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Abstract: High-temperature treatment of wood is a useful method for improving certain physical
characteristics, ensuring durability without biocides, and improving the performance of wood when
exposed to degradation agents. This work aims to determine the effects induced by a heat treatment
performed industrially on ayous wood (Triplochiton scleroxylon K. Schum) from Cameroon, through the
study of the main physical and mechanical characteristics. The heat treatment at 215 °C for three hours
with a slight initial vacuum determined a reduction of the mechanical characteristics (compression
strength 26%, static bending 46%, Brinell hardness 32%) and some physical properties (dry density
11%, basic density 9%), while it improved the behaviour towards variations of environment moisture.
The anti-shrinkage efficiency was 58.41 + 5.86%, confirming the increase of the dimensional stability.
The darkening (AE 34.76), clearly detectable (L* 39.69 £ 1.13; a* 10.59 £ 081; b* 18.73 £ 1.51), was
supported almost equally by both the lightness parameter (L*) and the a* chromatic parameter.
The data collected during the laboratory tests were then subjected to statistical analysis to verify
correlations between the characteristics examined. Statistical differences were highlighted between
each physical and mechanical properties of ayous wood modified or not.

Keywords: wood modification; mechanical properties; physical properties; anti shrinkage efficiency;
colour; Cameroon

1. Introduction

The biological origin of woody materials makes them a valuable ally in reducing the
environmental impact of human activities. Some intrinsic properties of wood, such as
natural origin, nontoxicity, wide diffusion, and versatility of the material are the basis of the
multitude of possible uses. In addition, the possibility of recycling primary wood products
at the end of their life cycle, for example, to produce particle boards or similar secondary
products, and finally, the valorisation of waste to produce energy from renewable sources
(cascading), are characteristics that contribute to making wood an important resource
against climate change and the rational and optimized exploitation of natural resources [1].
However, the natural origin of wood is associated with some drawbacks, among these the
susceptibility to be altered by degradation factors is of great importance; in general, the
most important degradation factors are UV, water and moisture, and biological organisms.
The durability of wood is a characteristic variable among species that expresses the intrinsic
ability to resist the action of degradation and decay agents. Often it is necessary to
improve the natural durability of wood, particularly when it is used for outdoor purposes.
Improving wood durability is achieved by treating wood with preservatives, however,
these composites are often toxic, with a high environmental impact and high cost. There are
alternatives to prevent degradation and decay; these are different modification processes
classified into: chemical processes, thermo-hydro-mechanical processes, electromagnetic
processes, and other types less common and developed. Among them, wood thermal
modification processes have been extensively studied by researchers over the past decades,
an activity that has been confirmed in the market with an increasing volume of heat-treated
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wood produced annually [2]. Thermal modification of wood is a process that involves
exposing the material to a temperature between 100 and 300 °C for periods from 15 min to
24 h. Depending on the treatment cycle, it is possible to obtain different characteristics in
the treated materials. For example, the purpose of the treatment may be to soften the wood,
using heat and steam, to release internal tension and facilitate subsequent manufacturing
processes; or to achieve controlled degradation of the material to improve dimensional
stability and durability. For this purpose, the temperature range is generally between 150
and 260 °C [2]. Thermal modifications of wood are performed at temperatures between 180
and 260 °C; no significant variation of the material properties occurs at temperatures below
140 °C [3,4], while exceeding 260 °C excessive degradation occurs. Modification cycles
with temperature over 300 °C make no sense for excessive degradation of the material [5].
The improved durability of heat-treated wood makes it suitable for outdoor use, where
greater exposure to moisture generally contributes to more rapid alteration of the material,
so reducing water affinity is an advantage. In fact, heat-treated wood is widely used as a
building material, including ayous, especially for the construction of building cladding
and exterior flooring. Previous studies have evaluated the moisture behaviour of heat-
treated wood used for building facades, concluding that heat-treated wood performs better
than untreated wood [6,7]. In the literature, however, few works are still available on
heat-treated ayous, a wood that is not very durable in its natural state [8,9]. To date,
studies conducted on the subject are limited to the analysis of the chemical composition
of wood and the analysis with dynamic methods of the mechanical properties of samples
subjected to different cycles of heat treatment [10]; on the study of the physical properties
of ayous wood subjected to heat treatment with boiling oil by analysing the effect of the
treatment on wood hygroscopicity, stability and colour [11]; and on the water resistance of
the mechanical properties of joints made of heat-treated wood [12].

