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Abstract: This study evaluates the chemical, physical, mechanical, and biological prop-
erties of untreated and heat-treated Cryptomeria japonica (Thunb ex L.f.) D.Don wood
from the Azores, Portugal. Heat treatment was performed at 212 °C for 2 h following
the Thermo-D class protocol. Chemical analysis revealed an increase in ethanol soluble
extractives and lignin content after heat treatment, attributed to hemicellulose degradation
and condensation reactions. Dimensional stability improved significantly, as indicated
by reduced swelling coefficients and higher anti-swelling efficiency (ASE), particularly
in the tangential direction. Heat-treated wood demonstrated reduced water absorption
and swelling, enhancing its suitability for applications requiring dimensional stability.
Mechanical tests showed a decrease in bending strength by 19.6% but an increase in the
modulus of elasticity (MOE) by 49%, reflecting changes in the wood'’s structural integrity.
Surface analysis revealed significant color changes, with darkening, reddening, and yellow-
ing, aligning with trends observed in other heat-treated woods. Biological durability tests
indicated that both untreated and treated samples were susceptible to subterranean termite
attack, although heat-treated wood exhibited a higher termite mortality rate, suggesting
potential long-term advantages. This study highlights the impact of heat treatment on
Cryptomeria japonica wood, emphasizing its potential for enhanced stability and durability
in various applications.

Keywords: chemical composition; color; dimensional stability; mechanical properties;
termite resistance; thermal modification

1. Introduction

Commonly referred to as Japanese cedar or Sugi, Cryptomeria japonica (Thunb ex
L.f) D.Don, is a superb evergreen tree deeply rooted in Japan’s natural and cultural
heritage [1]. Renowned for its symmetrical form and towering height, it is a dominant

Forests 2025, 16, 166

https://doi.org/10.3390/£16010166


https://doi.org/10.3390/f16010166
https://doi.org/10.3390/f16010166
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0001-6660-3128
https://orcid.org/0000-0001-6849-3241
https://orcid.org/0009-0009-7162-3698
https://orcid.org/0000-0001-6502-7202
https://doi.org/10.3390/f16010166
https://www.mdpi.com/article/10.3390/f16010166?type=check_update&version=2

Forests 2025, 16, 166

20f13

feature of Japanese landscapes, often reaching heights of 50 m (164 ft) or more in its native
habitat. With a straight, robust trunk and dense foliage composed of spirally arranged,
needle-like leaves, Cryptomeria japonica creates a lush canopy that provides essential shelter
for diverse flora and fauna. This adaptability has made it a staple in various environments,
thriving in both humid coastal regions and rugged mountainous terrains [2,3].

Beyond its ecological significance, Cryptomeria japonica is also a cultural symbol. In
Japan, it is frequently planted in temple gardens, sacred groves, and along shrine pathways,
symbolizing longevity and spiritual importance. The wood, known as Japanese cedar, is
highly valued for its durability, fine grain, and natural resistance to decay, making it a
preferred material for construction, furniture, and traditional crafts [4].

This species was introduced to the Azores archipelago (Portugal) in the mid-19th
century, where it has thrived due to the region’s favorable climate and volcanic soil [3].
While Sao Miguel Island is the primary location for Cryptomeria japonica plantations, it has
also been cultivated on other islands, including Terceira, Faial, and Pico. In the Azores,
Cryptomeria japonica has become an essential part of the local forestry industry, contributing
to timber production and ecological conservation efforts [5].

The leaf essential oil of Cryptomeria japonica has demonstrated antitermitic activity
against Coptotermes formosanus Shiraki [6]. Terpenes and terpenoids are the major compo-
nents of this essential oil, which contribute to the wood’s natural resistance to termites.
Compounds like cubebol, epicubebol, sandaracopimarinol, and ferruginol with antitermitic
activities were also found in the heartwood of Cryptomeria trees grown in Japan [7]. This
intrinsic property makes untreated Cryptomeria wood somewhat resistant to biological
degradation. Despite its many advantages, the main challenge of Cryptomeria wood lies
in its high dimensional instability. The wood tends to expand, contract, or warp due to
changes in moisture content, limiting its application in demanding environments.

