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ABSTRACT

The aim of this study was to evaluate the effect of heat treatment on surface roughness, shear strength and
hardness of two tropical wood species, namely batai (Paraserainthes falcataria) and sesendok (Endospermum
malaccensis). Samples were exposed to temperature levels of 120 °C and 180 °C for 3 h and 6 h. The surface
quality of the control and heat-treated samples were determined using a stylus technique. Hardness and shear
strength of the samples were evaluated using Janka hardness and block-shear test, respectively. The results
reveal that the surface roughness of batai improved 3 % for 80-grit and 5 % for 180-grit samples while surface
roughness of sesendok improved 7 % and 10 % for 80-grit and 180-grit, respectively by the increase of the
heat temperature and prolonged durations. Analysis of variance (ANOVA) also revealed that most of the tested
properties on the treated wood were significantly affected by the species, girt number and also temperature. In
contrast to the untreated wood species, the heat-treated wood species exhibited lower values of shear strength
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and hardness. Overall, the hardness and shear of both species were adversely influenced by heat exposure.

Keywords: Batai, hardness, heat treatment, surface roughness, sesendok, shear.
INTRODUCTION

Wood instability has become a common problem in many applications thus extensive effort to overcome
the problem has been done. Heat treatment is one of the methods used to improve the wood quality has been
increased significantly in the last few years and is still and getting more attention as an environmentally
friendly approach (Priadi et al. 2019). Thermal treatment of wood is the most commercialized modifica-
tion method to improve the properties of wood. It is reported that heat treatment had some predominance in
enhancing both the chemical and the physical properties of wood including hygroscopicity, dimensional
stability and durability (Gao et al. 2018). The foremost research regarding heat treatment generally focused
on the equilibrium moisture content, dimensional stability, durability and mechanical properties. Even earlier
studies carried out in the 1920s showed that the equilibrium moisture content and swelling of wood decreased
with exposure to high temperature (Esteves and Pereira 2009). It is a known fact that the changes in these
properties are closely related to the magnitude of heat and exposure time.

Heat treatment is typically carried out by exposing wood to high-temperature levels ranging from 150
°C to 230 °C to change its chemical composition. The higher temperature and extended treatment time would
generally result in changes in the properties of the member (Metsid-Kortelainen et al. 2006; Lee et al. 2015).
The modification of heat treatment involved the structural degradation within three main components which
are hemicellulose, cellulose and lignin in the cell wall (Lee ef al. 2018). Having the lowest thermal stability,
hemicellulose formed a carbonic acid through cleavage of acetyl group and this acid promotes the decompo-
sition of carbohydrates and lignin at a high temperature of heat treatment. These processes lead to reduce the
number of the hydroxyl group, decreasing the hygroscopicity of wood resulting in an improvement in overall
dimensional stability (Hoseinzadeh et al. 2019). However, it is a known fact that heat-treated wood becomes
more brittle and certain mechanical properties reduced by 10 % to 30 % after being exposed to a high tempera-
ture for a long duration (Ozcan ef al. 2012).

The reduction of mechanical properties is one of the main disadvantages of heat-treated wood. Meanwhile,
exposure to lower temperature levels does not have significant changes in the wood constituents. Therefore,
an extensive compromise has been reached among the researchers that the minimum temperature required to
conduct heat treatment of wood should be at a temperature of 100 °C (Tiryaki 2015). Numerous studies have
been carried out on the modification of wood properties due to the heat-treatment process. Kesik et al. (2014)
reported that the dimensional stability and surface roughness of all four species, namely black locust (Robinia
pseudoacacia), common alder (Alnus glutinosa), Western prickly juniper (Juniperus oxycedrus) and plum
(Prunus domestica) improved after they have been heat-treated at temperature levels of 130 °C and 160 °C for
3 h and 7 h. Meanwhile, Priadi and Hiziroglu (2013) have also found a similar increasing trend for dimensional
stability and surface quality of mindi (Melia azedarch), mahogany (Swietenia macrophyla), red oak (Quercus
falcate) and Southern pine (Pinus taeda) samples.