Thermally modified wood is a non-biocidal alternative to the classical techniques
of extending the natural durability of wood [13] and an effective product with better
behaviour in outdoors than natural wood due to a better dimensional stability [6].

Despite market interest, too little is known about natural ayous wood and even less
about its characteristics after heat treatment. This study aims to present the first set of data
discussed at the First International Electronic Conference on Forests—IECF 2020—[14],
allowing the evaluation of industrially thermally modified ayous wood (Triplochiton scle-
roxylon K. Schum) to highlight the influence of heat treatment at 215 °C on the selected
physical and mechanical characteristics; to add further data and make a comparison with
untreated wood from the same area (Cameroon); and to report the results published by
other authors to compare the results obtained with the data literature.

2. Materials and Methods

The ayous (Triplochiton scleroxylon K. Schum) planks derive from timber taken in a
natural forest, FSC (Forest Stewardship Council) certified for forest management and chain
of custody, from Cameroon Department of Boumba et Ngoko. The thermal treatment was
industrially performed on ayous planks in an autoclave (Model TVS 6000 WDE Maspell stl,
Terni, Italy) at a treatment temperature of 215 °C for three hours with a slight initial vacuum.

The samples were prepared according to the general requirements of the standard for
physical and mechanical tests [15] and preserved at laboratory conditions at 65% relative
humidity and 20 °C. Moisture content was determined according to the standard UNI ISO
13061-1 [16]. A ventilated oven was used at 103 4+ 2 °C for 24 + 6 h until the mass was
constant. The properties were assessed at a moisture content of 12% when required, for
comparison with literature data. The property adjustment was carried out by placing the
samples, before each test, inside a conditioning chamber for 168 h (or in any case, when the
moisture content of 12% =+ 0.3% was reached). This operation was necessary because the
correction factor («) used for normal wood is not applicable to heat-treated wood (result
assessed after some preliminary tests). In this sense, further research is underway in order
to formulate o suitable for this type of wood.
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Sample dimensions were measured with a digital caliper (+0.01 mm), and the mass
was recorded at a precision scale &= 0.001 g. Demineralized water was used to reach the
maximum swelling.

The basic and dry densities were calculated on a set of specimens (20 x 20 x 30) mm
according to UNI ISO 13061-2 [17]. The tangential, radial, and volumetric shrinkage were
determined by considering the total dimensional change from the fully swollen to the
oven-dry condition, according to the reference standard ISO 13061-13 and 14 [18]. The
shrinkage anisotropy factor was calculated as the ratio between tangential shrinkage and
radial shrinkage [19], and the anti-shrink efficiency (ASE) was determined for volumetric
shrinkage and cross-section shrinkage using the following formula:

ASE — Pmax = Bmin 5 1)

max

where:

Bmax is the shrinkage of untreated wood in percent;
Bmin is the shrinkage of heat-treated wood in percent.

The cross-section shrinkage in percent was calculated using the following formula:
_ Bt Br
Bes = [1 ( 100 ) = 1 00/ | 100 )

(s is the cross-section shrinkage in percent;
B is the tangential direction shrinkage;
(3, is the radial direction shrinkage.

A reflectance spectrophotometer X-Rite CA 22 (X-Rite Inc., MI, USA) was used to quan-
titatively characterise the colour in the CIELAB colour system. The characteristics of the
instrument are as follows: colour scale CIEL*a*b*; illuminant Dé65; standard observer 10°;
geometry of measurement 45° /0°; spectral range 400-700 nm; spectral resolution 10 nm;
measurement diameter 4 mm; and white reference supplied with the instrument. 60 points
were selected to consider the variability of the wood colour, as already discussed [20]. For
each point, three measures were made; so, 180 measures were collected. To obtain the
colour difference, a comparison was performed with natural wood. The differences in
lightness (L*), chromatic coordinates (a* and b*), and the total colour difference (AE*) were
then calculated using these parameters according to UNI EN-15886 [21], as previously
described [22]. The “*” designates the lightness and colorimetric parameters in the CIELab
colour space [21].

Mechanical tests, axial compression strength, static bending strength, and Brinell
hardness were performed at the equilibrium moisture content (EMC) of the laboratory
conditions and then adjusted at moisture content 12%, when required.

The ultimate axial compression strength was determined following the reference
standard UNI ISO 3787 [23] on a set of specimens (20 x 20 x 30) mm. The load reached the
maximum axial compression strength in 1.5 to 2 min.

