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Abstract: Bamboo particles as reinforcement in composite materials are prospective to be applied to
particleboard products in the industry. This study aimed to synthesize bamboo particle reinforced
polymer composites as a substitute for particleboard products, which still use wood as a raw material.
The parameters of the composite synthesis process were varied with powder sizes of 50, 100, and
250 mesh, each mesh with volume fractions of 10, 20, and 30%, matrix types of polyester and
polypropylene, Tali Bamboo, and Haur Hejo Bamboo as reinforcements. Characterization included
tensile strength, flexural strength, and morphology. Particleboard products were tested based on
JIS A 5908-2003, including density testing, moisture content, thickness expansion after immersion
in water, flexural strength in dry and wet conditions, bending Young’s modulus, and wood screw
holding power. The results showed that the maximum flexural and tensile strength values of 91.03
MPa and 30.85 MPa, respectively, were found in polymer composites reinforced with Tali bamboo
with the particle size of 250 mesh and volume fraction 30%. Particleboard made of polypropylene
and polyester reinforced Tali Bamboo with a particle size of 250 mesh and a volume fraction of 30%
composites meets the JIS A 5908-2003 standard.

Keywords: polymer; composite; bamboo fiber; particleboard; mechanical properties

1. Introduction

Natural fiber-reinforced polymer composites are an affordable and available natural
alternative to wood with potential application in the automotive industry, construction
field, structural components, furniture, and other products [1]. The selection of the compos-
ite manufacturing process depends on the type of fiber, the volume fraction of the matrix,
or the fiber material because each material has different physical and mechanical properties.
Composites have also shown remarkable resistance to impact, wear, corrosion, and chemi-
cals, but these properties depend on the composition of the material, the type of fiber, and
the type of manufacturing technique used to produce them. The research development will
be more directed towards finding new composite structures with different combinations of
variants and adopting new manufacturing techniques [2].

There are many types of natural fiber-producing sources from plants such as flax, straw,
wood, rice husks, wheat, barley, wheat, rye, sugar cane (sugar and bamboo), grass, reeds,
kenaf, hemp, oil palm, empty fruit bunches, sisal, coir, water hyacinth, kapok, mulberry
paper, raphia, banana fiber, pineapple leaf fiber, and papyrus [3]. Among them, bamboo
fiber is one of the most promising substitutes to synthetic fiber. In addition to its strength
and stiffness with low density, it is also inexpensive, has a short growth cycle, it is readily
available, environmentally friendly, highly flexible, easy to develop, and biodegradable [4].
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Bamboo as a source of fiber is estimated to have more than 1250 species, with world
production reaching 10 x 10° tons. It is the third-largest production after wood and cotton,
with bamboo fiber prices reaching USD 0.5-1/kg. Indonesia is the second-largest exporting
country, with a value of USD 269 million, following China’s USD 1 billion thirty-four
million. Bamboo production in Asian countries reached 65% of global production, followed
by the U.S. 28% and Africa 7%. The major bamboo importers were Japan, worth USD
194 million, the U.S., worth USD 254 million, and Europe, worth USD 230 million [5].

The chemical components of bamboo are mainly cellulose (55%), hemicellulose (20%),
and lignin (25%) [6]. Mechanically, bamboo fiber has high tensile strength (140-800 MPa)
and a high modulus of elasticity (33 GPa) with a low density of 0.6-0.8 g/cm? [7]. The
specific properties of bamboo fiber, such as low specific gravity, specific strength, and
stiffness, are comparable to glass fiber [8-11].

Natural particle-reinforced composites, especially bamboo particles, obtained compos-
ite tensile strength values of 1.53-7.50 MPa and Modulus of Elongation (MOE) 0.38-1.26 GPa.
The optimum values in this study are the particle size of bamboo in 40 mesh with a particle vol-
ume fraction of 50%, noting that the size and volume fraction of the particles will affect the tensile
strength, MOE, and Modulus of Rupture (MOR) of the bamboo-PVC composite particle [12].

Unidirectionally reinforced particle composite was made of bamboo particle bundle
and Bamboo powder. The results showed that the tensile strength and flexural strength of
the bamboo powder increased with increasing unidirectional particle content. The highest
tensile and flexural strengths were 169.9 MPa and 221.1 MPa, respectively [13]. Tensile
and flexural strength values of the bamboo powder composite ranged from 1.7-14.3 MPa
and 31.3-79.8 MPa, respectively [14]. The tensile and flexural strengths of unidirectional
bamboo particles ranged from 23.1-169.9 MPa and 130.1-221.1 MPa, respectively [15].
Bamboo length ranges from 23.5 to 33 MPa and 106.5 to 140.1 MPa [9,13-16].

Bamboo particle composites were added to the polyester matrix [17]. By varying the
volume fraction for bamboo particles (15, 30, 45)% and alumina particles (0, 5, 10, 15)%
using a polyester matrix, the resulting tensile strength of the composite increased along
with the number of particles and alumina fractions. In a study by Djamil, a composite
consisting of an epoxy polymer matrix with Gigantoacloa Apus bamboo particles, in the
form of a laminate, using the hand layup method, yielded a strength of 11.05 & 0.55 MPa
and tensile strength of 15.43 £ 1.14 MPa [18].