In the same study, it was determined that the hardness for all samples decreased at a higher temperature
and longer exposure time. Fu ez al. (2020) also reported that the mechanical properties specifically modulus of
elasticity and modulus of rupture of heat-treated radiata pine deteriorated as a result of exposure to temperature
levels higher than 180 °C. Meanwhile, in another previous study, Balkis ef al. (2013) found an enhancement in
the surface roughness and wettability characteristics on heat-treated rubberwood (Hevea brasiliensis), eastern
red cedar (Juniper virginiana) and red oak (Quercus rubra) after exposing them to temperature levels of 120 °C
and 190 °C for the periods of 2 h and 8 h. However, the shear strength and hardness of the samples were found
to be reduced following the treatment.

Batai (Paraserainthes falcataria) and sesendok (Endospermum malaccensis) are fast-growing indigenous
species and can be widely found in Malaysia which is having conducive climate and soil conditions that are
ideal for many fast grown plantation species including these two species. The density of batai and sesendok
ranges from 220 kg/m?® - 450 kg/m?® and 305 kg/m® - 655 kg/m?, respectively, both having strength group 7
(SG 7) (Nordahlia ef al. 2018). Batai and sesendok are generally not only used to produce indoor and outdoor
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furniture but also used in the manufacture of mouldings, doors and flooring. Although most of the physical
and mechanical properties of batai and sesendok have been studied, there is little or no information reporting
on their characteristics particularly on shear strength and hardness properties as a function of heat treatment
(Alia Syahirah ef al. 2019, Hamdan et al. 2016, Nordahlia et al. 2014). Therefore, the main objective of this
study was to evaluate the shear strength and hardness of two selected light tropical hardwoods, namely batai
(Paraserainthes falcataria) and sesendok (Endospermum malaccensis) as a result of heat treatment. The re-
sults were supported by the statistical analysis to find the significant effect of heat treatment on each testing.
The surface properties of the heat-treated samples were also determined. It is expected that data from this work
would beneficial to use both species with better efficiency and effectiveness.

MATERIALS AND METHODS
Materials

Two hardwood species, namely batai (Paraserainthes falcataria) and sesendok (Endospermum
malaccensis) were selected in this study and obtained from commercially flat sawn lumber. The air-dried den-
sity of both hardwood species, batai and sesendok were determined as 358 kg/m® and 384 kg/m?, respectively.

Preparation of test samples

The samples for shear test and surface roughness test were cut into dimensions of 20 mm x 20 mm x 20
mm and finished with sandpaper having 80-grit and 180-grit before being exposed to the heat. Dimensions and
weight of the samples were measured at an accuracy of 0,01 mm and 0,01 g, respectively at each level to cal-
culate density and moisture content changes. A total of sixteen samples from each species were put in an oven
having temperature levels of 120 °C and 180 °C for 3 h and 6 h for heat treatment schedules. Then, all measured
samples were kept in the oven having 103 °C £ 2 °C overnight to determine the density and moisture content.

Surface roughness test

The surface roughness test was carried out using a stylus-type profilometer as shown in Figure 1. It is mea-
sured either along a single line profile or along a set of parallel line profile, where R, referring to center-line
average (CLA) attribute to the area between the profiles. Whilst R is referring to average peak-to-valley height
(Bhushan 2000). Using a 15 mm tracing span, eight measurements were taken from each side of heat-treated
and untreated wood samples. The measurements were made on the surfaces across the grain. The stylus unit
consists of the main unit and the pick-up model TkE, which has a skid-type diamond stylus with a 5 pm tip
radius and a 90° tip angle. The stylus traverses the surface at a constant speed of 1 mm/s over a 15 mm tracing
length, converting the vertical displacement of the stylus into an electrical signal. After every 100 measure-
ments, the instrument was calibrated using a standard reference plate with R values of 3,02 m and 0,48 m. A
cut-off length of 2,5 mm was used for the test, a parameter that differentiates roughness and waviness profiles
(Hiziroglu and Suzuki 2009).

Figure 1: Surface roughness test set-up.



Maderas. Ciencia y tecn_ Universidad del Bio-Bio

Shear strength test

The wood samples were carried out for 80-grit and 180-grit sanded samples for block-type glueline shear
test. Two pieces of wood were glued with Polyvinyl acetate (PVAc) glue at the 5 mm bondline. The samples
then let dried for 24 h prior testing. The determinations of ultimate shearing stress parallel to grain by using
Comten-95 Series Universal Testing machine (Figure 2).

