD) measured in the radial direction.
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Figure 6: Rheological properties of Group H and Group C wood at temperatures of 50 °C, 70 °C, and 90 °C: (a) free swelling strain; (b) elastic swelling
strain; (c) viscoelastic swelling creep strain; (d) mechano-sorptive swelling creep strain.

interlayers and core layer. However, compared to the elastic
swelling strain, the values of viscoelastic swelling creep
strain were smaller. Armstrong and Kingston (1960) re-
ported greater creep deformation during MC decreases
compared to constant MC conditions. However, in this study,
despite diminishing MC gradients with increasing wood MC,
compressive and tensile strains remained stable.

MSCS, representing permanent deformation from
combined mechanical and moisture-induced stresses, is

more pronounced in surface layers than core layers
(Figure 6d). ANOVA results indicated that MSCS differed
significantly between Group H and C, with temperature
strongly influencing its behavior. Except at 5 % MC, MSCS of
the H group was significantly lower than that of the C group
under most conditions, demonstrating that surface heat
treatment effectively reduces MSCS in wood. At 70 and 90 °C,
the total of the Group H was 43.7 % and 0.7 % lower than that
of the Group C, respectively. At 50 °C, all layers exhibited
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tensile strain during moisture absorption. As temperature
rose to 70 °C and 90 °C, MSCS in Group H at 5% MC transi-
tioned to compressive strain, peaking at —0.184 under 90 °C
conditions. However, compressive strains reverted to tensile
strains as MC increased. The most abrupt MSCS changes
occurred at 90 °C, underscoring temperature’s critical role in
governing MSCS magnitude and directionality. Conse-
quently, the minimum MSCS observed at 70 °C, along with
balanced absorption efficiency, indicated that this temper-
ature might reduce the risks of irreversible deformation
during the humidification of HT wood.

4 Conclusions

(1) Heat treatment significantly reduced the absorptive
moisture content of North American alder wood,
particularly at lower temperatures. This led to less
variability in MC and internal stress, which is crucial
for steam-bent components as stress anisotropy can
cause warping. At 50 °C, when the MC reached 10 %, the
difference was the largest, at 1.54 %-points.

(2) Heat treatment notably reduced North American alder
wood swelling, especially radially. At 90 °C, it showed a
0.89 %-point greater decrease than Group C, mini-
mizing internal stress and strain during moisture
absorption.

(3) During moisture absorption, differential swelling be-
tween the surface and core zones of wood induced
stress, resulting in various swelling strains (&g, €y, &)
in the wood. These strains exhibited a trend opposite to
that of the drying stress.

(4) Heat treatment notably reduced MSCS in North
American alder wood. Group H had much lower values
in most cases (47.3 % lower at 70 °C, 0.7 % at 90 °C). At
90 °C, MSCS showed temperature-dependent compres-
sive -tensile transitions with the greatest changes.
However, elastic and viscoelastic swelling strains in
Group C and group Hwere similar and not significantly
affected by heat treatment.
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