Several studies have been conducted on the effect of particle volume fraction on the
mechanical properties of bamboo particle composite materials, both pure bamboo particles
and a combination of 2 different types of particles [13,19-22], types of thermosetting and
thermoplastic matrices [18,22-24], fiber shape and size [25-27], and fiber orientation [28-30],
all of which target an increase in mechanical properties.

Bamboo particles were used as an additive in CBC (Cork Bamboo Composite), result-
ing in increased tensile strength, dimension stability, and air absorption. In this study, the
optimum value is reached by adding 10% bamboo particles. The resulting CBC product can
be applied as an alternative material for flooring and structural application [31]. Research
on the use of bamboo particles to meet the mechanical and physical characteristics of the
particleboard aligned with the industry standards is ongoing. A number of studies are
currently evaluating the effects of varying percentages and sizes of bamboo particles, as
well as the factor of additives between the fiber and the matrix, and the type of matrix
and fiber [32-35].

Previous studies have focused on the factors in the manufacturing of composites, such
as the particle volume fraction, matrix type, and particle size, which directly affect the
tensile and flexural strength of the composites. In this study, bamboo species, volume
fraction, and particle size were analyzed with respect to the flexural strength and tensile
strength of polymer composites reinforced with bamboo particles applied to particleboard.
The particleboards were tested according to the JIS A 5908-2003 standard.
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2. Materials and Methods
2.1. Materials
2.1.1. Bamboo Particles

The selection of bamboo was obtained from a bamboo plantation located at 500 m
above sea level in City Bandung, West Java, Indonesia, and the gathering crops were carried
out in the middle of the dry season (June-September). The bamboo was cut into slats of 1
mm thickness (0.2-0.5) mm and a length of 300-500 mm. It was then processed in a crushing
machine to produce small pieces. The bamboo types Tali Bamboo (Gigantochloa apus) and
Haur Hejo Bamboo (Gigantochloa atter) were used, and they were identified as SBT for Tali
Bamboo and SBH for Haur Hejo Bamboo. For SBT, the alkalization was conducted in a 6%
NaOH solution in an autoclave with a pressure of 0.5 MPa at a temperature of 120 °C for
2 h. For SBH, the alkalization was conducted in 4% NaOH solution in an autoclave with a
pressure of 0.5 MPa at a temperature of 120 °C for 3 h. The bamboo particles were rinsed
in water at a temperature of (90-95) °C and dried in an oven at a temperature of 105 °C
for 10 h, followed by washing with acetic acid. The SBT and SBH bamboo particles were
prepared into 50, 100, and 250 mesh particle sizes.

2.1.2. Polymer Matrix

1. Polypropylene homopolymer from Binhson Refining and Petrochemical Co., Ltd.
(Hanoi, Vietnam) was used. A mixture of coupling agents was added. The com-
position and ratio were as follows: 2% benzoyl peroxide (C14H1904) + 9% maleic
anhydride (C4H,O3) + 89% polypropylene.

2. Polyester consists of two components, resin, and hardener. The polyester type was
Yukalac 157 BQTN-EX orthophthalic matrix and Mekpo (Methyl ethyl ketone perox-
ide) hardener from PT Bratachem Bandung (Bandung, Indonesia).

2.2. Processing of Composite

Fabrication of polymer composites reinforced with bamboo particles started with the
manufacture of composite samples for tensile and flexural testing carried out by hand
layup and extrusion methods; then particleboard fabrication was carried out. Processing
of composite is as shown in Figures 1 and 2. Composite fabrication and characterization
process parameters are shown in Table 1.

1.  Bamboo Particle Reinforced Polyester (BPRP) composite fabrication

- =

Commposite Fabrication Vaccuum process Product

Polyester
! .
© +Resin

Figure 1. BPRP Composite Fabrication Process.

Preparation of polyester matrix by mixed polyester resin and hardener in a ratio of
100:1 Mixture was stirred at low speed for 1 min at room temperature. This resulted in the
mixed polyester matrix with volume fraction variation of 10, 20, and 30% for each SBT or
SBH particle size. Pouring a mixture of SBT or SBH fiber with a polyester matrix into the
sample mold was performed with a pressure of 0.05 MPa for 30 min at room temperature;
then, a vacuum process was carried out, and the mixture was cured for 24 h.
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Figure 2. BPRPP Composite Fabrication Process.

Table 1. Composite fabrication and characterization process parameters.

} Types of Bamboo Fiber
No Process Parameters Units SBT SBH
1 Fiber Fraction % volume (V%) 10, 20, 30 10, 20, 30
2 Fiber Size Mesh 50, 100, 250 50, 100, 250
. Thermoset 1 polyester (UPR) 1 polyester (UPR)
3 Matrix Type Thermoplastic 2 polypropylene (PP) 2 polypropylene (PP)
Composite fabrication ~ 1~ Manual 1. Hand layup
4 method 2. Machine 2. Single screw extrusion-rolling
Composite .
5 o MPa 1 Tensile strength
characterization
MPa 2 Flexural strength
Fiber and matrix
interface 3 Morphology
Particleboard 3 .
6 characterization g/cm 1 Density
Y% 2 Testing moisture content
% 3 Thickness expansion after immersion in water
MPa 4 Flexural strength in dry conditions
MPa 5 Flexural strength in wet conditions
MPa 6 Tensile strength
N 7 Wood screw holding power
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2. Bamboo Particle Reinforced Polypropylene (BPRPP) composite fabrication

The BPRPP composite fabrication involved two stages:

Stage 1: Bamboo particle, polypropylene, coupling agent, and lubricant were mixed
until homogeneous in a mixer, and the temperature reached 115 °C, then cooled to 50 °C.
The product was in a pellet.