The standard ISO 13061-3 [24] was applied to determine the ultimate tensile strength
in static bending on a set of specimens (20 x 20 x 300) mm. The test was carried out with a
span of 260 mm, and the transverse load was applied at mid-span to the radial surface of
the specimens; width and height were measured at mid-span with 0.01 mm of tolerance.
The test piece was broken in 1.5-2 min from the start of the applied load.

The resistance to indentation, formerly Brinell hardness, was quantified by UNI EN
1534 [25] on a set of specimens (50 x 300 x 20) mm. The maximum load of 1 kN was
reached in 15 s from the start and maintained for 25 s. Two diameters of the residual
indentation were measured: one parallel to the fibre direction and the other perpendicular
to the fibre direction, at least three minutes after load application.

where:
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Statistical analyses were carried out with StatisticaTM version 7.1 (TIBCO Software
Inc., Palo Alto, CA, USA). Data distribution was plotted and checked for normality and
homogeneity of variance using the Lilliefors and Levene tests, respectively. To check differ-
ences between treatments, t-test for independent samples was applied to assess possible
differences among the data of this study and those of a specific research on untreated
ayous wood [14,26] originating from the same wood macro sample. Non-linear regression
analysis was conducted for all the mechanical variables in relation to the wood density.

3. Results
3.1. Physical Properties

Table 1 provides an overview of the data from the physical characterization of heat-
treated ayous wood. The density of this material, referred to as 12% moisture content, was
0.33 = 0.02 g/cm?, while in anhydrous condition, it was 0.31 4- 0.02 g/cm?. The obtained
value of basic density was 0.30 + 0.02 g/cm>. The linear shrinkages were 1.27 & 0.26% in
the radial direction, and 1.92 & 0.25% in the tangential direction. The observed volumetric
shrinkage was equal to 3.16 & 0.44%, and the cross-section shrinkage was 1.89 & 0.24%.
The shrinkage anisotropy factor was 1.55. The percentage of reduction in the physical
properties between treated and untreated wood was 15% and 11%, respectively. The
density was at a moisture content of 12% and in anhydrous state, 9% for basic density. In
shrinkages, the reduction was 55%, 62%, 59%, and 61%, respectively, for radial, tangential,
volumetric, and cross-section shrinkage. The reduction of the shrinkage anisotropy factor
was 15% [14,26].

Table 1. Physical properties of heat-treated ayous wood.

Properties Samples N. Mean Value St. Devw.
Density 12% MC (g/cm?) 30 0.33 0.02
Dry density (g/cm?) 30 0.31 0.02
Basic density (g/cm?) 30 0.30 0.02
Radial shrinkage fBr (%) 30 1.27 0.26
Tangential shrinkage 3t (%) 30 1.92 0.25
Axial shrinkage f3a (%) 30 0.16 0.07
Volumetric shrinkage Bv (%) 30 3.16 0.44
Cross-section shrinkage fcs (%) 30 1.89 0.24
Shrinkage anisotropy factor 30 1.55 0.27

MC = moisture content.

Regarding the anti-shrinkage efficiency (ASE) of heat-treated ayous wood, Table 2 sum-
marises the obtained results. ASE referred to as volumetric shrinkage was 58.41 =+ 5.86%,
while ASE referred to as the cross-section was 61.01 £ 4.82%.

Table 2. Anti-Shrinkage Efficiency (ASE) of heat-treated ayous wood referred to as volumetric and
cross-section shrinkage.

ASE (%) Samples N. Mean Value St. Dev.
Volumetric 30 58.41 5.86
Cross-section 30 61.01 4.82
3.2. Colour

Ayous wood is an undifferentiated wood and in its natural state has a light colour,
often described as yellowish or creamy [27-29]. This nonobjective representation is better
described in the CIELAB colour space, in which this wood has a lightness of just over 70,
with a yellow component due to the colorimetric parameter b* near to 28, higher than the
component a*, which concerns the component that gives the reddish perception [26]. Heat
treatment induced a notability darker colouring throughout the entire thickness of the
assortment (Table 3). The percentage variation of these parameters between untreated and
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heat-treated wood was much greater in L* and a* (45% and 43% respectively) than in the b*
parameter (33%).

Table 3. Lightness and colorimetric parameters in CIELAB colour space.

Sampling Point ! N. L* a* b*
Mean value 60 39.69 10.59 18.73
Standard deviation 60 1.13 0.81 151

! Note that three measures were made in each sampling point, 180 measures were collected.

