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Unilateral surface compression in wood presents notable benefits, including reduced wood volume loss and
energy consumption, rendering a highly promising and extensive utilization. However, shortcomings in com-
pressed wood arise due to unclear gas pressure, temperature, and moisture content distribution within the wood
during hot pressing. In this paper, the temperature and pressure distribution were analyzed utilizing an optical
fiber temperature and pressure measurement system within the wood during hot pressing. Moreover, the
moisture content, stress and strain in each layer at the end of hot pressing were discussed extensively. The results
showed that the wood surface layer (SL) and subsurface layer (SSL) maximum temperature values were similar
even with different layer thicknesses. Under sealing conditions, SL and SSL temperatures were generally 6 °C to 7
°C higher compared to unsealing conditions. The gas pressure maximum value exhibited an opposite order,
gradually transferring to the core layer (CL) and declining as the processing time extended. During compression
treatment, moisture migrated from the hot end to the cold within the wood. The moisture content displayed
significant differences between the middle and end parts of the wood under unsealed conditions, with the
disparity becoming more pronounced further away from the hot end. The transition region of the compressed
wood served as a stress concentration area, experiencing the highest levels of stress. The dense region followed
with the second highest stress levels, while the un-densified region exhibited the least amount of stress. Under the
same process parameters, the thickness had little influence on the distribution of dense layers.

1. Introduction

Wood is a biopolymer composite and one of the most sustainable
materials capable of carbon sequestration. Its remarkable strength-to-
weight ratio and machinability make wood widely applicable as a con-
struction material. With increased eco-consciousness around the world,
numerous countries have implemented robust policies and measures to
preserve precious timber resources [1,2]. Conversely, these efforts have
further exacerbated the persistent imbalance between wood demand
and the availability of fresh timber. Thus, a series of innovative ap-
proaches have been proposed to address this challenge, such as the
efficient utilization of rapidly growing plantation resources.

Fast-growing plantations, such as poplar, often possess relatively low
density, poor dimensional stability, and low mechanical strength, which
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significantly limit their applications [3-5]. In order to optimize the
utilization of poplar resources, wood properties are enhanced by treat-
ing timber through two effective modification techniques, i.e., chemical
impregnation [6,7] and thermo-mechanical densification [8-11]. The
latter has notable advantages due to the absence of chemicals and,
therefore, more eco-friendly products are obtained, and the use of sim-
ple processes where only water and heat are applied.
Thermo-mechanical densification includes bulk densification and sur-
face densification [12].

Unilateral surface densification treatment refers to a specific tech-
nique that exclusively employs hygrothermal treatment on a specific
surface of wooden boards. This method effectively improves the hard-
ness and strength of the treated wood surface while minimizing volume
loss [13]. As a result, this process enables the production of premium
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solid wood products, aligning with the principles of clean and sustain-
able production. In the process of hot pressing, a rapid accumulation of
gas will be present in the wood which can adversely affect the final
product performance if the pressure is too high. For instance, excessive
gas flow velocities in the reverse direction during continuous pressing
can result in blister formation [14], and even a risk of explosion might
result when the pressure surpasses the compressive strength limit of the
wood tensile strength across the grain [15].

This has a bad effect on product quality and restricts the commercial
application of unilateral surface compression wood. The fundamental
reason is that heat, moisture and gas pressure migrate from the high-
temperature to the low-temperature region during the preparation
process, resulting in the uneven distribution of the temperature, mois-
ture and gas pressure inside the wood. Hence, it is crucial to understand
the internal gas pressure conditions to prevent or effectively address
such issues in plant operations. Additionally, the internal temperature
conditions are contingent upon the level of gas pressure. Therefore,
accurate gas pressure measurements are necessary for enhancing the
understanding of these interactions.

