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ABSTRACT

The depletion of log resources encourages research into alternative ways to sustain the wood supply. Therefore,
the 4-year-old Rubber Research Institute of Malaysia (RRIM) clones series, RRIM 2020 and RRIM 2025, were
chosen as potential raw materials for particleboard in this study. The purpose of this study was to assess the effects
of planting density and rubber tree clones on the mechanical and physical properties of single-layer particleboard.
The planting densities used were low, moderate-low, moderate-high, and high, representing 500, 1000, 1500, and
2000 trees/ha, respectively. Prior to manufacturing, the RRIM 2000 series clone trees were harvested, cut, chipped,
flaked, and screened. The mechanical and physical properties were evaluated in accordance with the Japanese
Industrial Standard (JIS A 5908-2003). The findings revealed that both planting density and clone had a signifi-
cant impact on the mechanical and physical properties of particleboard with a thickness of 10 mm and a density
of 700 kg/m3. RRIM 2020 specimens with low planting density had superior modulus of elasticity (MOE), mod-
ulus of rupture (MOR), and internal bonding (IB) values of 2415, 19, and 1.7 MPa, respectively. Furthermore,
moderate-low planting density demonstrated the lowest thickness swelling (TS) and water absorption (WA)
values and was comparable to control particleboard from commercial clone Prang Besar (PB), PB260. In terms
of rubber clones, RRIM 2020 particleboard met the minimum requirements of the JIS standard for mechanical
properties and outperformed RRIM 2025. This study recommended a low planting density of 500 trees/ha and
the RRIM 2020 clone as a suitable raw material for particleboard manufacturing with a ten percent urea formal-
dehyde resin content.
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1 Introduction

For several decades, rubberwood has been recognised as a major timber in the production of wood-based
products. Rubberwood PB 260 clone is the most well-established, widely planted, and widely used in
commercial plantations. According to a recent Fitch [1] report, rubberwood has become the most
preferred material in Malaysia for the production of particleboard and medium density fibreboard (MDF),
with the highest export of both occurring in 2007 with a value of USD500 million. Aside from that,
rubberwood is the most common material used in Malaysian wooden furniture. For many years, the
availability of rubberwood supply drove the success of the wood industries in Malaysia and Thailand
[2,3]. Rubberwood logs are harvested 25 to 30 years after planting in Malaysian plantations. Over the
years, the Malaysia Rubber Board (MRB), formerly known as the Rubber Research Institute of Malaysia
(RRIM), has consistently provided new improvements to the rubber industry in order to improve latex
yield, particularly in breeding and selection of rubber clones. The RRIM 2000 series clones have been
identified as rubber clones with high wood volume due to their branching habits, as well as an
outstanding latex yield of over 2000 kg/ha/year [4].

RRIM 2020 is one of eight clones of the first selection clones in the RRIM 2000 series, which was
introduced in 1995. Meanwhile, RRIM 2025 is a clone from the second selection of the RRIM
2000 series, which was introduced in 1998 [5]. RRIM 2020 and RRIM 2025 are both classified as ‘latex
timber clones’ with the goal of producing high latex and timber yield [5]. Both RRIM 2020 and RRIM
2025 have roughly the same girth and annual girth increment. However, the timber yield varies
significantly between these two clones. According to Ramli et al. [6], a 14-year-old RRIM 2025 tree can
produce 1.87 m3/tree of total wood volume, compared to 1.00 m3/tree for RRIM 2020. According to
Paridah et al. [7], both RRIM 2020 and RRIM 2025, which are four years old, are suitable for the
production of particleboard that meets the JIS A 5908 standard. The resulting particleboard exhibits
comparable performance to that of mature PB260 clone particleboard. Apart from rubberwood, two other
fast-growing tree species, kelempayan and petai belalang, have been successfully used to manufacture
particleboard [8]. Consumption of fast-growing trees benefit the industry by increasing wood supply in a
short period of time rather than over a normal harvesting period of time.