Heat treatment is considered to be an environmentally friendly method that improves
dimensional stability, durability, and resistance to biological degradation without the
use of harmful chemicals [8]. Established processes like Thermowood, Plato Wood, and
Bois Perdure have laid the groundwork for new techniques, including vacuum-based
methods (e.g., Termovuoto®, Moldrup-SSP®, TanWood®) and superheated steam processes
(e.g., ThermoTreat 2.0%, Firmolin®). During heat treatment, wood is exposed to elevated
temperatures (160-260 °C) in an oxygen-poor environment, often with water vapor acting
as a shielding gas. This controlled process prevents combustion, reduces oxidation, and
facilitates chemical transformations in the wood’s structure. Components like hemicellulose,
cellulose, and lignin undergo changes that result in reduced moisture absorption, enhanced
resistance to decay, and a darker appearance [9-12].

The main objective of this work is to improve the dimensional stability of Cryptomeria
japonica without reducing its somewhat resistance to termites. Heat treatment unlocks its
potential for high-demand applications such as outdoor furniture, decking, and structural
components. This process aligns with sustainable forestry practices, eliminates the need
for chemical additives, and enhances the global appeal of Cryptomeria as a versatile and
eco-friendly resource.

2. Materials and Methods

Sapwood samples from Cryptomeria japonica (Thunb ex L.f.) D.Don originating from
the Azores region, Portugal, were used for the tests. Four boards of approximately
1000 mm x 300 mm x 20 mm were cut from the same plank. Air dried wood with ap-
proximately 12% moisture content was treated in a Portuguese company known as Palser
at 212 °C for 2 h in accordance with the Thermo D class from Thermowood®. The process
began with a heating phase, where the wood was rapidly heated to 130 °C in a kiln. Steam
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was introduced to prevent wood from cracking and to create a protective atmosphere, re-
ducing the risk of combustion. Following this, the wood underwent a thermal modification
phase. The temperature was raised to 212 °C and kept for 2 h at this temperature. In the
final stage, the cooling and conditioning phase, the wood was gradually cooled using water
and steam [13].

2.1. Chemical Composition

The samples for chemical analysis were cut into small pieces, air-dried, and crushed
in a Retsch SMI mill (Retsch GmbH, Haan, Germany) and afterwards screened in a Retsch
AS200 (Retsch GmbH, Haan, Germany) vibrating sieve for 30 min. The extract content was
determined by sequential extraction with dichloromethane, ethanol, and hot water using
the 40-60 mesh fraction. The lignin content was obtained by the Klason method [14], which
consists of sequential hydrolysis twice with sulfuric acid (72% at 30 °C for 1 h and 120 °C
in the autoclave for 1 h), with filtration and drying in crucibles No. 4. The insoluble lignin
content was quantified in relation to the dry mass.

The holocellulose content was determined by the acid chlorite method by dissolving
2 g of wood without extractives in a 1 L flask, adding 160 mL of distilled water at 70 °C,
20 mL of a 34 g/L sodium chlorite solution, 20 mL of a 270 g/L NaOH solution, and 37.5 g
of acetic acid. A total of 20 mL of each solution was added until the sample turned white,
which may require 8 h [13]. The sample was then filtered in N 2 crucibles and washed
with cold water and 15 mL acetone. The holocellulose (HC) content was also determined
in relation to dry wood. For the a-cellulose content, holocellulose was hydrolyzed with
NaOH (17.5% at 20 °C for 30 min), filtered, washed with NaOH (8.3%) and acetic acid (10%)
and dried at 105 °C. The hemicellulose content was calculated from the difference between
holocellulose and «-cellulose [15].

2.2. Physical and Mechanical Properties

The dimensional stability of untreated and treated specimens along tangential, radial,
and axial directions was evaluated over three cycles of wet (100%) and dry (0%) conditions
using the swelling coefficient (S) and anti-swelling efficiency (ASE) [16], calculated using
Equations (1) and (2), respectively. Each cycle consisted of immersion in water at 20 °C
for 48 h and drying in an oven at 100 °C for 24 h. After the soaking step the samples were
removed from the bath and the surface was cleaned. All the samples were weighed and
measured after each step.

Swelling Coefficient (S):

L (100%) — L(o%)

S (%) = —1%L 0% 900 (1)
L 0%)

where L1gge, equals the dimension of the saturated specimen (mm) after each cycle, and
Lg, is the dimension of the dried specimen (mm) after each cycle.