In the conventional process of manufacturing densified wood, the
hot press plate is periodically opened during the hot-pressing to release
water vapor inside the material. However, this process results in sig-
nificant heat loss and equipment damage [16]. Consequently, we have
devised a simple and efficient temperature differential method for the
production of unilateral surface densification compressed wood.
Namely, when pressure is applied to both surfaces of the board speci-
mens, only one surface is heated, and the glass transition temperature of
the amorphous wood bio-polymers, i.e., lignin, hemicelluloses and
amorphous cellulose, is reduced by increasing the moisture content of
the heated surface due to a plasticization effect. The heated surface of
wood is compressed, while the unheated surface remains largely unde-
formed. Furthermore, in our previous study, we successfully controlled
the thickness and position of the dense layer by controlling the process
parameters, ie., temperature, preheating time, compression speed,
compression ratio, and pressure holding time, thereby, achieving accu-
rate regulation of the profile density [17-20]. However, there are still
problems and open questions related to the reproducibility of the profile
when applying the same process to samples with varying thicknesses.

This paper also presents a comparative analysis to address this
question. Moreover, the focus of most researchers lies in studying the
variation of gas pressure within artificial panels during hot pressing at
present. Thoemen et al. [14,21,22] used a steel tube connected to a
piezoelectric pressure transducer to determine the gas pressure of
wood-fiber mats in a laboratory hot press. Liu et al. still used equipment
similar to Humphrey to measure internal wood pressure during micro-
wave drying [23]. Their research contributed to the understanding of
the events inside wood-based material during hot pressing. However,
the above measurement methods involved assessing internal material
pressure through pressure transmission tubes connected to external
pressure sensors, which inevitably experienced some pressure loss.
Furthermore, no further comparative investigations were conducted
regarding subsequent material properties. To solve these issues, we have
applied an optical fiber pressure and temperature-integrated detection
device. The sensor is positioned at the tip of the optical fiber, allowing it
to penetrate deep into the material. This design significantly minimized
pressure loss while ensuring high resistance to interference for the op-
tical fiber sensor. Although the influence of gas pressure within
wood-based panels during the hot pressing process had been discussed
years ago, to the best of our knowledge, there has been no research to
analyze pressure field distributions during compressed wood
production.

This study aims to investigate the alterations in internal temperature
and gas pressure, as well as the characteristics of heat transfer and
moisture diffusion in wood during the production of unilateral surface
densification treatment. Additionally, it aims to reveal the changes in
the softening area and location within the wood. The findings of this
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work might enhance the theoretical system for precise predictive control
of the dense layer in unilateral surface densification compressed wood,
and offer theoretical underpinning for the development of an advanced
technological system for unilateral surface compression of wood.

2. Materials and methods
2.1. Materials preparation

Samples used in this study were produced from poplar wood (Populus
tomentosa Carr.) which were obtained from Zhoukou (Henan Province,
China). The dimensions of the sawn timber followed three specifica-
tions: 2100 mmx 180 mmx55 mm (LxTxR),
2100 mmx180 mmx45 mm (LxTxR) and 2100 mmx180 mm x35 mm
(LxTxR) with 580-620 kg/m3 air-dried density and 10-16 % initial
moisture content. The moisture content was determined according to
GB/T 1931-2009, and the average moisture content of the boards was
taken as the initial moisture content of these samples and recorded as
Wy. Each sawn timber was machined into 4 test boards measuring
400 mmx180 mm (LxT), with a thickness (R) of 30 mm, 40 mm and
50 mm. Test boards without obvious visible defects were selected for
subsequent testing (Fig. 1).

Each test board was precisely machined into a sample size of
400 mmx180 mm (LxT). The samples were marked at 5 mm intervals
along the thickness direction, with the number of layers denoted as i. For
instance, when considering a 50 mm thick sample, i took an integer
value from 1 to 10. The first layer was in contact with the hot end of the
hot press (XLB-0.6x0.6 m3, Jinjiuzhou, China), while the last layer was
in contact with the cold end of the hot press. The samples were subjected
to boring in the surface layer (SL) (at the position i=1), subsurface layer
(SSL) (at the position i=2) and core layer (CL) (at half the thickness) at
the medial section. The depth of the boring was precisely half of the
sample width (namely 75 mm), to accommodate the positioning of fiber
optic temperature and pressure sensors, as shown in Fig. 1, and the
resulting weight was measured and recorded as my.