Stage 2: The pellet was processed through a single screw extrusion machine with a
barrel temperature of 210-220 °C for molding. The thickness of the composite sheets was
calibrated on a roll calibrator, and the composite sheets were cooled on a roller conveyor.

2.3. Composite Testing
2.3.1. Tensile and Flexural Strength

The bending strength of the composite Tali bamboo particle 50, 100, and 250 mesh
using a matrix of polyester and polypropylene was based on ASTM D 638 and ASTM
D 790 standards. The tensile test sample shown in Figure 3 is mounted on a Hung Ta
Instrument Go.Ltd, type HT-8503 tensile testing machine, with a crosshead speed of 10
mm/min, capacity 100 kN.

Figure 3. Preparation: (a) tensile test machine; (b) flexural test machine; (c) tensile test specimen; (d) flexural test specimen.

2.3.2. SEM Testing

To identify the effect of the fiber extraction process on morphology, SEM testing was
carried out using the JEOL JSM-6360, 15 kV with magnifying of 1500 times. Compilation of
process parameters and test results data such as tensile strength, identification of functional
groups, and morphology was then analyzed and evaluated.

2.3.3. Bamboo Fiber Reinforced Polymer Composite Particle Board Testing

Particleboard testing was carried out based on the JIS A 5908-2003 standard, which
included testing for density (g/cm?®), moisture content (%), swelling in thickness after
immersion in water (%), flexural strength in dry and wet conditions (MPa), tensile strength,
and wood screw holding power.

3. Result and Discussion
3.1. Mechanical Properties

The effect of the particle size of bamboo 50, 100, and 250 mesh, and the volume
fraction of its particles 10, 20, and 30%, on the flexural strength of PP and UPR, are shown
in Figures 4 and 5, respectively. The increase in the size and volume fraction of the bamboo
particles is proportional to the increase in the flexural strength of polymer composites
(polyester, polypropylene) reinforced with Tali Bamboo and Haur Hejo Bamboo fiber.
This is because the strength of the composite will be influenced by the number of fibers
used in the composite fabrication process; the increasing number of fibers will be directly
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proportional to the increase in the strength of the composite. This is in accordance with the
rules of the Rule of Mixtures, which states that the strength of the composite is influenced
by the strength and volume fraction of the fiber and matrix.
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Figure 4. Relationship between PP composite flexural strength to volume fraction and particle size of SBT and SBH.

Research on the characteristics of the bamboo fiber-reinforced composite material was
focused on the granular size of the bamboo particles (20, 40, 60) mesh, the volume fraction
of bamboo fiber, and Polyvinyl Chloride (PVC) matrix with variations in the fiber fraction
(30, 40, 50)%, and the process of making composites with the hot press with processing
parameters for the pressure of 6 MPa, pressing temperature of 448.15 K with pressing time
of 8 min. The combination bamboo particle size of 40 mesh with fiber volume fraction of
50% gives the optimum strength value [12]. In fiber in the form of particles, the smaller the
particle size of the fiber, the wider fiber dispersion on the surface of the matrix, resulting in
the matrix binding the fiber particles well. The adhesion force bond is also stronger than
the cohesion force, resulting in an increase in the strength of the composite [36].

Another factor that affects the strength of the composite is the interfacial bond between
the fiber and the matrix, which plays an important role in determining the mechanical
properties of the composite. Since stress is transferred between the matrix and fiber
across the interface, solid interfacial bonding is required to achieve optimal reinforcement,
although it is possible to have a strong interface while allowing crack propagation (which
can reduce toughness and strength). However, for natural fiber-reinforced composites, there
is usually limited interaction between the hydrophilic fibers and the generally hydrophobic
matrix leading to poor interfaces. For a good bond between the fiber and the matrix,
treatment of the fiber must be carried out to increase the interfacial strength of the matrix
and fiber. This will affect the toughness as well as the tensile and flexural strength of the
composite material [37]. Thus, the bamboo powder used in this study was subjected to an
alkalization process to increase the bond quality between the fiber and the matrix.

The effect of bamboo species on the flexural strength of composites on SBT-reinforced
polymer composites, on average, gives a greater value than SBH-reinforced polymer
composites because the strength of the composite is influenced by the strength of the fiber
alone; the degree of the fiber strength directly impacts the degree of the strength of the
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composite). The results of the first stage of the study on fiber alkalinization showed higher
SBT fiber strength than SBH fiber strength, and this influenced the strength value of the
composite. Fibers are usually stronger and stiffer than the matrix; the strength and stiffness
of composites are generally seen to increase with increasing fiber content [37-40].

UPR
I UrR + SBT
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Figure 5. Relationship between UPR composite flexural strength to volume fraction and particle size of SBT and SBH.

The flexural strength of the polyester-SBT composite is in the range of values 29.52-46.89 MPa,
the polypropylene-SBT composite is in the range of values 38.81-91.03 MPa, and the
flexural strength of the polyester—-SBH composite is in the range of values 27.97-49.71 MPa,
polypropylene-SBH composites are in the range of values 33.41-60.82 MPa. The effect of the
matrices (polyester, polypropylene) on the flexural strength of the SBT and SBH-reinforced
composites was evaluated, showing that the polypropylene matrix has a greater value in
use compared with polyester.

