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ABSTRACT. In this study, the effects of resin and wax content as well as board density on the modulus of rupture (MOR) and
internal bonding (IB) and thickness swelling (TS), were investigated. Three-layer particleboard was made with rubberwood
particles. Different urea formaldehyde (UF) resin contents (%) were applied on the surface/core/surface layer of the particleboard,
namely 10/7/10, 11/8/11 and 12/9/12. Three different dosages of wax (0, 0.5 and 1%) were added into the UF resin and blended
with the rubberwood particles during particleboard fabrication. Particleboard with two densities was produced, which are 680
kg/m® and 750 kg/m®. The results revealed that the wax content exerted an insignificant effect on the MOR and IB of the
particleboard, but it greatly improved the TS of the board. Meanwhile, resin content was observed to reduce the TS and increase
the MOR of the particleboard. Particleboard with higher density had better MOR and IB. However, the TS value increased also
along with increasing board density. Unfortunately, all the boards produced in this study did not meet the minimum requirement
of TS value as specified in JIS A 5908, which should be lower than 12%. The optimisation study recommended that a higher wax
content (1.47%) be used to achieve the targeted TS. Nevertheless, it is not viable from the economic point of view, and another
option has to be considered to lower the TS of the particleboard.
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INTRODUCTION

Particleboard is a wood-based product that is low in cost and budget-friendly compared to plywood and solid wood.
However, one of the most significant shortcomings of particleboard is that it has poor dimensional stability, especially
when used in a moist environment (Kwon et al., 2013). In most cases, the dimensional instability of wood-based
panels can be inferred from their thickness swelling (TS) measurements. This swelling should be avoided at all costs
as it can have a functional and a visual impact on panel performance. Swelling of thickness is the most prominent

effect when the panels are exposed to moisture. Almost all the variables in the manufacturing process, such as the
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type of wood being used, the particle geometry, board density, resin level, blending efficiency, and pressing conditions,
influenced the thickness swelling of particleboard (Baharoglu et al., 2014). A better understanding of these variables’
effects, along with the application of special treatments such as water repellents and dimensional stabilisers, should

make it possible to exert some degree of control over the thickness swelling.

According to Rowell and Banks (1985), two types of treatments are utilised to lessen the propensity of wood to absorb
moisture and change its dimensions. These treatments are water repellents and dimensional stabilisers. Commercial
water repellents applied to wood have almost always been of the simple, non-chemically bonded type, primarily
based on paraffin wax panels. Because it is a hydrophobic substance, wax effectively prevents water from penetrating
it (Rosenfeld et al., 2022). Wax-sizing has been used for dimensional stabilisation of wood for a very long time
(Baharoglu et al. 2014; Xu et al. 2009; Kwon et al. 2015), and it is the additive that is used the most frequently in

modern times.

Apart from the addition of wax, the resin is one of the most important factors determining the particleboard’s bending
strength and thickness stability (Sarmin et al., 2013). The resin serves as a binding agent, connecting the hydrophobe
that has a low level of adhesion to the interfibril spaces of the cell wall (Humar and Leasr, 2013). The density of the
boards is also one of the influencing factors that affect particleboard’s physical and mechanical properties (Warmbier
et al., 2013; Maraghi et al., 2018). A better understanding of the effects that these factors should allow for more
control over the thickness swelling. In this study, the effects of the three main influential factors, i.e. resin content,
wax loading and board density, on the dimensional stability and mechanical properties of the particleboard were
investigated. Furthermore, Response Surface Methodology (RSM) was applied to determine the best combination to
produce particleboards that meet the Japanese Industrial Standard (JIS) requirement for application in moist interior

environments such as the kitchen.