To accurately analyze the radial heat and mass transfer behavior of
wood during the hot pressing process, sealed and unsealed conditions
were employed. When defects such as knots were present, the situation
was similar to sealing, and in this condition, the gas pressure inside the
sample was considered to reach its maximum value. Consequently,
certain samples required sealing treatment. Given that the surface
(tangential-section) of samples came into direct contact with the bottom
plate of the hot press, only both ends (cross-section) and sides (radial-
section) of the sample were sealed. For such a purpose, the epoxy resin
E-44 (Hunan Handbrother New Material Co., LTD.) and the hardener
C4Hi3N3 (AR 99 %, Shanghai Aladdin Biochemical Technology Co.,
LTD.) were fully mixed at the ratio of 8:1, and evenly applied on the
radial section and cross-section of the sample, while being careful to
avoid any holes. The sample was left at room temperature until it was
completely cured, and the weight the of sample was measured and
denoted as m;.

In order to investigate the influence of moisture content on the in-
ternal temperature and gas pressure of wood during the hot pressing
process, adjustments were made to the moisture content of the samples.
Specifically, three moisture content levels, namely 15 %, 25 %, and
35 %, i.e., wood air-dried condition, critical fiber saturation point con-
dition and above the fiber saturation point condition, were achieved for
testing purposes. After the sealing treatment of the samples was
completed, procedures for adjusting the moisture content were imple-
mented. The samples that needed to be adjusted to a moisture content of
15 % were placed in a climate chamber (BPC-100CL, Yiheng Scientific
Instrument Co., LTD, China) at 28 °C and 74 % relative humidity until a
stable weight was reached. To attain target moisture contents of 25 %
and 35 %, samples were immersed in purified water at a temperature of
50 °C until the desired weight was obtained. The moisture content of the
samples adjusted to 25 % and 35 % was calculated using Eqs. 1-3:
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where m; is the weight of the sample upon achieving its target moisture
content (kg); a is the coefficient with a value of 1.25 and 1.35 for a target
moisture content of 25 % and 35 %, respectively; mqq is the absolute dry
weight of the sample (kg); m,, is the weight of the cured resin on the
surface of the sample (kg) - if the sample was not sealed, m; is equivalent
to my, meaning that m,, is equal to 0. After reaching the target moisture
content, samples were coated with polyethylene film. Subsequent tests
could be conducted once the moisture content deviation on the sample
thickness was within 3 %, indicating a uniform internal moisture con-
tent of the samples.

2.2. Wood densification

The optical fiber pressure and temperature sensors were installed
within a pressure-resistant steel pipe measuring 180 mm in length,
4 mm in external diameter, and with a wall thickness of 1 mm. Apart
from the top of the steel pipe, which remained open for sensor mea-
surement, the remaining contact area with the sensor transmission line
was hermetically sealed using epoxy resin. The sensors were placed in
designated positions within the sample, and the gaps between steel pipe
and wood were sealed using Teflon tape (Loctite Model 542, Henkel
GMBH) and epoxy resin. The exterior surface of the steel pipe was
effectively insulated by applying a tightly wrapped layer of insulation
cotton. The sensors were connected to a paperless recorder to monitor
real-time changes in the internal temperature and gas pressure of the
sample.

The preparation process utilized a laboratory-type single-opening
hot press (XLB-0.6x 0.6m3, JinJiuzhou, China) equipped with an elec-
tric heating system and cooling water system. The specimens were
continuously softened, compressed, and fixed on the hot press. Firstly,
the upper plate temperature was set at 150 °C and the lower plate at
room temperature (25 °C). The compression rate of 20 % was applied to
samples with thicknesses of 30 mm, 40 mm, and 50 mm, resulting in
compressed thicknesses of 24 mm, 32 mm, and 40 mm, respectively.
Subsequently, the samples were compressed in the radial direction at a

pressure of 8 MPa and a rate of 2 mm/s. After reaching the target
thickness, the specimens were subjected to a pressure of 8 MPa and a
temperature of 150 °C for 1 min. Finally, the heater switched on the
upper plate was turned off, and the hot press was cooled by circulating
water flow over the plates under a pressure of 2 MPa for 30 min before
unloading the pressure, and concluding the experiment.

Combinations of different treatments produced 36 specimens each
with a different treatment: three thicknesses of 30 mm, 40 mm and
50 mm (T30, T40, T50), three moisture content of 15 %, 25 % and 35 %
(M15, M25, M35), and two conditions of sealing (sealed and unsealed
samples — S and U). In total, 18 different sets were obtained with three
replicates for each group.