The performance of particleboard is well known to be highly dependent on the density of the wood [7].
The number of wood particles required to achieve a fixed density decreases as the density of the wood
particles increases. This inevitably has a detrimental effect on the compaction ratio of the resultant
particleboard. Generally, boards with a lower compaction ratio exhibit inferior properties. As Mitlin [9]
suggests, the particleboard produced should be at least 5% denser than the natural wood density to
achieve a desired level of performance. Saffian et al. [10] found that the planting density of rubber trees
has a significant effect on the wood properties. For example, a low planting density of 4 m × 4 m trees
with a total of 625 trees/ha or fewer resulted in rubber trees suitable for solid wood production.
Nonetheless, higher planting densities of 1110 to 1666 trees/ha are appropriate for composites, such as
particleboard and MDF, where harvesting can occur earlier. Melo et al. [11] concluded that a lower initial
planting density (312 trees/ha) of wood would be appropriate for more homogeneous timber production.
Prior research has generally confirmed that planting at varying densities can affect the wood’s basic
density. According to Rocha et al. [12], Eucalyptus trees planted at low density had a higher wood
density than those planted at high density. However, another study conducted by Lim et al. [13] found
that as planting spacing increased, the density of the wood decreased by 4%. In their study, the mean
density of clone PB 235 decreased from 622 kg/m3 (2.2 m × 2.4 m spacing) to 575 kg/m3 (3.7 m × 3.7 m
spacing), and that of clone PB 260 decreased from 599 kg/m3 (2.2 m × 2.4 m spacing) to 546 kg/m3

(3.7 m × 3.7 m spacing). As a result, the purpose of this study is to investigate the effects of four planting
densities of RRIM 2000 series clones (RRIM 2020 and RRIM 2025) on the mechanical and physical
properties of particleboard.
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2 Material and Methods

2.1 Materials
This study utilised three clones. Two rubber tree clones, RRIM 2020 and RRIM 2025, were harvested

from the RRIM station in Tok Dor Besut, Terengganu, Malaysia, when they were four years old. Both rubber
tree clones were planted at four different planting densities (PD): 500 (low), 1000 (moderate-low), 1500
(moderate-high), and 2000 (high) trees/ha with an average diameter of 15 cm. Meanwhile, a commercial
PB 260 clone (age > 25 years old and planted at 450 trees/ha) chip obtained from a local manufacturer
was used as a control.

2.2 Procurement of Rubberwood Particles
The RRIM 2000 series clone trees (RRIM 2020 and RRIM 2025 clones) were felt and cut into billet size,

with a total of 80 trees and 10 trees representing each clone’s variable. The samples were debarked and
chipped using Pallman chipper and air-dried for 24 h before being flaked in a Pallman flaker machine. PB
260 chips were flaked with the same equipment. The particles were then screened using a screener
vibrator, and only particles with a length of 0.5–2.0 cm were used. The particles were oven-dried at
103 ± 2°C to less than 6% moisture content.

2.3 Manufacture of Particleboard
There were nine different types of boards produced, a total of 27 boards with dimensions of 340 mm ×

340 mm × 10 mm. These nine boards included PB 260 as a control, RRIM 2020 at 500 PD, RRIM 2020 at
1000 PD, RRIM 2020 at 1500 PD, RRIM 2020 at 2000 PD, RRIM 2025 at 500 PD, RRIM 2025 at 1000 PD,
RRIM 2025 at 1500 PD, and RRIM 2025 at 2000 PD. From each board type, three replicates of particleboard
with a density of 700 kg/m3 were made. The rubberwood particles were blended and sprayed with Urea
Formaldehyde (solids 65%) at a resin content of 10%. Ammonium chloride was used as a hardener at 1%
resin and 1% wax content. The sprayed particles were formed into a homogeneous mat and cold-pressed
for 5 min. The formed mats were pressed for 7 min at 170°C with a pressing pressure of 4 MPa in a
Tahei oil heated hydraulic press, and two rectangular steel bars with dimension of 10 mm � 10 mm �
400 mm were placed at both mat edges to achieve 10 mm thickness. Three days prior to cutting the test
specimens, the boards were placed in the conditioning room.