It is a natural property of the matrix that it can bind to the fiber, and the polypropylene
matrix has a very good bond with bamboo particles. Between the polypropylene and
bamboo particles in the composite-making process of mixing solid raw materials in the
form of pellets, the matrix is able to wet the substrate easily with the adhesion force greater
than the cohesion, resulting in easier absorption of molecules. In addition, the strength of
the polypropylene matrix is greater than that of the polyester matrix because the strength
of the composite depends on the strength of the matrix that forms the composite material,
where the strength of the polypropylene matrix is 30.62 MPa, and the polyester matrix is
19.44 MPa.

The flexural strength of polymer composites (polyester, polypropylene) with SBT and
SBH has increased, compared with the pure matrix, with the flexural strength of polyester—
SBT composites ranging from 52-144% and polyester-SBH ranging from 44-156%. The
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flexural strength of the polypropylene-SBT composites ranged from 27-197%, and the
polypropylene-SBH ranged from 9-99%.

The increase in strength in the composite is dependent on the fibers; the load imposed
on the composite is initially received by the matrix and then transmitted to the fiber so
that the fiber will withstand the load until the maximum load is reached. The fiber used is
bamboo fiber in particle size, resulting in a more uniform strength in all directions. The
smaller the particle size, the easier it will be for them to be evenly distributed throughout
the matrix, resulting in a stronger bond between the particles and the matrix. This results
in the transfer of tension between the matrix and bamboo particles which increases the
flexural strength and consequently the strength of the entire composite.

The flexural strength of particleboard based on JIS A 5908-2003 standard is (8-30 MPa),
polymer composites (polyester, polypropylene) with SBT and SBH meet the standards
set by JIS, namely the flexural strength of polyester-SBT composites is in the range of
values (29.52-46.89) MPa. The polypropylene-SBT composite was in the range of values
(38.81-91.03) MPa, and the flexural strength of the polyester-SBH composite was in the
range of values (27.97-49.71) MPa. The composite polypropylene-SBH is in the range of
values (33.41-60.82) MPa.

The results of the bending test on composites by varying the type of matrix, type
of bamboo, size, and volume fraction of fiber obtained show maximum conditions in
polyester-SBT and polypropylene-SBT composites, with a volume fraction of 30% and
bamboo particle size 20 mesh, and can be seen in Figures 6 and 7 respectively.

Stress v.s. 5 ® 2561 MPa (Wmm2) 5. |
a2l

ap--
3gf--

364
343
a2 f
2.3-%--
264--
24--1--
22+--
)
1.5-{--
164

MPa {N/'mm~*2}

14-{--
124--
14--
u.a-qf--
064--
nA-ﬂf--

024

Figure 6. Stress-strain relationship on bending test of UPR-SBT composite with 30 vf{% and 250 mesh
particle size.

The graph of the stress—strain relationship for bending testing on polyester-SBT
has a breaking stress value of 3.561 MPa, which is smaller than the breaking stress of
polypropylene-SBT of 5.594 MPa. In the graph of the test results for the polyester-SBT com-
posite, it can be seen that the material does not undergo a necking process but immediately
breaks in the maximum area, while on the graph of the test results for the polypropylene-
SBT composite when the stress reaches the maximum value, then necking occurs and finally
breaks. The results of the bending test on the polyester-SBT composite were calculated
mathematically for a bending strength of 47.67 MPa with a bending elasticity modulus of
3.04 GPa. In comparison, the bending strength of a polypropylene-SBT composite was
90.70 MPa with a bending elasticity modulus of 3.93 GPa. Polypropylene-SBT composites
have stronger and more elastic characteristics than polyester-SBT composite, with the same
volume fraction factor and particle size. Different types of matrices will affect the strength
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of the composite because it is influenced by the strength of the matrix. The greater the
strength of the matrix, the greater the strength of the composite [9,13-16].

Stresc v.e S ® 3.805 MPa (N/mm"2) 0.2%1st Offset & 4681 MPa (N/mm"2) 1.0%2nd offset < 5584 MPa (N/mm"2) T.S. I
i

65}
Rs
sf
4.5-?
of

as

MPa {N'mm*2}

&8

25}

Figure 7. Stress-strain relationship on bending test of polypropylene-SBT composite with 30 v{%
and 250 mesh particle size.

Bamboo fiber-reinforced composites have a higher flexural strength value than bamboo
fiber particle-reinforced composites, as shown in Figure 8. In the current study, the SBT and
SBH polyester—particle composites have a minimum flexural strength value of 29.52 MPa,
respectively, and 27.97 MPa, while the maximum values were 46.89 MPa and 49.71 MPa,
respectively. The polypropylene—particle composite SBT and SBH had minimum flexural
strength values of 38.81 MPa and 33.41 MPa, respectively, while the maximum values were
91.03 MPa and 60.82 MPa, respectively. Other studies have shown a minimum value of
26.23 MPa and a maximum value of 79.86 MPa. This indicates that the minimum and
maximum flexural strength values in this study have higher and lower values compared
with previous studies but are still within the range of values from previous studies.