2.3. Measurement methods

The connected thermocouples and optical fiber pressure sensors from
the specimen were promptly removed, as well as the cured epoxy resin
coating at the interface. The samples’ weight was measured and denoted
as m, (mass of the sample after compression treatment). Subsequently,
samples were sawn to obtain layer moisture content test specimen of the
middle part and the end part, as well as the vertical density profile (VDP)
test specimen (50 mmx50 mm (LxR), with the thickness of the test
specimen after compression denoted as T.). The weight of the layer
moisture content of the middle part and the end part were measured and
recorded as my, and m,, respectively. Additionally, the layer moisture
content test specimens were split, and the weight and length of each
layer were measured to calculate the layer moisture content and stress
index using Eqs. 4-6. After measuring the weight and deflection of each
layer, samples were placed in a blast drying oven (DHG-9240A, Yiheng
Instrument Co., LTD, China) at 103 °C for 5h, and the weight and
deflection of each layer were remeasured. The residual stress index of
each layer was calculated using Eq. 7.

My — Miyio
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where MC,,; and MCy,. are the moisture content of each layer (%) in the
middle and at the end of the sample, respectively; my,; is the weight of
the i-layer at the middle of the sample, and mp, is the absolute dry
weight of the i-layer at the middle of the sample after drying at 103 °C
(kg); m,; is the weight of the i-layer at the end of the sample, and m,; is
the absolute dry weight of i-layer at the end of the sample; Y is the stress
index of each layer (%); f; is the deflection deformation of each layer
(mm); L; is the length of each layer (mm); Y, is the residual stress index of
each layer (%); f;; is the deflection deformation of each layer after drying
at 103 °C (mm); L,; is the length of each layer after drying at 103 °C
(mm).

Saturated steam or unsaturated superheated steam was used. The
saturation temperature of water vapor under various pressures was
calculated based on the Antoine equation for saturated water vapor
pressure, as presented in Eq. 8.

B
L= A—logP, ¢ ®

where T is the temperature of saturated water vapor within the wood,

30 mm 40 mm
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which is equivalent to the boiling point temperature of water at the
given pressure (°C); P, is the saturated water vapor pressure value
within the wood, which is approximately equal to the actual measured
wood internal gas pressure of the wood (kPa); The value of constants A,
B, and C is 7.07406, 1657.46, and 227.02, respectively. If the current
temperature within the wood is T, < Ty, the internal water temperature
of the wood will be lower than the saturated steam temperature
generated under the current monitoring pressure, resulting in water in a
liquid state; when T, = T, resulting in saturated steam; and if T, > T,
resulting to superheated water vapor [24-26].

3. Results and discussion

3.1. Internal temperature distribution of wood during unilateral surface
compression

As can be seen from Fig. 2, when the wood is compressed, the tem-
perature of the surface layer (SL), the subsurface layer (SSL) and the core
layer (CL) of the wood gradually increase as a function of time, until
reaching a plateau value. In this study, the hot pressing time was
extended to 60 min to clearly observe the changes in the wood’s internal
temperature and gas pressure distribution of wood. It was worth noting
that in actual production, the hot pressing time was generally controlled
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Fig. 2. Temperature profiles of the SL, SSL and CL for samples with two conditions of sealing (sealed and unsealed samples — S and U) and different moisture content

(rows) and thickness (columns) during the hot pressing process.



Z. Zhu et al.

within 30 min. Fig. 2 reveals that with an increase in hot pressing time,
the SL temperature of each sample type gradually increased. However,
the equilibrium temperature was reached within 60 min. Specifically,
the maximum temperature of the SL was around 140 °C, roughly 10 °C
lower than the temperature of the hot press plate. The preparation
process of surface-compressed wood relied heavily on the state of SL and
SSL for successful product preparation. The results showed that there
was a temperature disparity between the hot press plate temperature
and the SL and SSL of the samples. Moreover, the compression area of
the wood was unable to reach the temperature of the hot press plate
temperature within a limited time. Therefore, the hot pressing temper-
ature was not the highest temperature of the internal temperature of the
wood.