2.4 Evaluation of Particleboard Performance
Trimming and conditioning the boards for three days at a temperature of 23°C and a relative humidity of

50% were performed. The boards were then cut into specimen sizes and tested for density, bending (modulus
of elasticity (MOE) and modulus of rupture (MOR)), internal bonding (IB), thickness swelling (TS), and
water absorption (WA) properties in accordance with the Japanese Industrial Standard (JIS), JIS A 5908-
2003. By dividing the mass of test specimens by their volume, the density was determined. While the
Instron Universal Testing Machine Model 4204 was used to perform the bending and internal bond
performance tests on particleboard. The loading rates for bending and internal bonding tests are
approximately 10 and 2 mm/min, respectively. Meanwhile, the TS and WA specimens were immersed in
water at 20 ± 1°C horizontally about 3 cm below the water surface for 24 h prior to the thickness and
weight measurements. Three specimens are taken for each board to determine the mechanical and
physical properties of the particleboard.

2.5 Statistical Analysis
The results of each test were analysed using Analysis of Variance (ANOVA) to determine whether there

were any significant differences between the planting density and rubber clone variables used in this study.
The effects were then further examined using the Least Significant Difference (LSD) method at p ≤ 0.05. For
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the mean separation, the LSD method was used to determine the effect of planting density and rubber clone
on the mechanical and physical properties of the boards.

3 Results and Discussion

Table 1 summarises the ANOVA results for the effects of planting density and rubber clone on the
mechanical and physical properties of particleboard. The interaction between planting density and rubber
clone had a significant influence on the MOE, IB, TS, and WA properties. MOR, on the other hand,
showed less interaction effects. All of the properties studied were found to be significantly affected by
both planting density and rubber clone. Clone, on the other hand, has a smaller effect on MOR while
planting density has a smaller effect on IB.

3.1 Effect of Planting Density and Rubber Clone on the Mechanical Properties of Particleboards
The mechanical performances of particleboards made from 4-year-old RRIM 2020 and RRIM 2025 series

clones planted at various planting densities were compared to that of particleboards made from 25-year-old
PB260 planted at 450 trees/ha (control/commercial planting density) in this study. Prior to the data
normalisation, the average densities of PB260, RRIM 2020-500 PD, RRIM 2020-1000 PD, RRIM 2020-
1500 PD, RRIM 2020-2000 PD, RRIM 2025-500 PD, RRIM 2025-1000 PD, RRIM 2025-1500 PD and
RRIM 2025-2000 PD were 754, 642, 771, 666, 672, 686, 721, 662, and 683 kg/m3, respectively. As shown
in Table 2, the highest MOE value was recorded in the boards produced with RRIM 2025 planted at
1000 trees/ha (RRIM 2025-1000 PD). However, the density of the particleboard obtained in this study
varied greatly. To eliminate the effect of density, specific strength was calculated by dividing the strength
properties by density [14]. After dividing by density, the RRIM 2020-500 PD board had the highest specific
(sMOE). Wood density and compaction ratio are two factors that influence particleboard performance. The
high MOE value of the control board could be attributed to the high density of mature wood. There was no
discernible relationship between the sMOE and planting density. However, the high sMOE value of RRIM
2020-500 PD could be attributed to a combination of low density and a higher compaction ratio, as low
density frequently resulted in a higher compaction ratio. Although the compaction ratio increased, it appears
that wood density had a greater influence on particleboard MOE. While the RRIM 2025-500 PD boards
had the lowest sMOE value. Low stiffness values, particularly those obtained from RRIM 2025, could be
attributed to the juvenile wood properties. According to previous research, juvenile wood has a slightly
lower MOE and MOR than matured wood [15,16].

According to the observations, the planting density of both clones had different trends in terms of board
stiffness (Table 2). The planting densities were classified as low, moderate-low, moderate-high, and high. For
the RRIM 2020 clone, the lowest (500 trees/ha) and highest planting densities (2000 trees/ha) were
significantly better in terms of stiffness than both moderate planting densities (1000 and 1500 trees/ha).
Meanwhile, the stiffness of the RRIM 2025 clone’s moderate-high planting density (1500 trees/ha) was
significantly higher than that of other planting densities. The variation in MOE values was most likely

Table 1: The analysis of variance (ANOVA) for the mechanical and physical properties of single-layer particleboard

Source df Mechanical Physical

MOE MOR IB TS WA

Clone 1 *** (0.000) * (0.03) *** (0.001) *** (0.000) *** (0.000)

Planting density 3 *** (0.001) *** (0.000) * (0.011) *** (0.000) *** (0.000)