Force Applied with
Universal Testing
Machine

20 mm

|5lnm

Figure 2: Shear measurement using Comten-95 Universal Testing Machine

Hardness test

The hardness of untreated and treated samples with dimension of 4 mm (thickness) x 60 mm (length) x
20 mm (width) was conducted according to the procedures stipulated in Standard Test Methods for Evaluating
Properties of Wood-Based Fiber and Particle Panel Materials ASTM D1037-12 (2020). The samples were
tested by embedding a steel hemisphere with a diameter of 11,2 mm onto the surface tangential to the grain
direction. Since the thickness of samples are 6 mm or less than 6 mm, an extra specimen was added as backing
material during the test. Two measurements were taken from each sample and recorded in pounds to evaluate
Janka hardness (Figure 3).

Comten
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Figure 3: Hardness measurement using Comten-95 Universal Testing Machine.
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ANOVA Analysis

Analyses of Variance (ANOVA) were conducted using SPSS Statistical Software. The differences between
mean values of control and heat-treated samples were determined using Duncan’s multiple range test and a
p-value of < 0,05 was considered statistically significant. To estimate the individual and interaction factors of
the analysis, F-test statistic was also included to analyze the factorial design experiment.

RESULTS AND DISCUSSION
Surface roughness

The surface roughness of two different wood species; batai and sesendok are listed in Table 1. Control
samples of batai and sesendok samples sanded with 80-grit had average R values of 16,3 pm and 13,5 um,
respectively. Corresponding values for those samples sanded with 180-grit sandpaper were found as 8,1 pm
and 7,2 um. It appears that the overall surface roughness of the samples from both species did not show any
significant change when they were exposed to a temperature of 120 °C for both 3 h and 6 h time exposure as can
be seen in Table 1. In a previous study surface roughness of yellow poplar, southern pine and eastern red cedar
samples exposed to a temperature of 130 °C also did not have a noticeable difference in R values as compared
to those of the control spemmens (Ulker et al. 2018). According to Shukla (2019), the surface roughness value
can be affected by the increasing treatment temperature and duration. Therefore, it is suggested that higher
temperature and longer duration of heat treatment are needed for the surface roughness to change its behavior.
This statement proved by the results shown when both types of samples were exposed to a temperature of 180
°C their surface becomes smoother based on average roughness parameters. Batai samples sanded with 80-grit
had average R values of 12,3 um and 8,1 um as a result of exposure to a temperature of 180 °C for 3 h and 6
h, respectively. Those values are nearly 50 % and 4 % lower than those of control samples.

Table 1: Surface roughness values of the samples.

Species Unit Roughness parameters (pm)
Grit Control 120°C 180 °C
3h 6h 3h 6h

R, R, R, R, R, R, R, R, R, R,

Batai AV 80 16,3 459 | 16,7 | 474 | 16,5 | 46,8 | 8,1 | 23,0 | 15,9 | 45,0
SD 17 5,0 24 | 67 L3 3,7 1,6 | 4,6 L2 | 3,5

AV 180 8,1 23,0 78 | 221 17,7502 | 81 | 23,1 | 7,7 | 21,8

SD 1,6 3.0 L7 | 47 14 | 41 Ll 3.1 16 | 45

Sesendok AV 80 13,5 382 | 12,9 | 36,5 | 13,3 | 37,7 | 144 | 40,7 | 12,6 | 35,9
SD 1.9 56 | 16 | 47 | 14 | 42 | 22 | 63 | 28 | 7.9

AV 180 7.2 20,6 6,7 | 191 | 76 | 21,5 | 64 | 183 | 6,5 | 184

SD 1,7 5,0 0,5 1,6 | 2,3 06,6 1,2 34 1 08 | 25

AV = actual value, SD = standard deviation

Sesendok samples also followed a similar trend. Heat treatment above 150 °C -160 °C could cause con-
version of lignin resulting in thermoplastic condition developing densification of the surface layers (Ozcan
et al. 2012). Such densification of the samples can also be translated in the form of a smoother surface as
it was determined for both batai and sesendok samples in this work. Similar to the findings in past studies
thermal treatment has limited benefit to improve the surface roughness of the samples so that further finishing
processes can be carried out more efficiently (Korkut ef al. 2010). Therefore, even such limited enhancement
of the overall surface quality of batai and sesendok samples can still be considered as a potential approach.