The effect of bamboo particle size 50, 100, and 250 mesh and volume fraction of bamboo
particles 10, 20, and 30% on tensile strength of PP and UPR are shown in Figures 9 and 10,
respectively. The increase in size and volume fraction of bamboo particles is proportional
to the increase in tensile strength of polymer composites polyester (UPR), polypropylene
(PP) reinforced with both SBT and SBH.

The effect of the type of bamboo on the tensile strength of the composite did not
give a significant increasing effect; the tensile strength of the polyester-SBT composite
was in the range of values 12.62-24.06 MPa, the tensile strength of the polyester-SBH
composite was in the range of values 16.34-27.40 MPa. The average tensile strength of the
SBT-reinforced polymer composite has a higher value than the average tensile strength of
the SBH-reinforced polymer composite.

In a previous study, the process of making composites consisted of varying the com-
position of the fiber and matrix, with a composition of (30, 50, 70)% fiber by obtaining
the highest value at 70% bamboo fiber composition for tensile strength of 265 MPa and
modulus elasticity of 12.4 GPa; theoretically the larger the volume fraction used, higher the
strength value [14]. In other studies, the number of fibers used in the composite manufac-
turing process shows an effect on increasing the tensile strength value by 0, 4, 8, 12, and
16%; the greater the volume fraction of the fiber used, the greater the tensile strength of the
composite [41]. Research is also ongoing on the shape of the fibers used (fiber, powder) in
various percentages (0, 50, and 100) and the function of bamboo both as fiber and matrix.
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Figure 8. Comparison of the flexural strength of bamboo—polyester composites from previous and current research.
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In a previous study, the temperature parameters were varied (160 °C, 180 °C, and
200 °C) at a pressure of 65 MPa, resulting in the value of the flexural modulus and tensile
strength increasing linearly with increasing fiber content [14]. The design of the composite
manufacturing process was carried out by varying the fiber volume fraction and combining
natural fibers (bamboo) and alumina fibers. The volume fraction for bamboo fiber (15,
30, and 45)% and alumina fiber (0, 5, 10, and 15)% using a polyester matrix gave the
results that the tensile strength of the composite increased along with the number of fiber
and alumina fractions added to the polyester matrix [17]. The increase in strength of the
composite is dependent on the strength of fibers used; the load imposed on the composite
is initially received by the matrix and then transmitted to the fiber. Thus it is the fiber
that withstands the load until the maximum load is reached. The fiber used was bamboo
fiber in particle size, resulting in a more uniform strength in all directions. The smaller the
particle size, the easier it is for particles to be evenly distributed throughout the matrix. The
stronger the bond between the particles and the matrix that causes the transfer of tension
between the matrix and bamboo particles, the higher the tensile strength and the strength
of the composite.

The tensile strength of polymer composites (polyester, polypropylene) with SBT
and SBH increased compared with pure polymer without bamboo particles. The SBT-
polyester composites ranged from 28-144%, polypropylene-SBH composites ranged from
7.65-55%. The SBH—polyester composites ranged from 65-165%, and polypropylene-SBH
composites ranged from 1.71-42%. This increase occurs because the bamboo particles act
as reinforcement which distributes the tensile load to the matrix so that the tensile strength



Polymers 2021, 13, 4377

12 of 21

increases. The tensile strength of the composite is consistent with previous researchers
such as [18,19,22,23,42]. When the matrix is reinforced with bamboo particles, this tensile
strength is significantly increased, where the SBT or SBH particles resist the load and
consequently increase the strength of the composite material. The tensile strength increases
with the addition of SBT or SBH percentage particles, where the SBT or SBH particles are
dispersed over a large area in the matrix [37].

The size and volume fraction of SBT and SBH particles have an effect of increasing
the tensile strength of the composite. The results of this composite tensile strength study
are aligned with the research conducted by Huang, namely 1.53 MPa at a particle size of
20 mesh and 7.50 MPa at a particle size of 40 mesh. The results of Huang’s research indicate
that the optimal size of bamboo is 40 mesh because the size of the bamboo will affect the
tensile strength of the composite reinforced by bamboo fiber. The finer particle size of the
bamboo will help increase the tensile strength of the composite because the smaller particle
size causes the more comprehensive bonding with the particles on the surface of the matrix,
making it possible for the accepted load to be even greater [37].

The results of the tensile strength test obtained the maximum value for the polypropylene—
SBT composite with a 30 v{% and the bamboo particle size of 250 mesh, then compared with the
polyester-SBT composite at the condition that the volume fraction and particle size of bamboo
were fixed. The graph of the relationship between the stress and strain of the polypropylene-SBT
and polyester-SBT composites can be seen in Figures 11 and 12, respectively.
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Figure 11. Stress—strain relationship in the tensile test of UPR-SBT composite with 30 vf% and
250 mesh particle size.

The tensile strength of the polypropylene-SBT composite of 32,430 MPa has a higher value
than the tensile strength of the polyester-SBT composite of 24,259 MPa because of the strength of
the composite is influenced by the value of the tensile strength of the matrix. The tensile strength
of pure polypropylene has a greater value than the tensile strength of pure polyester, so it has an
effect on increasing the value of the tensile strength of the composite [9,13-16].