Su _Sht «

ASE (%) = 100 )

u
where S, is swelling coefficient of the untreated specimen, and Sj; equals the swelling
coefficient of the heat-treated specimen, measured after each cycle.

Water absorption was evaluated in wooden cubic samples with approximate edge
lengths of 20 mm. The assessment involved three consecutive cycles of conditioning at 0%
equilibrium moisture content (EMC), achieved by drying the samples in an oven at 100 °C,
followed by exposure to 100% EMC through immersion in water at 20 °C.
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The bending strength and stiffness of wooden specimens were determined by
a three-point bending tests with longitudinal, radial, and tangential dimensions of
360 mm x 20 mm x 20 mm according to Portuguese standard NP-619 [17] on a univer-
sal testing machine Servosis ME-405/5 (Servosis, Madrid; Spain). Each test was replicated
ten times.

For the mechanical tests, the samples were maintained at 20 °C and 65% relative
humidity before testing. During the test, the radial surface of the sample faced upward and
was placed on two supports spaced 300 mm apart. The carrier was moved until the pulley
contacted the sample without applying force. The test was conducted at a constant speed
of 3 mm-min~—.

The modulus of elasticity (MOE) was calculated using the formula from EN 310 [18]:

MOE (MPa) = —~F " L"__ L o8 (3)
4 -Ax -b-h
where AF/Ax represents the elastic strain (kg-mm™!), L is the span length between supports
(mm), b is the sample width (mm), and h is the sample height (mm).

The bending strength tests were performed using the same machine and setup as
described above. The average test speed was determined as the time required for break-
ing, approximately 2 min after the test began. Bending strength was calculated using
the formula:

Bending strength (MPa) = f8-L 9.8 4)
g3 2012
where F; is the maximum load (kg).
For each test, ten replicates were conducted to ensure reliability.

2.3. Surface Properties

Samples were conditioned at 20 °C and 65% relative humidity for 2 weeks prior to
color measurement. Color parameters were determined in the tangential section. The
0% color was calibrated with white standards and the 100% color with black standards
using a Minolta cm-3630 color spectrophotometer (Konica Minolta Holdings, Ramsey,
NJ, USA). The CIELAB technique was used to determine the color parameters L*, a*,
and b* for untreated and treated wood and the resulting total color change (AE) was
determined by Equation (5). Each result is an average of three replicates for untreated and
heat-treated wood.

AE* = \/ AL*? 4+ Aa*? + Ab*? (5)

2.4. Termite Durability

Wood samples were subjected to subterranean termite attack under controlled con-
ditions at UPB.LNEC, following the EN 118:2013 standard [19]. Termites were confined
within glass tubes containing a substrate to support colony development. The samples
were exposed for 8 weeks at a temperature of 24-26 °C and a relative humidity above 75%.
Daily inspections were conducted to monitor termite activity, such as gallery openings and
chimney-like structures, as well as to ensure appropriate substrate moisture and record any
mold growth. Termite attack was visually evaluated and classified according to the EN
118:2013 grading system. Grade 0 indicates no attack, while Grade 1 corresponds to superfi-
cial erosion. Grade 2 represents a light attack with limited erosion or a single tunnel. Grade
3 signifies a moderate attack, characterized by widespread shallow erosion or an isolated
deep tunnel. Grade 4 indicates a severe attack, with deep erosion or extensive cavities.
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3. Results and Discussion

The chemical composition of untreated and heat-treated Cryptomeria japonica wood is
detailed in Table 1 and Figure 1. In untreated Cryptomeria wood, extractives are primarily
composed of ethanol soluble extractives (1.3%), followed by water soluble extractives
(0.99%) and dichloromethane soluble extractives (0.6%). These findings are consistent with
previous research by Fonte et al. [20], who reported 1.81% water soluble extractives and
1.23% ethanol-toluene soluble extractives on sapwood of Cryptomeria wood sourced from
experimental plantings at the Experimental Station of the Federal University of Parand in
Rio Negro, Brazil. Yinodotlgor and Kartal [21] documented 1.36% cyclohexane/ethanol
soluble extractives, 0.49% ethanol soluble extractives, and 2.78% water soluble extractives
in their analysis, but it is well known that the composition and amount of extractives
depends on the region.