However, hue (colour in colloquial terms) is defined by the variation of the parameters
a* and b*, which in our case indicated a substantial increase in the red component (a*) and
a decrease in the yellow component (b*) (Table 4). Although the colour change was in this
case easily appreciable to the naked eye, the colorimetric parameter that unequivocally
indicated the darkening was the colorimetric difference AE* (Table 4).

Table 4. Lightness and chromatic parameters variation due to industrial heat treatment.

AL* Aa* Ab* AE*
—33.38 3.19 -9.15 34.76

3.3. Mechanical Properties

The results of these tests were presented in Table 5. The mechanical characterisation
of heat-treated ayous wood showed a compression strength parallel to the grain equal to
26.98 + 1.99 MPa. The ultimate strength in static bending was equal to 32.90 £ 3.09 MPa;
and the Brinell hardness was 8.30 4- 1.05 N/mm?. The reported values for compression
strength parallel to grain and ultimate strength in static bending were both referred to 12%
of moisture content. The percentage of reduction of the mechanical properties between
untreated and heat-treated ayous wood were 26% in compression strength, 46% in static
bending strength, and 32% in Brinell hardness [14,26].

Table 5. Mechanical properties of heat-treated ayous wood.

Properties Samples N. Mean Value St. Devw.
Compression strength 12% MC (MPa) 35 26.98 1.99
Static bending strength 12% MC (MPa) 40 32.90 3.09

Brinell hardness (N/mm?) 68 8.30 1.05

Regarding the relation of the mechanical characteristics with wood density, the results
of the regression analysis did not show statistical significance (p-value > 0.05) and the
R? values were very low (<0.1), except for the compression strength. Figure 1 shows the
correlation between compression strength parallel to grain and wood density. Even if,
as stated above, the regression analysis did not show statistical significance, there is a
positive correlation between these parameters and in this specific case, the R? value could
be considered appreciable at 0.517.
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Figure 1. Compression strength of heat-treated ayous wood in function of density referred to MC 12%.

3.4. Comparison with Untreated Ayous Wood

Industrial heat treatment statistically significantly modified both the physical and
mechanical properties of ayous wood when compared to natural wood [14,26] (Table 6).

Table 6. T-test for independent sample results, for physical and mechanical properties, compared
between heat-treated wood and normal wood [14,26].

Parameter p-Value
Density 12% MC <0.001
Basic density <0.001
Radial shrinkage pr <0.001
Tangential shrinkage Bt <0.001
Volumetric shrinkage v <0.001
Compression strength <0.001
Static bending strength <0.001
Brinell hardness <0.001

All the characteristics showed a decrease ranged between 8.2% and 61.6% (Figure 2)
with high statistical significance.
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Figure 2. Percentage of variation (reduction) of the mean values, for the heat-treated wood with respect to the normal
wood [14,26]. The bars showed the standard deviation.

4. Discussion

The consequences of heat treatment on ayous planks affected the mechanical and
physical properties of the wood, producing a statistically significant reduction in strength,
shrinkage, and swelling, as well as in densities. The mechanical properties generally
showed a reduction between 10 and 50% after the thermal modification; on the other
hand, for physical properties, the most important consequences are related to the alteration
of the material behaviour with moisture and water. Heat treatment has exacerbated the
position of ayous wood among light-density timbers. The reported density values make
heat-treated ayous a medium-low density wood material.

One of the main effects of the thermal modification on the physical properties of
the wood is related to the behaviour towards water. As a consequence of the treatment,
the shrinkage values were rather low, indicating an appreciable dimensional stability of
the material, also expressed by the shrinkage anisotropy factor, which was close to that
of the wood of species considered to have a low propensity to shape modification [19].
The anti-shrinkage efficiency (ASE) also confirms this improvement; however, the ASE
results, referred as to volumetric and cross-section shrinkage, are both lower than 75%,
which is considered a threshold in terms of treatment effectiveness for improving the
dimensional stability of the material. Reducing the water reactivity of wood leads to
improved dimensional stability due to a reduction in swelling; it also leads to a reduction
in equilibrium moisture content and, consequently, wood density. Given the effects of
moisture as a decay factor in wood, the consequences induced by heat treatment cause an
overall increase in the service life of the material [13].