Clone*Planting density 3 *** (0.000) * (0.002) *** (0.000) *** (0.000) *** (0.000)
Note: ns not significant; * significantly different at p ≤ 0.1; *** significantly different at p ≤ 0.01.
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influenced by wood density and anatomical characteristics of the fibres in relation to planting density. Melo
et al. [11] agreed that planting density had a significant impact on fibre length, wall thickness, and ray height.
In their study, low planting density (312 trees/ha) had significantly longer fibre length and thicker wall
thickness than high planting density (624 trees/ha). Naji et al. [17] discovered a similar result, in that the
fibre length and wall thickness of 9-year-old rubberwood planted at a low density (500 trees/ha)
were significantly greater than those planted at a high density (2000 trees/ha). Since the stresses were
transferred from one particle to another as the load was applied to the board surface, longer fibres were
able to withstand greater stress [7].

In terms of rubber clones, the current study discovered that the RRIM 2020 clone had superior stiffness
properties and met the minimum MOE requirement of the JIS A 5908-2003 standard for Type 8, which is
2000 N/mm2. A significant difference between RRIM 2020 and RRIM 2025 could be attributed to the
fibre length, diameter, wall thickness, and lumen diameter characteristics. According to Saifulazry [18],
four-year-old RRIM 2025 planted at moderate-low planting density (1100 trees/ha) had shorter, smaller,
and thinner cell wall fibres than RRIM 2020. Even though RRIM 2025 has a slightly higher wood
density (0.589 g/m3) than RRIM 2020 (0.580 g/m3), it has lower fibre quality at the age of four.
Furthermore, Naji et al. [17] reported that the wood density of 9-year-old rubberwood taken from low to
moderate planting density (500–1000 trees/ha) had significant differences in both clones RRIM 2020 and
RRIM 2025, but no significant differences were observed in high planting density. As a result, specimens
made from RRIM 2020 at any planting density had a higher MOE value.

Aside from the fibre morphology, the compaction ratio had most likely influenced board performance.
The compaction ratio is the relationship between wood and board densities. According to Dias et al. [19], a
high compaction ratio can be obtained using low-density wood, resulting in a higher contact surface between
the particles than with high-density wood. In their study, increasing the compaction ratio of particleboard
increased the MOE and MOR while also stabilising the dimensional stability. Prior research backs up the
belief that the compaction ratio of typical particleboard must be at least 1.30 to ensure the densification
required for board formation [20]. As shown in Table 3, appropriate compaction ratios were observed,
particularly at moderate-low, moderate-high, and high planting densities. Due to the high compaction
ratios of both the clones studied, it was expected that both would have relatively high mechanical

Table 2: Mechanical properties and specific strength properties of single-layer particleboards made from
different rubber clones and planting densities

Clone Planting
density

MOE (MPa) MOR (MPa) IB (MPa) sMOE sMOR sIB

PB260 450 2156 21 1.3 - - -

RRIM 2025 500 1737.39 ± 200.35c 15.04 ± 1.94c 0.86 ± 0.24d 2.55 0.022 0.0013

1000 2549.05 ± 396.75a 24.99 ± 4.67a 1.42 ± 0.24ab 3.22 0.032 0.0018

1500 1951.51 ± 176.49bc 15.61 ± 1.53c 1.08 ± 0.12cd 2.85 0.023 0.0016

2000 1808.84 ± 226.95c 15.31 ± 2.13c 1.18 ± 0.11bcd 2.65 0.022 0.0017

RRIM 2020 500 2441.79 ± 231.31a 19.14 ± 2.17c 1.58 ± 0.32a 3.46 0.027 0.0023

1000 2279.31 ± 214.66ab 21.76 ± 2.82ab 1.23 ± 0.27bc 3.10 0.030 0.0017

1500 2145.43 ± 374.12abc 17.07 ± 3.89c 1.48 ± 0.21ab 3.07 0.024 0.0021

2000 2401.99 ± 423.65a 19.42 ± 3.99bc 0.98 ± 0.14cd 3.39 0.027 0.0014
Note: Means followed by the same letters a, b, c, d are not significantly different at p ≤ 0.05.
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properties. While this behaviour was evident in RRIM 2020, it was not observed in RRIM 2025. This could
be a result of RRIM 2020’s superior fibre morphology and high compaction ratio.