Table 1. Extractives of untreated and heat-treated Cryptomeria japonica (Thunb ex L.f.) D.Don wood.

Extractives (%)

Sample -
Dichloromethane  Ethanol Water Total
Untreated 0.60 + 0.00 1.30 - 0.43 0.99 +0.11 2.89 + 0.44
Heat-treated 0.55 + 0.04 2.05 +0.13 0.99 +0.24 3.59 +0.27

50
E B Untreated = Heat-treated
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5
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Lignin Cellulose Hemicelluloses
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Figure 1. Chemical composition of untreated and heat-treated Cryptomeria japonica (Thunb ex L.f.)
D.Don.

Lipophilic extractives from Cryptomeria wood were reported to be mainly terpenes,
such as diterpenes, sesquiterpenes, triterpenes, and sesquarterpenes and polyphenols like
flavonoids, lignans, norlignans, and anthraquinones [22].

Heat treatment appears to induce a slight increase in ethanol soluble extractives from
1.3% to 2.0%, a trend observed in other wood species such as heat-treated Paulownia [23].
This increase in ethanol soluble extractives is likely due to the thermal degradation of
hemicelluloses and the subsequent formation of low-molecular-weight compounds, which
are more soluble in ethanol. During the thermal modification of wood, volatile compounds
like fats, waxes, and furfural are released, while new extractive substances, including
polysaccharide degradation products and phenolic compounds, are formed [24]

However, this trend is not universal. For instance, in thermally modified tropical
hardwoods like Afrormosia (Pericopsis elata) and Duka (Tapirira guianensis), no significant
increase in ethanol soluble extractives was observed. This discrepancy may be attributed
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to the already higher ethanol soluble extractives content in the untreated wood of these
species, which reduces the potential for further increase during heat treatment since several
of the original compounds are degraded [25]. The changes in extractive content during heat
treatment play a critical role in determining the wood’s physical and chemical properties,
including its resistance to decay, dimensional stability, and overall durability. Understand-
ing these variations helps to optimize heat-treatment processes for specific wood species
and applications.

A slight reduction in dichloromethane soluble extractives and no change in water sol-
uble extractives were also observed. The reduction in dichloromethane soluble extractives
is possibly due to the degradation or volatilization of terpenes while in the case of water
extractives some were degraded but new ones were formed.

Cryptomeria japonica has been known to pocess some extractives with antithermic
properties, comprising a complex mixture of chemical compounds that have been studied
as potential natural termiticidal agents [6,7]. Recent investigations have sought to identify
and characterize the specific extractives responsible for its termite-repelling and toxic
properties, shedding light on their mechanisms of action and potential applications in
eco-friendly pest control solutions [26]. Despite these extractives, that depend on the origin
of the wood, the species remains consistently susceptible to some level of termite attack.
One of the main questions is whether heat treatment degrades termiticidal compounds,
negatively affecting the wood’s resistance to subterranean termites.

Untreated Cryptomeria wood has a high amount of lignin (32.5%), while it has around
41.8% Cellulose and 22.9% hemicelluloses. The Cryptomeria from Brazil mentioned before
has a similar amount of lignin, around 35.0%, same as the one reported by Yinodotlgor and
Kartal [21] with 35.7%.

With heat-treatment the percentage of lignin increases relatively to around 38.9% likely
due to the greater degradation of hemicelluloses, which decrease from 22.9% to 15.5%, but
also due to the condensation reactions between lignin and degradation compounds from
polysaccharides, as stated before for Norway spruce, beech wood, or maritime pine [27,28].
No significant differences were observed in cellulose percentage, although there was a very
small increase from 41.7% to 42.0%. Results presented before suggest an apparent increase
in cellulose content [29].