Analysis variance (ANOVA) on the surface roughness for both species; batai and sesendok are displayed
in Table 2. In this study, the alpha level (o) = 0,05 for each F test to analyze the factorial design experiment.
The higher the F-ratio value, the higher influence of that factor on the experiment response (Muthuraj et
al. 2016). According to the F-value, grit depicted the highest value F = 670,256 followed by species with
value F = 59,823 which both sources possess P-value less than 0,05. From the ANOVA results, it was found
that only grit number, species and also the interaction between grit number and species were significantly
affected the surface roughness of treated wood. Other than that, temperature, hour and other interaction treatment
processes did not give significant effects on the surface roughness of treated wood. The value of R-sq value should
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typically lie between 0 <R-sq < 1. Hence, the value of R-sq (0,841) and adjusted R-sq (0,819) indicate that the
developed model aligns with the experimental results very well.

Table 2: Analysis of variance (ANOVA) of the surface roughness over species, grit, temperature and hour.

Surface Roughness Ra Rz

Source F P F P
Grit 624,915 0,000 670,256 0,000
Species 54,291 0,000 59,823 0,000
Temperature 0,191 0,663 0,228 0,633
Hour 1,249 0,266 1,580 0,211
Grit *Species 9,913 0,002 12,273 0,001
Grit*Tempertaure 0,002 0,961 0,053 0,818
Grit*Hour 0,399 0,529 0,692 0,407
Species*Temperature 0,531 0,467 0,635 0,427
Species*Hour 0,682 0,410 1,018 0,315
Temperature *Hour 1,985 0,161 2,264 0,135
Grit*Species*Temperature 0,002 0,961 0,000 0,986
Grit*Species*Hour 0,399 0,529 0,815 0,368
Grit*Temperature*Hour 0,531 0,467 0,635 0,427
Species*Temperature *Hour* 0,531 0,467 0,815 0,368
Grit*Species*Temperature*Hour 0,059 0,808 0,015 0,902

R-sq = 0,841 (Adjusted R-sq = 0,819)
Shear strength

The experimental results of shear strength for both species are reported in Table 3. Overall shear strength
of the samples was adversely influenced by heat treatment. The lowest average shear strength value of 1,2 N/
mm? was found in batai samples exposed a temperature of 180 °C for 6 h after they were sanded with 180-
grit sandpaper. This value is 55 % lower than that of control samples. Naturally control samples of batai and
sesendok specimens sanded with 80-grit resulted in the highest shear strength values of 2,6 N/mm? and 3,1 N/
mm?, respectively. It is an accepted fact that heat treatment adversely influences overall mechanical properties
including shear strength (Yang et al. 2016). This finding aligns with the ANOVA results listed in Table 4.
However, from the analysis, the only temperature used was significantly affected by the shear strength of the
treated wood in this experiment. The value of the F-value for temperature is the highest indicate its highest in-
fluence upon experimental response. The P-value also lower than 0,05 indicate the significance of temperature
on shear strength value for both species.

Table 3: Shear strength values of the samples.

Species Unit Shear strength (N/mm®)
Grit | Control 120 °C 180 °C
3h 6h 3h 6h
Batai AV 80 2,6 2.4 1,9 1.7 1.3
AV 180 2,2 2,0 1,7 1,6 1,2
Sesendok AV 80 3.1 2.3 2,1 1,7 1.3
AV | 180 2.9 07 2.0 1.4 1,3

AV = actual value

Several past studies also confirmed that the shear strength of the samples from different species reduced
when they were exposed to high-temperature levels (Boonstra et al. 2007, Ulker and Hiziroglu 2017). Also,
according to Shukla (2019), researchers found that the degradation of strength in wood can be associated with
changes in wood acidity depending to temperature and duration of heat treatment.

In comparison shear strength of two species in this work, it seems that sesendok had somehow higher
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values than those of batai samples. This could be related to a higher density of sesendok creating better inter-
locking between sanded two pieces. The images of the fracture surface of both batai and sesendok after the
shear test were displayed in Figure 4.

(a) (b)
Figure 4: Heat treated samples of (a) batai and (b) sesendok after shear strength test.