METHODOLOGY
Particleboard Fabrication

Rubberwood particles with 3% moisture content (MC) were used for the three-layer particleboard manufacture.
Melamine-fortified UF resin with 60-65% solid content supplied by Aica Malaysia Sdn. Bhd., Senawang was used
as a binder. The variables in this study were density (680 kg/m?® and 750 kg/m?), resin content (7-9% for core layer
and 10-12% for surface layers) and wax content (0, 0.5 and 1%). In commercial particleboard plants, the application
of UF resin content is 8% for the core layer and 11% for the surface layers. Meanwhile, the wax applied is not more
than 1% or usually maintains around 0.5%. Therefore, these parameters were used as a benchmark to develop the
experimental design of the study. The experimental design is shown in Table 1. In the core layer of each panel, a
hardener composed of ammonium chloride was applied at a loading of 3.8% based on the resin’s weight, while only
1% was used in the surface layer. To control the final density of the boards, rubberwood particles, after being blended

with different amounts of resin and wax, were reweighed before forming into the mat. The formed mats were then
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pressed at 180 °C for 270 s. Particleboard with 340 mm x 340 mm x 12 mm (I x w x t) was produced. Three board

replicates were produced for every variable level. A total of 54 boards (18 variables x 3) were produced in this study.

Table 1. Particleboard made with different densities, wax content and resin usage

Resin usage (%)

Board type Density (kg/m®) Wax content (%)
Core layer Surface layer

1 680 0 7 10
2 680 0 8 11
3 680 0 9 12
4 680 0.5 7 10
5 680 0.5 8 11
6 680 0.5 9 12
7 680 1 7 10
8 680 1 8 11
9 680 1 9 12
10 750 0 7 10
11 750 0 8 11
12 750 0 9 12
13 750 0.5 7 10
14 750 0.5 8 11
15 750 0.5 9 12
16 750 1 7 10
17 750 1 8 11
18 750 1 9 12

Properties evaluations

The boards were conditioned for seven days at a temperature of 20 + 2°C and relative humidity of 65 + 5% prior to
the physical and mechanical properties evaluation. Mechanical properties such as modulus of rupture (MOR), internal
bonding (IB), and physical properties such as thickness swelling were evaluated according to Japanese Industrial
Standard A5908:2003. The particleboard samples were weighed and measured for their dimensions. Next, the
samples’ density was determined by dividing their mass over volume and was expressed in kg/m’. For MOR, 5
replicates of samples having dimensions of 50 mm width x 230 length x 12 mm thickness were prepared. The samples
were tested using a Universal Testing Machine (UTM) with a load crosshead speed of 10 N/mm?. The maximum load
before the rupture of the samples was recorded, and then the MOR was calculated. As for IB, 5 replicates of samples
with dimensions of 50 mm width x 50 mm length x 12 mm thickness were prepared. The samples were then adhered
to metal blocks and were tested using a Universal Testing Machine (UTM) with a load crosshead speed of 2 N/mm?.
The maximum load for the samples to break apart was recorded and was used to determine the IB strength. For

thickness swelling evaluation, 5 replicates of samples with dimensions of 50 mm width x 50 mm length x 12 mm
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thickness were soaked in water at room temperature. The samples’ thickness was measured before and after 24 h
soaking in water, and the difference in thickness before and after soaking was calculated and expressed in percentage

(%).

Response surface methodology (RSM) and central composite design

RSM was used to systematically investigate and optimise the effects of two independent variables (resin usage and
wax content) on particleboard’s mechanical and physical properties. Design Expert Software was used to create the
central composite design (State Ease, Design Expert 9). A 13-run central composite design was created using RSM.

Particleboards were made using the recommended parameters, and the data obtained were used for optimisation.

Statistical Analysis

The data was statistically analysed to ensure the variables under investigation were significant. The Statistical
Package for the Social Sciences (SPSS) procedure for analysis of variance (ANOVA) was used to analyse the data at
a confidence level of P < 0.05. The three factors were density, wax content, and resin usage. The relationship between

the main effects and the properties of particleboard was evaluated using Pearson’s correlation.

RESULTS AND DISCUSSION

The MOR values for all types of particleboards are shown in Figure 1. Particleboard with a density of 680 kg/m* and
750 kg/m® had a modulus of rupture (MOR) that varied between 11.52 to 16.03 Nmm™ and 13.68 to 21.34 Nmm~,
respectively. The minimum MOR requirement must be met is 13.00 Nmm, as specified by JIS A 5908. Most of the
boards, except for board types 1, 7, and 9, met the minimum MOR requirement established by JIS A 5908. Type 1
particleboard was made with 0% wax and the lowest resin content. Therefore, it is expected that it has inferior
mechanical properties. Meanwhile, types 7 and 9 are made with 1% wax content. Wax is hydrophobic, and it will
interfere with the curing of the adhesive and negatively affect the properties of the board (Papadopoulos, 2006).