3.1. Physical and Mechanical Properties

The main objective of heat-treatment is to improve the dimensional stability of wood.
Figure 2 compares dimensional changes (radial, tangential, and axial) over multiple cycles
(three cycles) for untreated and heat-treated wood.
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Figure 2. Dimensional stability of untreated (A) and heat-treated Cryptomeria japonica (Thunb ex L.f.)
D.Don (B).
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In the tangential direction, untreated wood experiences significant swelling, with
values like 8.48%, 7.65%, and 7.16% in cycles 1, 2, and 3. This highlights the natural
tendency of untreated wood to expand tangentially due to moisture. However, heat-
treated wood has much lower tangential changes, with values like 5.38%, 5.37%, and
5.42%, indicating reduced swelling and improved stability. No significant differences
were observed between cycles for both untreated and heat-treated wood showing that the
improvements still remain after three wet and dry cycles.

For the radial direction, untreated wood has also higher swellings with values such as
3.73%, 3.72%, and 3.98% in cycles 1, 2, and 3, indicating instability. In contrast, heat-treated
wood has lower values, such as 2.67%, 2.78%, and 3.26%, with smaller swellings, showing
greater stability.

In the axial direction, untreated wood shows moderate instability, with values fluc-
tuating between 2.57% and 1.76%. Heat-treated wood, on the other hand, has lower axial
changes, such as 1.30%, 1.28%, and 0.66%, showing some improvement in stability. Overall,
untreated wood exhibits larger dimensional changes, especially in the tangential direction,
where it is most affected by moisture. The lower values and reduced fluctuations confirm
that heat treatment reduces moisture absorption and minimizes swelling and shrinking,
particularly in the tangential direction.

In order to best evaluate the improvements in dimensional stability, the ASE was de-
termined to show how well the treatment reduces dimensional changes (radial, tangential,
and axial) over different cycles, as Figure 3 shows.

60
Radial @ Tang i Axial
50 1
40 A

30 -

ASE (%)

20 A

10 ~

0 T
1 2 3
Cycles

Figure 3. Anti-swelling efficiency of untreated and heat-treated Cryptomeria japonica (Thunb ex
L.f.) D.Don.

In the radial direction, ASE starts at 28.53% in the first cycle and slightly decreases
to 25.23% in the second cycle. By the third cycle, it drops further to 18.15%, indicating
a gradual decline in the treatment’s effectiveness in reducing radial swelling over time.
Similarly, for the tangential direction, ASE begins at 36.51% in the first cycle, decreases to
29.90% in the second cycle, and drops further to 24.34% in the third cycle. The values are
smaller than those presented before by Herrera-Builes et al. [30] for treated Pinus oocarpa at
190 °C which obtained a radial ASE value of 48.34%, and a tangential ASE of 54.12%. In
the axial direction, ASE ranged from 49.42% to 43.37%, but it has to be taken into account
that in this direction the swelling is minimal. Even though there is a reduction in ASE
along the wet and dry cycles, heat-treated wood still performs significantly better than
untreated wood. Yang et al. [31] determined the ASE for heat-treated Cryptomeria wood
at temperatures ranging from 170 to 210 °C but without using a shielding gas. The ASE
ranged from 20% to 54%. The higher ASE observed for 210 °C during 4 h (54%) is obtained
with an 18% mass loss which is much higher than the commonly accepted 3% for heat-
treatments due to the higher degradation of wood. Heat treatment of rubberwood and
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Silver Oak was studied by Srinivas and Pandey [32], who reported a volumetric ASE of
20% and 12% for wood treated at 210 °C for 4 h. To compare with the results presented
here, the volumetric ASE was determined for the first cycle to be 34%, which is significantly
better than reported before.

The reduction of hemicelluloses, the most hydrophilic component of wood allied with
the condensation reactions in lignin, are known to be the responsible for the improvements
in dimensional stability.

The water absorption data for untreated and heat-treated Cryptomeria japonica wood
across three cycles are presented in Table 2. Results show that there is a significant difference
in the behavior of untreated and heat-treated wood in response to moisture exposure. These
results highlight the impact of heat treatment on the wood’s ability to absorb water, an
important factor in its dimensional stability and durability.

Table 2. Water absorption (%) of untreated and heat-treated Cryptomeria japonica (Thunb ex
L.f.) D.Don.