The results of the tensile strength test of polypropylene-SBT show that the behavior
of the material has strong characteristics while maintaining its elastic properties. On the
graph, the stress increases linearly with the addition of the elongation value of the material
until it reaches maximum strength, then a new necking process occurs. Polyester-SBT
composites show a different behavior; in the graph of stress to strain, there is no necking,
but after reaching the maximum stress, it immediately breaks.
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Figure 12. Stress—strain relationship in the tensile test of PP-SBT composite with 30 vf% and 250 mesh
particle size.

The comparison between the graph of the tensile and the bending test results for the
condition of the material with the type of bamboo, particle size, and volume fraction still
give the same material behavior (see Figures 6, 7, 11 and 12). The relationship between
stress and strain from tensile test and bending test results on SBT-polyester composites
gives similar profiles; namely, the stress increases linearly with increasing length, and
there is no necking behavior but immediately breaks. This occurs in the graph of the
relationship between stress and strain from the tensile and bending test results on the
polypropylene-SBT composite; namely, the stress increases linearly with the increase in
length until reaching the maximum when necking and fracture occur. This relationship has
been examined in previous research [43].

Tensile test results from previous researchers for polymer composites with bamboo
fiber are presented in Figure 13. Based on Figure 13, polymer composites (polyester,
polypropylene) reinforced with SBT and SBH show minimum tensile strength values for
polyester-SBT composites 12.62 MPa, polyester-SBH composites 16.34 MPa, polypropylene—
SBT composite, and 20.20 MPa polypropylene-SBH composite. The respective maximum
values were for polyester-SBT composite 24.06 MPa, polyester-SBH 40 MPa, polypropylene-
SBT 30.85, and polypropylene-SBH 28.22 MPa. Other studies have reported a minimum
value of 1.70 MPa and a maximum value of 15.60 MPa.

Compared with composites in the form of fibers, the tensile strength of composites in
the form of particles in this study is still lower, namely the tensile strength of composites in
the form of fibers has a minimum value of 74 MPa and a maximum value of 169.9 MPa. The
tensile strength of SBT and SBH-reinforced polymer composites in the form of particles has
a higher strength value than the tensile strength of bamboo particles in previous studies
but lower than the tensile strength of bamboo fiber because the strength of the composite is
influenced by the length of the fiber, the increase in size fiber length is proportional to the
tensile strength of the composite.

3.2. Bamboo Fiber Reinforced Polymer Composite Morphology

The correlation between particle size variations of 50, 100, and 250 mesh bamboo
particles, at fiber volume fractions of 10, 20, and 30% and the dispersion and matrix wetting
characteristics of bamboo powder was observed by SEM, revealing that bamboo powder
(SBT and SBH) were well wetted by the matrix polymers (polyester, polypropylene) and
the same is seen for all composite samples, as shown in Figures 14-17.
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Figure 13. Comparison of the tensile strength of bamboo-polyester composites from previous and current research.
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Figure 14. SEM micrographs on the morphology of the UPR-SBT composites.
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(d) UPR - SBH (100 mesh, 10 Vf%) (e)UPR - SBH (100 mesh, 20 Vi%) (f) UPR — SBH (100 mesh, 30 V{%)

(g) UPR - SBH (250 mesh, 10 Vf%) (h) UPR - SBH (250 mesh, 20 Vf%) (i) UPR — SBH (250 mesh, 30 V{%)

Figure 15. SEM micrographs on the morphology of the UPR-SBH composites.
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Figure 16. SEM micrographs on the morphology of the PP-SBT composites.
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Figure 17. SEM micrographs on the morphology of the PP-SBH composites.

Figures 14 and 15 explain that the sample between bamboo powder and polyester
matrix shows the interface of the fine slices showing the dispersion of bamboo particles in
the matrix and the possible compatibility between bamboo and matrix. The particle-matrix
compatibility affects the high interfacial strength because the bamboo particles are well
wetted by the matrix. In addition, there is a proton donor-acceptor interaction between the
matrix and the bamboo lignin chain and the interaction between the hydroxyl or carbonyl
groups of bamboo lignin and the -H matrix [12]. Figures 14 and 15 indicate that the cross-
sectional flexural interface is sharp and indicates that some of the bamboo particles have
been withdrawn from the resin matrix and reveals a possible weak bond between the
bamboo particles.

The study of natural fiber composites observed deflections or changes in crack paths
with changes in orientation and fiber volume fraction. Riverline fractures are quite visible
on the surface of the matrix, as shown in Figure 14. It was observed that the presence
of bamboo particles in the polyester matrix, which has a brittle nature, slightly changes
the overall properties from completely brittle to slightly ductile. The presence of fibers
in the matrix helps form a barrier that disrupts the streamlines on the surface of the
brittle matrix [44].

The morphology, as shown in Figure 14, is supported by tensile strength and bending
strength data when compared to the condition of the pristine matrix. The strength value of
the matrix is lower than the composite. The comparison of results from the tensile strength
and bending strength test showed that the composite’s tensile strength and bending
strength increased by 28-165% and 27-197%, respectively (Figures 4, 5, 9 and 10). The
stress and strain graph shows a straight line, as shown in Figure 11, which shows the
elasticity of the behavior of the polyester-SBT composite. A change from the behavior
of a brittle material (marked by river line fractures) to a ductile material. The debonding
occurs between the fiber and the matrix because the fiber is embedded deep in the matrix,
indicated by the yellow arrow in Figure 10 (UPR-SBT for 250 mesh, 30 vf%). This was done
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in a previous study that examined the morphological behavior and mechanical properties
of bamboo fiber reinforced polymer composites [44-48].