Despite variations in the initial moisture content among samples
with different thicknesses, it was observed that the maximum temper-
ature of both the SL and the SSL remained similar. Under sealed con-
ditions, the SL maintained a stable maximum temperature between 133
°C and 146 °C, while the SSL was between 107 °C and 135 °C. Similarly,
under unsealed conditions, the maximum temperature of the SL was
between 123 °C and 143 °C, and the SSL between 97 °C and 130 °C. This
similarity in maximum temperature values can be attributed to the
consistent distance between the SL, SSL, and CL of the wood, which
allows the thermal resistance of the heat from the heating plate through

30 mm 40 mm
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these layers to have a similar thermal conductivity. Comparatively, the
maximum temperature values of SL and SSL of the specimens under
sealed conditions were generally higher than those under unsealed
conditions. This discrepancy appeared due to the restricted moisture
movement in closed conditions, limiting the heat loss. Furthermore,
significant differences in the maximum temperature of the CL were
observed, depending on its thickness. For example, under sealed con-
ditions, samples with thicknesses of 50 mm, 40 mm, and 30 mm reached
maximum temperatures of 95 °C, 104 °C, and 112 °C, respectively.
Under unsealed conditions, the peak temperatures of the CL were 89 °C,
97 °C, and 112 °C, respectively. Notably, for 30 mm thick wood, the
maximum temperature of the sealed and unsealed CL surpassed that of
40 mm and 50 mm thick wood by 8 °C to 15 °C and 17 °C and 29 °C,
respectively. This difference can be attributed to the smaller distance
between the 30 mm thick of CL and the hot press plate, resulting in
lower thermal resistance [27]. Additionally, compression led to a sig-
nificant increase in wood density, which positively correlates with
thermal conductivity.

When comparing wood samples of the same thickness but different
initial moisture content, variations in the internal temperature distri-
bution under sealed and unsealed conditions were observed. Taking
50 mm thick wood as an example, when the moisture content of the
wood sample was 35 %, the SL, SSL, and CL exhibited temperature
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values that were 10 °C, 5 °C, and 8 °C higher, respectively, under sealed
conditions compared to unsealed conditions. Similarly, for wood sam-
ples with a moisture content of 25 %, the SL, SSL, and CL experienced
temperature increases of 11 °C, 6 °C, and 5 °C, respectively, when
subject to sealed conditions. Finally, when the moisture content of the
wood was 15 %, the SL, SSL, and CL exhibited temperature differences of
8 °C, 10 °C, and 6 °C higher, respectively, under sealed conditions
compared to unsealed conditions. These results showed that as the
initial moisture content increased, the temperature discrepancy at the
same position under sealed and unsealed conditions gradually
amplified.

3.2. Internal gas pressure distribution of wood during unilateral surface
compression

Fig. 3 shows the evolution of the gas pressure distribution in the SL,
SSL, and CL of wood during the preparation of compressed wood. As
expected, in any case, the highest pressure was observed at the SL, fol-
lowed by the SSL. This can be easily understood by considering that the
temperature of the SL rises rapidly while is sufficiently compressed.
Moreover, the higher the moisture content of the wood, the greater the
amount of water vapor generated per unit of time, resulting in a
maximum of gas pressure across all wood layers. When sealed, water
vapor cannot escape easily, leading to a much higher gas pressure inside
the wood compared to the unsealed sample. Specifically, for the same
thickness and moisture content conditions, wood subjected to unsealed
conditions lost approximately 2 % more mass than wood under sealed
conditions. All other conditions being equal, a 10 % increase in moisture
content resulted in an average gas pressure increase of 1.90 times in the
SL. The microstructure analysis of poplar wood revealed that water
vapor can escape through longitudinally interconnected conduits and
radial pitting. Consequently, a significant amount of water vapor
leakage from the radial section and cross-section of unsealed wood
resulted in reduced maximum internal gas pressure. When defects such
as knots were present, the situation was similar to sealing, and there was
a potential risk of overpressure increase in the CL. Therefore, it was
imperative to be cautious in such circumstances to avoid any damage to
the sample and risk for to operator. However, the difference in gas
pressure and mass loss rate for the same moisture content was not
substantial. As the processing time increased, the maximum gas pressure
gradually diffused toward the CL and gradually diminished. Both sealed
and unsealed conditions exhibited a gas pressure maximum value
sequence of SL > SSL > CL, with each layer exhibiting a successively
decreasing maximum value with a delay in time. This observation
indicated that water vapor migrated from the hot end to the cold end
along the wood’s internal porous structure under the joint influence of
both temperature and gas pressure gradient, with the water vapor
diffusion rate decreasing gradually during the diffusion through to the
inner part of the sample.