Similar to the MOE, no discernible trend in planting density was observed for either clone. The
minimum bending strength requirement for JIS A 5908-2003 standards is 8.0 MPa. According to the test
results, all of the specimens exceeded the JIS requirements. As seen in Table 2, higher MOR values were
observed in particleboard made from rubberwood planted at 1000 trees/ha planting densities. After
removing the effect of density, the highest sMOR value was obtained from both RRIM 2025 and RRIM
2020 at planting densities of 1000 trees/ha. Meanwhile, there were no significant differences in planting
densities in the RRIM 2025 clone, with the exception of moderate-low planting density. The MOR values
of particleboard specimens showed a descending trend at higher planting densities (i.e., 1500 and
2000 trees/ha) of RRIM 2020 and RRIM 2025 [17]. Wood density was moderately related to planting
density in their study, and they stated that low planting density wood was harder to bend than high
planting density wood. Rocha et al. [12] claimed that wider spacing between trees resulted in denser
wood. In their study, the wood of clones planted with spacings ranging from 4.5 to 9.0 m2 had a
significantly higher density than clones planted with a 1.5 m2 spacing. The variation in wood densities as
a function of plant density could be due to competition between trees for light, water, and nutrients.

Even though low planting density resulted in good fibre morphology, it had little effect on board
strength, notably in RRIM 2025. The decrease in mechanical properties of wood could be attributed to
complex features consequence [21]. They claimed that these characteristics could be attributed to the
effect of low wood density as well as low anatomical property values.

In terms of rubber clones, specimens taken from RRIM 2020 had a significantly higher MOR than
specimens taken from RRIM 2025. This significant difference is most likely due to RRIM 2020’s
superior fibre length, fibre diameter, wall thickness, and lumen diameter characteristics. The rubber tree
modifies its anatomical structure during growth, changing the size and frequency of the vessels to
maximise hydraulic conductivity, thereby minimising xylem vulnerability and ensuring mechanical
security [22,23]. Aside from that, previous research has shown that the relationship between stiffness and

Table 3: Board compaction ratio estimation and fibre morphology of RRIM 2020 and RRIM 2025 at different
densities and clones

Rubber clone Planting density
(trees/ha)

Density
(g/cm3)

Compaction
ratio

Fibre
length (μm)

Fibre wall
thickness (μm)

PB260 450 0.60* 1.16 1350* 6.00*

RRIM 2020 500 0.59** 1.19 1249** 4.88**

1000–1100* 0.57**–
0.58*

1.21–1.23 1230*–
1300**

4.50*–4.78**

1500 0.54** 1.30 1218** 4.43**

2000 0.54** 1.30 1187** 4.41**

RRIM 2025 500 0.64** 1.09 1340** 4.71**

1000–1100* 0.54**–
0.59*

1.19–1.30 1160*–
1279**

4.20*–4.06**

1500 0.52** 1.35 1272** 3.99**

2000 0.54** 1.30 1276** 3.98**
Source: *Saifulazry [18]; **Naji et al. [17].
Note: * 4-year-old RRIM series clones, 25-year-old PB260; ** 9-year-old RRIM series clones.
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strength with wood density is heavily influenced by fibre wall thickness [17,24,25]. As shown in Table 3,
RRIM 2020 had a thicker fibre wall than RRIM 2025. The higher strength values of RRIM
2020 specimens may help clarify this situation.

Table 2 represents the average results of IB strength. Apparently, the IB followed a different pattern than
MOE and MOR. In general, no distinct trend was observed in terms of planting density and rubber clone
effects. The IB measures the tensile strength of the specimen when a force perpendicular to the surface is
applied to particleboard or fibreboard. In solid wood, however, shear strength is used to calculate tensile
strength in the direction of the grain. Previous research found that shear strength parallels grain tracked
changes in wood density in planting densities [17,26]. Thus, low and moderate-low planting densities for
both clones were expected to have slightly improved internal bonding properties as a result of their high
densities (Table 2). This performance was evident in the low-and moderate-high planting densities of
RRIM 2020 and the moderate-low planting densities of the RRIM 2025 clone, but not in the moderate-
low or low planting densities of RRIM 2020 or RRIM 2025.