The river line fractures seen on the matrix surface in Figure 14 (UPR-SBT, 50 mesh,
20 vf%) and 14 (UPR-SBT, 50 mesh, 30 v{%) are characteristic of brittle fractures in the
polyester matrix, which are marked by yellow arrows. These lines have been widely ob-
served by previous researchers [44,49,50]. The fiber-reinforced composites will be randomly
distributed, resulting in the phenomenon of breakage of the fibers and the occurrence of
debonding between the fibers and the matrix, because the fibers are embedded deep in the
matrix, this can be seen in Figures 14 and 15, marked by a line yellow arrow. When stress
is transferred from the polyester matrix to the fibers, fiber breakdown occurs instead of
debonding or pulling out. The same thing has been explained by previous researchers [51]
the effect of filler particles on the fracture of the composite.

Figures 14 and 15 depict several hollow structures in composite fabrication in the
presence of an imperfect vacuum process, providing an opportunity to form microbubbles
and microholes to form on solidification, as reported by the previous research process [38].
The bamboo fiber particles are fully embedded and covered by polyester, having good
homogeneity and minimum porosity. The fiber tension shows that there is a perfect match
between the bamboo and polyester fibers. The fibers in this study underwent an alkalizing
immersion process and added a pre-impregnated matrix, showing that the fibers and
matrix traces still surround the matrix to the fiber. This shows that it has not been fully
able to penetrate the fiber so that the fiber and matrix interface increases [5,38].

Figures 16 and 17 reveals that the bamboo particles are well moistened by the
polypropylene matrix; the same is seen for all composite samples. This happens be-
cause the presence of the MA-g-PP carboxyl group will have an effect on better quality
for the wetting of the matrix (polypropylene) to the bamboo particles. Figures 16 and 17
illustrate the cleavage of the fiber bundle or tears in the cracked plane. This observation
indicates that there is a fairly good interfacial adhesion of fibers between the matrix and
the bamboo particles, reflecting the presence of a small observed void content, as reported
in a previous study [2]. The polypropylene matrix modified by maleic anhydride can be
utilized to improve the interaction of the hydroxyl groups on bamboo fiber, which will
improve the mechanical properties of the composite [52].

Cracks are usually seen when there is a strong bond between the fiber and the matrix;
when the fiber is pulled due to stress transfer, then the matrix around the fiber becomes
cracked. The same phenomenon has been described by Khan et al. [44] in their work on the
fiber-matrix debonding at the interface and by Johnson et al. [53] in their work on the roles
of the matrix cracking and fiber-matrix debonding on stress transfer between the fiber and
the matrix in single fiber fragmentation assays. Johnson et al. [53] adhere to this matrix by
a strong interface between the fibers and the matrix resulting in transverse cracking of the
matrix. Figure 17 shows a path that has been blocked or deflected by the presence of fiber.
Crack pinning or crack path deflection is the same phenomenon as described by [54,55]
during their work on flax fiber composites, where they observed the deflection or crack
path change with changes in fiber orientation and fiber volume fraction.

The interfacial morphology of PP-SBT and PP-SBH by studying the tensile crack
surface under SEM is shown in Figures 16 and 17. It turned out that the bamboo particles
were embedded in the PP matrix, and a tubular structure was formed, maleic anhydride
exerting a filling effect between them. Figures 16 and 17 show the infiltration of PP
into the pores of the bamboo particles; this mechanical interlocking also increases the
tensile properties of the better composite. This is supported by an increase in the tensile
strength value of PP-SBT and PP-SBH, compared to pristine PP, which experienced an
increase in tensile strength of 27-197%, as shown in Figures 9 and 10. The stress and
strain graph shows the behavior of the line linear results in better elasticity of the material,
supported by the morphology in Figure 16 (PP-SBT, 250 mesh, 30 vf%), in accordance
with research [45,48,56-58].
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Figure 17, for FBH bamboo particles with polypropylene seen cracking into the strong
interface between fiber and matrix resulting in transverse cracks in the matrix, the crack
path was blocked or deflected by the presence of the bamboo particles. These crack path
lines are similar to the phenomenon described by Keck [55].

3.3. Results Characteristics of Particle Boards Made from Bamboo Fiber Reinforced Polymer Composites

The fabrication of particleboard made from SBT-polypropylene composite is carried
out through the extrusion process and is made from SBT—polyester composite using the
hand layup method. The board testing was carried out based on the JIS A 5908-2003
standard with a total of 5 samples for each test, including density testing (g/cm?), moisture
content (%), thickness expansion after water immersion (%), flexural strength under condi-
tions dry (MPa), flexural strength after water immersion (MPa), bending Young’s modulus
(GPa), and wood screw holding power (N). The test results are the average values and can
be seen in Table 2.

Table 2. Testing and characteristic results for particleboard.