Upon contact between the wood surface and the hot plate, the
moisture near the wood surface underwent rapid vaporization. Due to
the significantly larger specific volume of water vapor compared to
liquid water, the vapor pressure near the wood surface experienced a
rapid increase. As the compression progressed, the evaporation process
moved from the wood surface towards the wood interior, driven by the
vapor pressure gradient, and gradually increased the internal wood’s gas
pressure. Typically, high hot pressing temperatures result in greater heat
transfer to the wood interior per unit of time by the hot pressing plate,
leading to increased absorption of heat by the free water within the
evaporation surface and, consequently, a higher proportion of water
vaporization and vapor pressure formation. With greater vapor migra-
tion towards the wood interior propelled by the vapor pressure gradient,
the internal water pressure shows a pronounced upward trend, resulting
in higher maximum gas pressure levels [28]. Concurrently, a heat-mass
coupling effect emerged, namely, as the water vapor liquefied upon
reaching the cold end, the phase transition intensified the heat transfer
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effect. The water vapor formed in the surface part of the hot end of the
wood continued to migrate towards the CL, creating a “heat
vaporization-inward migration-cold liquefaction” transition process
during migration. This was also proved by the layer moisture content
distribution of the wood for the middle and end parts of samples after
hot pressing, as shown in Fig. 4. Mass migration caused by the tem-
perature gradient and water migration strengthened the effect of heat
migration [29].

Compared to artificial panels, the variation in gas pressure distri-
butions of unilateral surface compression exhibited significant differ-
ences during hot pressing. In this paper, at a wood moisture content of
15 %, the maximum SL pressure measured was 123.7 kPa, a value far
lower than that reported by Thoemen et al., despite their mat moisture
content being a mere 8 % [22]. Furthermore, unilateral heating was
applied in this study, and the less total heat transfer was one of the
reasons for this situation. In the hot pressing process of artificial panels,
the mat can be regarded as homogeneous, with internal conditions being
less intricate than those of solid wood. Moreover, the maximum gas
pressure value in this study lagged behind the maximum temperature
value, potentially attributable to a reduction in internal free volume due
to wood compression, thereby leading to an increase in internal gas
pressure to a certain extent. The boiling point of free water in the wood
corresponds to the saturation temperature under the prevailing water
pressure. However, the saturation temperature varies with alterations in
ambient pressure, with higher ambient pressure leading to a high satu-
ration temperature. Within 5 min from the beginning of the hot pressing,
both the SL and SSL temperatures were in a rapid growth stage. At this
point, T, of SSL was also lower than T, indicating the presence of liquid
water. After 10 min, the T, of SSL surpassed T, indicating water over-
heating in this region. This observation underscores the continual in-
ward movement of the water evaporation within the wood, resulting in
an increased gas pressure in the CL. As a result of the relatively sluggish
heat conduction, the temperature of the wood CL was lower than the
saturation temperature value derived from the moisture pressure mea-
surement at the respective position.

3.3. Internal density distribution and microstructure characterization of
wood

As shown in Fig. 4, the layer moisture content distribution of the
wood is shown for the middle and end parts of samples with thicknesses
of 50, 40, and 30 mm after hot pressing. The results indicated that upon
hot pressing treatment, the moisture content of the wood near the cold
end - the cold end of the hot press - was higher upon hot pressing
treatment, with the range value of layer moisture content reaching
38.5 %. This suggests that the wood’s internal moisture migrated from
the hot end to the cold end during unilateral hot compression treatment
across the entire thickness range of the wood. In all cases, regardless of
the sealed or unsealed conditions, the surface moisture content of the
wood was relatively low, ranging between 3 % and 5 %, indicating that
moisture within an area extending 5 mm from the hot pressing surface
had been almost completely transferred to the interior of the wood. For
different wood thicknesses, the moisture content distribution trend in-
side the wood was found to be essentially the same. When the wood
sample was sealed with equal thickness, the moisture content of both the
middle and end parts was nearly identical, indicating a prominent
sealing effect. This observation shows that moisture was evenly trans-
ferred along the thickness direction of the wood. A majority of thermo-
mass coupled migration models for wood thermal processing were based
on this assumption [30-32]. However, this assumption has an important
premise: the wood must be standard quartersawn lumber or flatsawn
lumber, so that the cut plane parallel to the direction of heat flow is
homogeneous, together with the assumption of no mass exchange be-
tween the wood and external medium. When the sample was not sealed,
the layer moisture content between the middle and end parts varied
significantly, with the difference being more pronounced when the
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Fig. 4. Layer moisture content distribution of samples as a function of the number of layers, starting moisture content values and sealing conditions for different