Therefore, boards with high wax content tend to have inferior properties.
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Figure 1. Average MOR values for particleboard made with different densities, wax content and resin usage.
Figure 2 depicts the distribution of the IB values for every type of particleboard. Internal bond strength for all types

of boards is greater than the minimum requirement of 0.2 Nmm specified by JIS A 5908. The average values for

particleboard with a density of 680 kg/m?* and 750 kg/m? ranged from 0.40 to 1.52 Nmm2and 1.18 to 2.09 Nmm?2.
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Figure 2. Average IB values for particleboard made with different densities, wax content and resin usage

The main effects (resin and density) affect the MOR of the particleboard significantly, as shown in Table 2. Wax
content was found to have no significant effects on both MOR and IB of the particleboard, while resin content was
found only exerts significant effects on MOR. On the other hand, density was found to be the only main effect that

significantly influences the MOR and IB properties of the particleboard.
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Table 2. Significant probabilities for study variables and interaction (MOR and IB)

Modulus of rupture Internal bond

F value Pr>F F value Pr>F
Wax 0.792 0.457 ns 2.862 0.063 ns
Resin 21.505 0.000 oAk 0.229 0.796 ns
Density 34.297 0.000 oAk 36.136 0.000 ok

*** indicates significance level at P<0.01
** indicates significance level at P<0.05
ns indicates no significance

The TS values for a different type of particleboard are depicted in Figure 3. The particleboard with 680 kg/m* and
750 kg/m? had a thickness swelling from 15.19 to 22.93%, while the particleboard with 750 kg/m? had a thickness
swelling from 15.26 to 24.91%. All the boards manufactured in the study did not comply with the standards
established by JIS A 5908, which state that the maximum allowable level of TS is 12 %.
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Figure 3. Average TS values for particleboard made with different densities, wax content and resin usage

The particleboard produced with 7/10% (core/surface) of resin at the target density of 750 kg/m?* without the addition
of wax exhibited the greatest amount of TS. At the constant of 0% wax content, the TS value for the boards decreased
when the resin usage was increased from 7/10% to 9/12%, indicating that resin content significantly affects the TS
of the particleboard. The findings of the ANOVA (Table 3) showed a strong statistical significance for each of the

main effects (wax, resin, and density) on the TS.

Bioresources and Environment



18
Influence of wax and resin content on particleboard

Table 3. Significant probabilities for study variables and interaction (TS)

Thickness swelling

F value Pr>F
Wax 74.944 0.000 Hoxk
Resin 13.406 0.000 otk
Density 22.51 0.000 otk

*** indicates significance level at P<0.01
** indicates significance level at P<0.05
ns indicates no significance

Correlation between particleboard properties and study variables

Pearson’s correlation between the various properties and variables is displayed in Table 4. According to Table 4, it
was discovered that wax content has a significant effect on TS reduction. However, at the same time, it also reduces
the strength properties of the particleboard, but not significantly. Meanwhile, particleboard’s MOR values increased
as a result of the addition of resin, which concurrently lowered the board’s TS value. Density also exerts a significant
effect on the MOR and IB of the particleboard. The higher the density, the higher the MOR and IB values of the
particleboard. However, TS is also higher in particleboard with higher density.

Table 4. Pearson’s correlation (r) between properties affected by the study variables

Property Wax Resin Density
ITS -0.816** -0.327 0.319

MOR -0.139 0.557* 0.598%*
’IB -0.239 -0.066 0.602%*

*Correlation is significant at the 0.05 level
** Correlation is significant at the 0.01 level
ITS: thickness swelling, 2MOR: modulus of rupture, *IB: internal bond strength.