Cycle Treatment Average Std. Dew.
Ist cvele Untreated 160.409 42.202
y Heat-treated 130.439 0.0768
ond cvele Untreated 160.685 31.031
Y Heat-treated 113.143 22.605
3rd cvele Untreated 157.167 20.274
y Heat-treated 125.148 17.336

In the first cycle, untreated wood exhibited an average water absorption of 160%.
This significant variability indicates that untreated wood is highly susceptible to water
uptake, likely due to its porous structure and hydrophilic nature. In contrast, heat-treated
wood absorbed only 130%. This reduction in water absorption can be attributed to the
heat treatment process, which typically causes the wood’s cell wall structure to undergo
chemical and physical changes.

In the second cycle, untreated wood showed a similar water absorption of 160%.
Heat-treated wood'’s absorption decreased further to 113%, highlighting the lasting benefits
of heat treatment in water absorption. In the last cycle, heat-treated wood absorbed 125%,
maintaining its water absorption at the same levels.

The results from the three cycles demonstrate the significant impact of heat treatment
on the water absorption behavior of Cryptomeria japonica wood. These findings align
with previous research, which has demonstrated that heat treatment reduces the water
absorption of wood. Results presented before for fast growing hardwoods showed that heat
treatment decreased water absorption in jabon, sengon, and mangium wood samples. The
control samples of jabon, sengon, and mangium had average water absorption rates of 43%,
40%, and 15%, respectively. Following heat treatment, water absorption decreased by 34%
in jabon, 30% in sengon, and 49% in mangium [33]. The same happened for radiata pine,
a known softwood [34]. Nevertheless, results presented before show that heat treatment
does not always decreases water absorption. For example, heat-treatment affected the
water absorption of Scots pine and Norway spruce differently [35]. Pine sapwood absorbed
water more quickly than heartwood, and heat-treatment increased water absorption in
pine sapwood. However, heat-treatment reduced water absorption in pine heartwood and
spruce, with the reduction being proportional to the treatment temperature.

Wood density can vary significantly depending on the geographic location, climate,
and species. Trees grown in regions with favorable conditions, such as consistent rainfall
and moderate temperatures, often exhibit higher wood density due to slower, more uniform
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growth. In contrast, wood from harsher environments, such as arid or cold regions, may
have lower density as a result of faster or irregular growth patterns. This variation in
density directly influences the mechanical properties of wood, such as strength, stiffness,
and durability. Higher-density wood typically possesses greater mechanical strength and
resistance to stress, making it more suitable for structural applications, while lower-density
wood may be lighter but less robust, limiting its use in load-bearing scenarios. Untreated
Cryptomeria wood used in the tests presented an oven-dry density of around 0.27 g/cm?
which is slightly lower than the 0.33 g/cm?® presented by logs obtained from the Ibaraki
Prefecture, Japan [36].

Mechanical strength is known to decrease due to heat-treatment, especially bending
strength [37,38]. The MOE is often observed to increase at the beginning of treatment,
followed by a decrease in more severe treatments. Table 3 shows the mechanical properties
of untreated and treated wood, where the bending strength dropped from 52.6 MPa to
42.3 MPa, representing a 19.6% reduction compared to untreated wood, while the MOE
increased from 7268 MPa to 10,836 MPa. MOE is known to increase and then decrease for
higher intensity treatments and tests made with Cryptomeria wood treated at 210 °C for
2 h without a shielding gas led to a 26% decrease on MOE and a 42% decrease on bending
strength [31]. The greater degradation of wood’s mechanical properties observed by these
authors could hinder the use of treated wood in various applications.

Table 3. Mechanical properties of untreated and heat-treated Cryptomeria japonica (Thunb ex L.f.)
D.Don wood.

MOE (MPa) Bending Strength (MPa)
Sample
Average Std. Dew. Average Std. Dew.
Untreated 7268 1194 52.6 2.4
Heat-treated 10,836 771 425 6.0

Thermal treatment significantly affects wood’s mechanical properties by degrading
cellulose, hemicelluloses, and lignin. During thermal treatment, cellulose’s amorphous
regions degrade, reducing polymerization and tensile strength [39,40]. Hemicelluloses
decompose at lower temperatures, causing microfibril clustering and reducing wood’s
plasticity and shear strength [40]. At temperatures higher than 200 °C, which was the case
here, hemicelluloses are extensively destroyed, leading to the decomposition of cellulose
and lignin, which drastically diminishes mechanical properties such as bending strength.

The higher brittleness of treated wood can be seen in Figure 4, where some examples
of the damage caused by bending strength are presented.