thicknesses after hot pressing: (a) 30 mm, (b) 40 mm, and (c) 50 mm.

sample was closer to the cold end. This occurred because the longitu-
dinal water transmission rate in wood is several times higher than in the
radial direction [33], and in the unsealed state, moisture will migrate to
the end surface through the lumina and other tissues, spreading from the
end surface to the external environment. Consequently, a large amount
of moisture accumulates at the end.

Wood is a natural anisotropic solid foam whose solid matrix is a
macromolecular composite with complex viscoelastic and viscoplastic
behavior [34,35]. Dry wood can be plasticized by moisture and heat,
therefore, the moisture content and temperature of each layer are
closely related to the degree of softening affecting the region and loca-
tion of the dense layer. During the thermal compression treatment
process, wood shows a stepped distribution, forming regions with glassy
and elastic states with high mobility polymers due to the presence of
plasticizers and high temperature. When subjected to pressure, the
plastic domains — and the elastic domains to a lesser extent - near the hot
end deformed resulting in the formation of a high-density compressed
region which retained the new shape upon cooling. Fig. 5 illustrates the
vertical density profile of samples with different thicknesses. It was
evident that samples with higher moisture content exhibited a larger
densification region due to a higher plasticization effect when more
water was available in the tissue and, therefore, a higher deformation
could be achieved [36]. Wood samples of different thicknesses displayed
the same density structure under identical process parameters. Howev-
er, the influence of compressed thickness in the densification area var-
ied. As a result, the same compression process can be applied to woods of
different thicknesses while maintaining a consistent maximum density
structure, which holds significant importance in practical production.

Fig. 6 illustrates sample’s appearance in the densified area with
15 %, 25 % and 35 % moisture content. As shown there, the vessel el-
ements and ray cells within wood can be identified as stress

concentration sites due to their susceptibility to deformation. Specif-
ically, the ray cells of the sample with a moisture content of 15 %
exhibited migration and compression, displaying a closely fitting state.
In contrast, the fiber cells within wood demonstrated greater resilience
to stress, exhibiting minimal deformation. Furthermore, a noticeable
trend was observed as the moisture content decreased, leading to a
reduction in pore size and a denser wood structure in the compressed
wood. This trend solidified the findings from Fig. 5, in the 1-2 mm re-
gion, samples with low moisture content exhibit a higher level of
densification, while the opposite holds true for samples within the
2-5 mm range. This phenomenon is likely attributable to the propensity
for the surface layer of low moisture samples to soften more readily than
the interior. Moreover, an increase in moisture content amplifies the
softening effect, reducing the glass transition temperature. Based on our
current process, the dense-layer is an area around 5 mm away from the
compressed surface. If there is a low moisture content density within
1 mm, the corresponding density in other areas will be diminished.
Therefore, moisture content, preheating time, and compression speed
are distinct parameters, they may at times yield similar effects. In the
case of the sample with 15 % moisture content, the pressure was pri-
marily concentrated on the surface of the hot press plate in contact with
the wood, hindering its transfer and dispersion [37]. As a result, the
surface of the wood bore more pressure, leading to an increase in surface
density.