Colour is often a decisive element as it influences the aesthetic of products [30,31].
The effect of heat treatment on wood colour consisted of darkening. The darkening,
clearly visible even to the naked eye, was supported almost equally by both the lightness
parameter (L*) and the a* parameter, which indicates the red component of the CIELAB
colour space. Our eye begins to perceive colour differences with AE* greater than three,
therefore, the value obtained indicated a considerable variation. This empirical observation
was confirmed by the chromatic coordinates” values. Lightness of treated ayous was
recorded to be like that found in chestnut thermally treated at 200 °C [4]. The wood colour
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is determined by its chemical components and the colour variation indicates chemical
modifications [32-34]. In fact, the products of lignin degradation, including phenolic
substances and quinones, contribute to the darkening of wood [35,36].

As expected, the mechanical properties of the heat-treated wood showed low values.
These findings confirm those of earlier studies, where a general reduction of the mechanical
properties was described after the thermal modification of wood obtained from other
species [5,37]. This trend was highlighted in the comparison with untreated ayous wood.

In detail, the shrinkages were the features” high percentage of reduction, and these
wood characteristics were then improved, while the other wood features analysed showed
modest percentages of reduction but with a completely opposite meaning: these wood
characteristics were negatively affected by heat treatment.

The explanation for the change in physical, colorimetric, and mechanical character-
istics induced by heat treatment is related to the chemical modification of the molecular
components of the cell wall. As Tjeerdsma et al. [36] observed, the chemical composition
of wood after heat treatment is mainly related to the thermal degradation of hemicellu-
loses, which initially leads to the formation of acetic acid, which in turn catalyses the
degradation of carbohydrates into simple molecules. Generally, there is also an increase
in lignin content, this is due to both the apparent increase in lignin content related to the
loss of other components subject to more rapid degradation caused by heat, but also, as
reported by Tjeerdsma et al. [36], to the self-condensation phenomenon of lignin that is
thought to occur due to the formation of methylene bridges connecting aromatic rings of
various organic compounds to some lignin molecules that have available reactive sites [36].
The degradation of hemicelluloses occurs as soon as the temperature reaches 180-200 °C,
earlier and faster than cellulose because of their lower molecular weight and amorphous
structure [38]; even the amorphous regions of cellulose are structurally modified, obtaining
less hygroscopic compounds, while crystalline cellulose is less affected by the changes
related to heat treatment up to 300 °C [37,39]. In addition, the reduction of hygroscop-
icity is also related to the formation of lignin—carbohydrate compounds induced by the
exposure to high temperature. This leads to the surrounding of the cellulose microfibrils
by a network of more rigid compounds reducing their expansion possibilities and, as a
consequence, their absorption capacity. This results in reduced cell wall swelling and lower
fibre saturation point of the wood [36]. Another effect of heat treatment, as reported by [40],
is the improvement of the wood permeability that allows a better penetration of polar and
nonpolar compounds into the texture of the wood. This phenomenon is related to the
reduction of the wettability of the material, due to the lower availability of free polar sites
on the cell wall compounds, and this can increase the permeability of both water-based
and oil-based preservative compounds, which can contribute to a further improvement of
the material durability [40].

5. Conclusions

In this study, the modifications induced on the mechanical, physical, and colorimetric
characteristics were evaluated. Statistically significant differences were found in physical
and mechanical properties. The heat treatment resulted in a reduction in compression
strength (26.98 & 1.99 MPa) of 26%, static bending strength (32.90 & 3.09 MPa) of 46%,
and Brinell hardness (8.30 & 1.05 N/mm?) of 32%. A light ayous wood was confirmed
since dry density was found to be 0.31 4 0.02 g/cm>. The densities were reduced be-
tween 15% and 9%. The positive effect of heat treatment was detected in shrinkage and
swelling. Shrinkages were rather low and ayous showed an appreciable dimensional
stability, also expressed by the shrinkage anisotropy factor (1.55), and the anti-shrinkage
efficiency (58.41 £ 5.86). The darkening (AE* 34.76) was clearly detected (L* 39.69 £ 1.13;
a*10.59 £ 081; b* 18.73 £ 1.51), and it was supported almost equally by both the lightness
parameter (L*) and the a* chromatic parameter.

The rapid growth and easy processing of Triplochiton scleroxylon wood has made this
species increasingly attractive on the international market. A serious concern for outdoor
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use is its poor durability, and heat treatment can be a processing method that allows
ayous wood to improve its stability, durability, and prolong its service life, with reduced
environmental impact in service, and after dismantling.
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