Table 4: Analysis of variance (ANOVA) of the shear strength over species, grit, temperature and hour.

Source F P
Grit 1.622 0,208
Species 1,562 0,216
Temperature 12,047 0,001
Hour 2,846 0,097
Grit *Species 0,149 0,701
Grit*Tempertaure 0,030 0,862
Grit*Hour 0,121 0,729
Species* Temperature 0,096 0,757
Species*Hour 0,227 0,636
Temperature *Hour 0,000 0,983
Grit*Species* Temperature 0,156 0,695
Grit*Species*Hour 0,015 0,904
Grit* Temperature*Hour 0,016 0,899
Species* Temperature* Hour* 0,004 0,947
Grit*Species*Temperature*Hour 0,038 0,846

R-sq = 0,411 (Adjusted R-sq = 0,225)

Hardness

The hardness properties of both species, batai and sesendok were depicted in Table 5. The fracture surface
images of both species after the hardness test were shown in Figure 5. The control sample of sesendok had the
highest hardness value of 2246,3 N which is 2,1 times higher than that of batai. Three hours of heat treatment
of the samples at a temperature of 120 °C had an average value of 10,8 % reduction. Such reduction was found
37,7 % when the samples were exposed to a temperature of 180 °C for 6 h. Some of the samples also crumbled
and collapsed with the exposure of a temperature of 180 °C during the hardness test.

Table S: Hardness values of the samples.

Species Unit Hardness (N)
Control 120 °C 180 °C
3h 6h 3h 6h
Batai AV 10454 1010,7 | 798,0 | 7852 | 7503
Sesendok AV 22463 1900,2 | 1872,5 | 1700,2 | 16503

AV = actual value
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(a) (d)

(c) (f)

Figure 5: Illustration of hardness for batai: (a) control; (b) heat treated at 120 °C for 6 h and; (c) heat treated
at 180 °C for 6 h; and sesenduk: (d) control; (e) heat treated at 120 °C for 6 h and; (f) heat treated at 180 °C
for 6 h.

Typically, hemicellulose in the cell wall is degraded due to heat resulting in reduction of mechanical
properties of the member. In a previous study southern pine samples exposed to a temperature of 190 °C had
reduction of more than 100 % (Ulker ef al. 2018). It appears that species, batai and sesendok did not have
substantial adverse influence of heat treatment. This could be related to chemical structure and extractive
content of such tropical species. Following heat treatment lignin also shows evidence of thermal degradation
resulting in breakage of aliphatic bonds and releasing of hydrocarbon fragments (Ulker ez al. 2018). Possibly
such reaction in these tropical species retarded due to their possible chemical structure. Although no color
measurements were taken from the surface of heat-treated samples, based on visual inspection no significant
discolouration of the samples was observed.

Table 6: Analysis of variance (ANOVA) of the hardness over species, temperature and hour.

Source F P
Species 1,918E4 0,000
Temperature 47,073 0,000
Hour 10,286 0,003
Species* Temperature 2,160 0,149
Species*Hour 2,806 0,102
Temperature*Hour 2,355 0,133
Species*Temperature *Hour 3,888 0,056

R-sq = 0,982 (Adjusted R-sq = 0,978)

The ANOVA analysis value for the hardness of both species; batai and sesendok were listed in Table
6. From the analysis, it is showed that the hardness properties of the treated wood were highly significantly
affected by the species, temperature and also hour. Besides, the F-value of showed that species did give the
highest influence on the hardness value followed by the temperature and hour. However, all these sources give
significance to the hardness value as all value lies below 0,005. The R-sq and adjusted R-sq also showed value
low than 1 indicate the developed models align the reported experimental results.
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CONCLUSIONS

Based on the findings in this work, the surface quality of both types of samples had some improvement
as results of heat treatment. It appears that the samples had lower hardness as well as shear strength values as
they were exposed to heat treatment and such effect was more prominent in the case of the 180 °C temperature
process. Those samples sanded with 80-grit sandpaper resulted in better shear strength characteristics in all
cases due to better interlocking of the pairs. In further studies, colour changes in addition to other mechanical
properties of batai and sesendok samples could be desirable to investigate to have a better understanding of
overall behaviour of two species as a function of heat treatment.
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