Maraghi et al. (2018) found that as particleboard density increased, the MOR and IB of poplar wood slab, citrus
branches, and beech twigs increased. According to the study, the MOR of the particleboard increased by as much as
27.1% when the density of the board was increased from 650 kg/m? to 750 kg/m?, while IB was also slightly improved.
Warmbier et al. (2013) made a similar observation, observing that particleboard made from willow wood increased
in MOR and IB by 35 and 9%, respectively, when the board density increased from 600 to 660 kg/m>. A study by Lee
et al. (2017) revealed that the density of the particleboard had a positive correlation with MOR and IB. In the study,
it was noted that the effects of density are higher in IB compared to that of MOR. The same observation, though only
slightly, was made in this study. The magnitude of Pearson’s correlation for the effect of density on IB (r=0.602) is
slightly higher than that of MOR (r=0.598). The improved mechanical properties as the density increase are mainly

attributed to the increased wood volume that ensures higher compaction (Lee et al., 2015).

Resin content is regarded as the main factor that affects the properties of the particleboard produced (Barragan-Lucas
et al., 2019). In this study, particleboard bonded with a higher level of UF resin exhibited the highest MOR value. A
study by Bhadewad et al. (2018) showed the same observation where particleboard made from the highest level of

UF resin had met the requirements of relevant standards. It was said that higher levels of resin facilitate stronger
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interfacial bonding between wood particles and, therefore, higher MOR value (Abd Rahman et al., 2019). According
to Ghalehno et al. (2013), increasing the amount of resin resulted in a complete resin coating on the wood particle.
Therefore, the number of bonding sites between the particle and resin increased, subsequently leading to improved

MOR.

As for thickness swelling, Boruszewski et al. (2022) concluded that the resin level was the single most important
factor in controlling particleboard swelling. Increased resin content results in a board with improved properties,
particularly the ability to maintain its thickness. UF resin interacts with wood particles, and the curing of UF resin
forms a hardened crosslinking structure. Therefore, particleboard with higher resin content tends to have higher resin
interaction with the wood particles and is more stable when exposed to moisture (Hong et al., 2017). In general,
particleboard with a target density of 680 kg/m? had lower thickness swelling than particleboard with a target density
of 750 kg/m’>. If exposed to water for an extended period of time, higher-density boards swell more than lower-density
boards, according to Bohm et al. (2019). Panels with a lower density will likely experience less swelling for two
reasons. The first reason is that they contain less wood per unit area, resulting in a lower degree of hygroscopic
response. The second reason is that they have less wood per unit volume, which causes swelling to be partially
extended into the spaces between the particles (Lee et al., 2015). Khedari et al. (2003) have discovered increased
thickness swelling with increasing particleboard density. For high-density boards, a high-thickness swelling value is

Very common.

In general, the addition of wax improved the thickness swelling of the particleboard significantly. According to the
data in Figure 3, the TS values are significantly reduced after adding 0.5 and 1% wax to the board. The addition of
wax to bagasse particleboard improved the thickness swelling after 24 hours, according to the findings of Xu et al.
(2009). The wax gives particleboard its water-repellent properties. However, the water repellency achieved by adding
wax is usually only temporary (Chen et al., 2020). The water resistance imparted by wax sizing to particleboard is

primarily due to a reduction in capillary water flow.

The plots of swelling versus time for three different types of wood specimens are shown in Figure 4. In order to
facilitate analysis and comparison, three distinct kinds of samples were chosen. Type 1 refers to the wood specimens
that have not had any wax applied to them, Type 7 has the highest usage of wax (1%), and Type 9 refers to the boards

with both the highest wax content and the highest resin usage.
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Figure 4. Swelling versus time plot for particleboard made with different densities, wax content and resin usage

According to Figure 4, applying wax and resin together (Type 7 and 9) slows down the water absorption rate of
particleboard. However, over time, the amount of swelling that occurs is almost identical to that of untreated wood.
The swelling patterns displayed in Figure 4 obeyed the type I hypothetical model of swelling versus time proposed
by Rowell and Banks (1985). This model indicated that the wax and resin treatment only improved the boards’ water

repellency for a short period but that the boards’ dimensional stability remained unchanged.

The water uptake rate can be significantly reduced by providing a water barrier or rendering the wood hydrophobic
(Humar and Lesar, 2013). The wax acts as a barrier against water, preventing water from penetrating the surface
spontaneously. Water repellents applied to wood either fill in the cell lumina or are deposited on the external and, to
some extent, on the internal pore surfaces, both of which contribute to the surface’s hydrophobic properties. The
amount of water repellent that is applied is directly proportional to the amount of water that is repelled. Because of
this, the water cannot naturally seep into the pores of the wood due to the action of capillary forces, and the water

absorption rate is consequently restricted (Can and Sivrikaya, 2019).