The main changes observed on the surface of heat-treated wood were the color, which
became darker as can be seen in Figure 4 and the L* decrease from 67.5 to 46.6 in heat-
treated wood. There has been a significant decrease in a* and b* corresponding to the
reddening and yellowing of the samples, as can be seen in Table 4. The changes in color
due to heat-treatment have been reported to be dependent on the initial wood color. For
instance, a* increased for black locust, linden, and willow, but decreased for wild pear
and alder, while a decrease in b* followed by an increase was reported for black locust
and linden, while for wild pear and alder a decrease with the intensity of the treatment
was observed. In the case of willow, there was an initial increase in b* followed by a
decrease [41]. AL was 20.9, similar to the reported before for wood treated at 210 °C and
2 h but without a shielding gas [31]. The total color change (AE) was 31.6 which is similar
to the values presented before for Norway spruce, 31.6, and Scots pine, 33.23, treated by
the ThermoWood method at 212 °C for 3 h [42].
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Figure 4. Bending strength tests of untreated (bottom) and heat-treated (top) Cryptomeria japonica
(Thunb ex L.f.) D.Don wood.

Table 4. Color parameters of untreated and heat-treated Cryptomeria japonica (Thunb ex L.f.)
D.Don wood.

L* a* b*
Average  Std. Dev.  Average Std. Dev. Average  Std. Dew. AE
67.5 12 13.6 0.5 24.5 0.4 116
46.6 0.8 14 0.3 4.2 0.2 :

3.2. Termite Durability

Cryptomeria is known to possess some durability against subterranean termites, espe-
cially its heartwood. The resistance to termites was assessed using EN117 [43] to determine
whether heat treatment enhances or reduces termite resistance. Both untreated and heat-
treated samples exhibited a high susceptibility to subterranean termites (Table 5). This
indicates that while heat treatment may remove some antitermic extractives from the wood,
it does not substantially reduce the wood’s durability against termites. In the long run, heat-
treated wood might even perform better than untreated wood due to the higher mortality
rate observed. Thermal modification is know to enhanced the biological durability against
termites but only at temperatures exceeding 215 °C and with a mass loss over 20% [44],
indicating the extent of structural changes necessary to improve resistance to biological
agents. This threshold highlights the critical balance between effective modification and
the potential for material compromise due to degradation. In some cases, even at high
temperatures, no improvement is observed. For instance, Scots pine treated at temperatures
from 140 to 260 °C showed no improvements in resistance against termites [45].

Table 5. Untreated and heat-treated wood resistance to termite.

Material Survival Rate [%] Mass Loss [%] Attack Level
Untreated 40.60 8.82 3.8
Heat-treated 31.30 10.48 4.0

4. Conclusions

The study of Cryptomeria japonica sapwood from the Azores region (Portugal) demon-
strated the effects of heat-treatment at 212 °C for 2 h, following the Thermo D class from
Thermowood®, on the wood’s chemical composition, physical properties, and termite
resistance. The heat treatment resulted in changes to the chemical composition, including
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a slight increase in ethanol soluble extractives and a reduction in hemicellulose content,
while lignin content increased due to the degradation of hemicelluloses and condensa-
tion reactions.

The dimensional stability of heat-treated wood showed significant improvements,
with reduced swelling and water absorption, particularly in the tangential direction, as
indicated by the anti-swelling efficiency (ASE) values.

Mechanical properties were impacted by the heat treatment, with a decrease in bending
strength (19.6% reduction) but an increase in the modulus of elasticity (MOE). These
results align with previous studies on heat-treated wood, where mechanical properties
are generally compromised due to the degradation of amorphous fractions of cellulose
and hemicellulose. The surface color of the wood darkened which is a typical outcome of
heat treatment.

In terms of termite resistance, both untreated and heat-treated Cryptomeria japonica
exhibited high susceptibility to subterranean termites, indicating that the heat treatment did
not enhance but also did not reduce substantially the wood’s natural resistance. However,
it is suggested that the heat treatment might still provide some long-term benefits, possibly
due to the higher mortality rate observed in termite tests.

Overall, heat-treatment improves dimensional stability and reduces water absorption
of Cryptomeria japonica, making it a more durable material for various applications.
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