RRIM 2020-500 PD specimens had the highest IB, followed by RRIM 2020-1500 PD. Remarkably,
when compared to control specimens, these specimens have significantly higher internal bonding.
PB260 specimens, for example, have longer fibres and thicker cell walls than those made from mature
wood [10,27]. Young wood, on the other hand, has short fibres and thin cell walls, as evidenced by
RRIM series clones (Table 3). Regardless of planting density or rubber clone, most young wood
specimens exhibited comparable properties to control boards. This is most likely due to the lower
compaction ratio of PB260, which results in less surface contact among the particles. At a planting
density of 1100 trees/ha, particleboard made from RRIM 2020 had a lower IB value than particleboard
made from RRIM 2025 [7], and a similar trend was found in the current study for moderate-low planting
density (1000 trees/ha) specimens.

3.2 Effect of Planting Density and Rubber Clone on the Physical Properties of Particleboards
Table 4 lists the physical properties of single-layer particleboards. A similar trend was observed for both

TS and WA, with the specimens made from moderate-low yielding the lowest values, followed by moderate-
high, low, and high for the RRIM 2020 clone. Meanwhile, for the RRIM 2025 clone, the lowest TS and WA
values were obtained from moderate-low specimens, followed by low, high, and moderate-high specimens.
Observations show that control specimens have superior dimensional stability when compared to the RRIM
clones series. The average TS of RRIM series clone specimens ranged from 20% to 43%, and the WA ranged
from 66% to 94%. The TS and WA, after removing the density effects, followed a similar pattern. The JIS
standard requires specimens to have a maximum TS value of 12% after 24 h of immersion. This meant that
all types of particleboards, including control specimens, failed to meet the TS minimum requirement of the
JIS standard. Despite having a lower IB, specimens made from moderate-to-low planting density wood had
dimensional stability comparable to that of a control board. A low IB value indicated that the particles’
bonding strength was weak. As demonstrated in RRIM 2025 particleboard, low IB encourages water
uptake, causing baulking and swelling of the specimens, resulting in high TS and WA. The high TS and
WA values found in RRIM 2025 particleboard are most likely due to the material’s high volume, which is
influenced by its low density and high compaction ratio. After 24 h in cold water, specimens made of
moderate-high and high planting density wood swelled and absorbed more water. RRIM 2020 was
significantly more stable than RRIM 2025 among both rubber clones.

Earlier research indicated that particleboards with a high compaction ratio generally had higher TS and
WA values [19,28]. The average values of TS and WA in Eucalyptus wood and coffee parchment
particleboard decreased as the compaction ratio increased [28]. As a result, Klímek et al. [29] proposed
standardising the compaction ratio in order to reduce specimen springback. However, no evidence of such
behaviour was found in the current study. For example, specimens constructed using a high planting
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density and a high compaction ratio had the highest TS and WA. Inadequate adhesive and wax content may
impart low stability. According to Lee et al. [30,31], particleboard with a high compaction ratio contains a
small amount of adhesive per particle due to the large particle volume. As a consequence, the manufacturing
of the RRIM series clone particleboards may require additional resin and wax.

4 Conclusions

Particleboard was constructed using rubberwood clones (RRIM 2020 and RRIM 2025) planted at
varying densities. In general, particleboard made from RRIM 2020 exhibits superior mechanical
properties to particleboard made from RRIM 2025. According to the findings, both planting density and
rubber clones had a significant effect on the mechanical and physical properties of the RRIM clones’
series particleboard. Particleboard made from wood with a low planting density (500 and 1000 trees/ha)
exhibited improved bending and internal bonding properties, particularly for the RRIM 2020 clone. The
RRIM 2020 clone produced particleboard with the lowest TS and WA, as well as the highest MOR value,
when planted at a density of 1000 trees per ha. In the case of RRIM 2025 clones, the particleboard made
from rubberwood planted at a planting density of 1000 trees/ha had the highest MOR and IB. The
resulting particleboard had the lowest TS and WA values at this planting density. Meanwhile, moderate-
low planting density was found to be the most effective for both clones with low TS and WA values. Due
to the low dimensional stability, higher levels of resin content and the use of waterproof resin, namely
Melamine Urea Formaldehyde (MUF), were proposed to improve the physical properties of the RRIM
series clone’s particleboard.
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