It has been demonstrated by both Lesar et al. (2011) and Brischke and Melcher (2015) that treating wood with these
types of non-chemically bonded water repellents provides significant control of water uptake for a reasonable amount
of time. The eventual loss of water-repellent effectiveness may be associated with the failure of the bond between the
cell wall and the deposit, largely due to the degradation of the wood surface. This failure may be associated with time.
The phenomenon of preferential wetting, described earlier, can happen even in wood treated with a water-repellent.
When the material that repels water is subjected to water for an extended period, the hydrophobic substances are
dislodged by the water, which results in a reduction in the effectiveness of the treatment. The relatively weak Van der

Waals bond between wood and deposits is then succeeded by a more robust hydrogen bond between wood and water.
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Optimisation by response surface methodology (RSM) in compliance with the Japanese Industrial Standard
JIS)

All of the boards manufactured in this study did not meet the minimum requirement for TS, which should be less
than 12%, according to JIS A 5908. The effects of the two independent variables, resin usage and wax content, on the
particleboard’s mechanical and physical properties, were systematically investigated with the help of a response
surface methodology (RSM) technique implemented using MINITAB v16.1 software. The optimisation was carried
out so that conditions for the best possible properties of particleboard, in particular for TS, could be predicted. The

levels of the independent variables, both as coded and as measured by actual data, are presented in Table 5.

Table 5. Coded and actual levels of the independent variables

Variables Coded levels
Low Middle High
-1 0 1
Wax content (%) 0 0.5 1
Resin usage (%) 7 8 9

Based on the RSM, the predicted parameters to produce particleboard with optimum properties of TS, MOR and IB
were obtained and are shown in Table 6. The main purpose of the optimisation was to keep the TS value below 12%

while ensuring MOR and IB values met the minimum requirements specified in JIS A 5908.

Table 6. Predicted conditions for optimum properties of particleboard

Processing conditions Properties Desirability

TS (%) MOR (N'mm?) 1B (N/mm?)
680 kg/m®  1.47% Wax, 10.44/13.44% Resin 11.76 16.52 0.6 1

750 kg/m? 1.47% Wax, 9.54/12.54% Resin 11.97 19.77 1.52 1

The results of the prediction show that the required TS value of less than 12% in accordance with JIS A 5908 can be
obtained by increasing the wax content and resin usage to a higher level, as shown in Table 6. For particleboard with
680 kg/m>, 10.44% UF in the core layer and 13.44% UF in the surface layers are recommended to achieve the targeted
TS values. Meanwhile, for particleboard with 750 kg/m?, 9.54% UF in the core layer and 12.54% UF in the surface
layers are recommended. In addition, it was noted that 1.47% of wax is required to be added to achieve the targeted
TS of less than 12%. However, this might not be an economically viable approach, and therefore other options have

to be identified to reduce the TS of the particleboard.
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CONCLUSION

The addition of wax had a significant impact on the thickness swelling value of particleboard. However, the addition
of wax should be limited to 0.5% because further addition did not increase but caused a reduction in bending
properties. Increased resin usage is also important in reducing thickness swelling and improving particleboard
bending properties. However, due to the high resin cost, the amount of adhesive that can be added must be carefully
considered from an economic standpoint. Some MOR values fell short of the standard, particularly for boards made
with lower resin content and higher wax addition. The particleboards that did not meet the standard for MOR were
all made with a target density of 680 kg/m>. Overall, particleboards with a target density of 680 kg/m> had a lower
thickness swelling value than particleboards with a 750 kg/m?® density. The mechanical properties of higher-density
particleboard outperform those of lower-density particleboard. The TS values did not meet the 12% standard value.
RSM proposed that the required TS values (12%) be obtained by increasing the amount of wax to 1.47% and the
resin usage. However, considering the high resin cost today, the addition of wax content and resin usage appears
uneconomical. Furthermore, wax additions greater than 1% will not significantly improve dimensional stability and
water absorption properties. Therefore, thermal treatment of the particles prior to particleboard production may be a
viable method to lower the dimensional instability of particleboard. Further study should be focused on the

optimisation of treatment temperature and time.
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