3.4. The layer stress and layer residual stress distribution

Following wood compression, Fig. 7 shows that the first three layers
exhibited a high-stress index, with stress being concentrated in these
regions. After drying at 103 °C for 3 h, the residual stress index of the
second, third, and fourth layers became larger, as shown in Fig. 8. By
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Fig. 5. Vertical density profiles of samples with different starting moisture content (MC) values and sealing conditions for different thicknesses after hot pressing: (a)

30 mm, (b) 40 mm, and (c) 50 mm.
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Fig. 6. SEM micrographs of samples in the densified area with 15 % (a and d), 25 % (b and e), and 35 % (c and f) moisture content. The ray cells, fiber cells and

vessels are marked by red, yellow and blue dotted lines, respectively.
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Fig. 7. The layer stress index distribution of the samples for different moisture content (MC) values and thicknesses after hot pressing.

splitting the middle and end parts and obtaining stress sections, it was
observed that stress sections from the first three layers bent rapidly in
the opposite direction of compression before drying, while after drying,
each layer in the stress section bent in the direction of compression.
Following the VDP approach, the first layer of samples from each
thickness value experienced complete compaction, thereby forming a
dense region. The second, third, and fourth layers underwent partial
compaction and served as transitional regions. The fifth layer remained

uncompressed. Moisture within the densification region migrated in-
wards, leading to a reduced moisture content below the fiber saturation
point and consequent dry shrinkage appeared. Meanwhile, the moisture
content of each layer remained higher than the fiber saturation point
due to moisture migration in the sample, thereby maintaining an un-
changed size and morphology. As a result, the densified region was
exposed to tensile stress inside the wood, while the wood interior
experienced compressive stress inside the densified region [38].
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Fig. 8. The layer residual stress index distribution of the samples for different moisture content (MC) values and thicknesses after drying at 103 °C for 3 h.

After sectioning, the removal of tensile stress and the disappearance
of elastic tensile strain within the densified layer area led to its
contraction due to dry shrinkage, resulting in a macroscopic reverse
crooking in the direction of the compression force. Conversely, the
elimination of compressive stress within the densified region caused the
elastic compressive strain in the wood interior to revert to its original
length, resulting in a macroscopic curvature in the direction of
compression force. With the elimination of moisture content differences,
the densified region underwent plastic fixation due to compression,
effectively halting further drying shrinkage within this region. However,
the excessive region, which was insufficiently compressed, exhibited
varying degrees of creep. Following drying, the densified region
exhibited a small dry shrinkage coefficient, while the un-densified re-
gion exhibited a large dry shrinkage coefficient, presenting a macro-
scopic crooking in the direction of compression force. Furthermore,
since the un-densified region could freely shrink after reducing moisture
content, it also displayed the macroscopic manifestation of the
compression force direction. The transition area, which served as the
connecting region between the densified and un-densified areas,
exhibited a concentration of residual stress and consequently became
prone to deformation. While it was commonly believed that stress
concentration in the densified area was the primary cause for delayed
deformation in compressed wood, the results of this study showed that
the main cause resided within the transition area rather than the
densified area. The presence of internal stress in wood was identified as
the direct cause of deformation during storage and post-processing, with
the uneven distribution of internal moisture content serving as the un-
derlying source of stress. Hence, it was feasible to regulate moisture
redistribution by employing the temperature difference method to
adjust the cold and hot ends.

4. Conclusions

In summary, this paper investigated the influence of wood moisture
content, wood thickness, and sealing conditions on the internal

temperature and gas pressure of wood during hot pressing. It was found
that the maximum temperature values of the SL and SSL of wood with
different thicknesses were similar. Moreover, under sealed conditions,
SL and SSL temperatures were generally 6 °C to 7 °C higher compared to
unsealing conditions. With respect to gas pressure, the maximum value
followed the order: SL > SSL > CL. The gas pressure maximum value
exhibited an opposite order, gradually transferring to the CL and
declining as the processing time extended. The liquid-free water within
the wood was expected to be in a state of overpressure saturation. Under
the sealed conditions, mass loss rates were significantly lower, while
internal gas pressure was 1-2 times higher than under open conditions.
During compression treatment, water within the wood migrated from
the hot end to the cold end. The moisture content displayed significant
differences between the middle and end parts of the wood under un-
sealed conditions, with the disparity becoming more pronounced further
away from the hot end. The transition region of the compressed wood
served as a stress concentration area, experiencing the highest levels of
stress. The dense region followed with the second highest stress levels,
while the un-densified region exhibited the least amount of stress. The
utilization of the temperature difference method to control water
redistribution and prevent deformation in compressed materials will be
the primary focus of future research.
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