Particle Size (Mesh)

Ne Material oy WO SWO) onrs  EGR) owams  Faw
1 PP-SBT Composite 0.879 2.03 0.87 91.09 4.508 46.82 826
2 Polyester-SBT Composite 0.949 1.21 0.71 46.89 3.396 24.27 740
3 JIS A 5908-2003 0.4-0.9 Max 13% Max 12% 8-30 1.3-3.0 6.5-15 500

The results of the density test on particleboard made from polypropylene-SBT compos-
ite are 0.879 g/cm® and polyester-SBT composite is 0.949 g/cm?, on polypropylene-SBT
composites meet the JIS standard values of 0.4-0.9 g/cm? while polyester-SBT exceeds
JIS standard value. This density is influenced by the volume fraction percentage of the
matrix and fiber; the polyester—-SBT composite can meet the JIS standard if the fiber per-
centage is increased and the polyester percentage is reduced. JIS standard for moisture
content (Wab) should not be more than 13% and swelling in thickness after immersion in
water (Sw) is a maximum of 12%. Moisture content for polypropylene-SBT composites
is 2.03%, and polyester-SBT is 1.21%. Swelling in thickness after immersion in water for
polypropylene-SBT composites was 0.87%, and for polyester-SBT composite was 0.71%.

The bending strength of the dry condition of the particleboard composites, respectively,
was 91.09 MPa for polypropylene-SBT and 46.89 for polyester-SBT. The bending strength
in wet conditions of polypropylene-SBT composite is 46.82 MPa, and polyester-SBT is
24.27. The bending strength in dry and wet conditions is in the range of JIS standard values.
The flexural modulus of elasticity of particleboard products made from polypropylene-SBT
composite is 4.508 GPa, and polyester-SBT is 3.396 GPa. Test of wood screw holding power
from polypropylene-SBT composite is 826 N and polyester-SBT composite is 740 N. This
finding aligns with JIS A 5908-2003.

The test results for the characteristics of density, moisture content, thickness expansion
after immersion in water, flexural strength in dry conditions, flexible strength after immer-
sion in water, bending Young’s modulus, and wood screw holding power, have values
following JIS Standard 5908-2003. Thus, polypropylene-SBT and polyester—-SBT composite
can be applied for particleboard products, as these composites have the characteristics of
strong and elastic material. Testing the characteristics of the polypropylene-SBT composite
particleboard product shows it has a higher test value than the polyester-SBT composite
particleboard because the composite characteristics are influenced by the particleboard
manufacturing method. In accordance with previous research, it was shown that the
fabrication method (injection molding, extrusion, compression molding, hand layup) along
with the composite manufacture process parameters and particle dispersion would affect
the mechanical characteristics of the composite material [36,43,55,59].



Polymers 2021, 13, 4377 19 of 21

4. Conclusions

Characterization of composite polymers (polyester, polypropylene) with reinforce-
ment Tali and Haur Hejo bamboo particles form increased in tensile strength and flexural
strength along with the increase in bamboo particles volume fraction and bamboo particle
size was investigated. The results revealed that the maximum flexural and tensile strength
values of 91.03 MPa and 30.85 MPa, respectively, belong to polymer composites reinforced
with Tali bamboo particle size of 250 mesh and volume fraction of 30%. Morphological ob-
servations with SEM supported the improvement of the mechanical properties of bamboo
composites. The particles were entirely embedded and covered by the matrix, had good
homogeneity and minimum porosity.

Characterization and fabrication of board products made from polypropylene-Tali
Bamboo and polyester-Tali Bamboo composites met the JIS A 5908-2003 standard. This
provides opportunities and potential for polypropylene-Tali bamboo and polyester-Tali
bamboo composites to be applied as one of the materials for particleboard products.

Author Contributions: Conceptualization: M.M., S.S. and A.L.J.; Methodology, M.M., S.S. and A.L]J,;
Formal Analysis, M.M., S.S. and A.L.J.; Writing—original draft preparation: M.M.; Writing—review
and editing: M.M., S.S. and A.L.J.; Funding acquisition, A.L.]J.; Supervision: S.S. and A.L.J. All authors
have read and agreed to the published version of the manuscript.

Funding: The author thanks Minister of HE and Research, Rep of Ind, 2019-2020 (Doctoral Research
Grant, number: NKB-2998/UN2.RST/HKP.05.00/2020), DRPM Universitas Indonesia, Grant number:
NKB-0145/UN2.R3.1/HKP.05.00/2019, and DRPM Unjani Grant number: SKEP/175/UNJANI/VI1/2021,
which have provided financial support for this research.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thanks PT Beton Perkasa Wijaksana Tagerang, Indonesia, PT. Mega Compos-
ite Indonesia Serang, Indonesia and Xenturi Plasindo Bekasi, Indonesia, who have supported the
composite fabrication process. We thank the students who assisted in this research, Mochammad
Agung Seno Pambudi, Fizar Anugerah and Ichan Mochamad Maulana.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Azman, M.A,; Asyraf, M.R.M.; Khalina, A.; Petri, M.; Ruzaidi, C.M.; Sapuan, S.M.; Wan Nik, W.B.; Ishak, M.R.; Ilyas, R.A.;
Suriani, M.]. Natural fiber reinforced composite material for product design: A short review. Polymers 2021, 13, 1917. [CrossRef]

2. Rajak, D.K; Pagar, D.D.; Menezes, P.L.; Linul, E. Fiber-reinforced polymer composites: Manufacturing, properties, and applica-
tions. Polymers 2019, 11, 1667. [CrossRef]

3. Ramesh, M.; Palanikumar, K.; Reddy, K.H. Plant fibre based bio-composites: Sustainable and renewable green materials.
Renew. Sustain. Energy Rev. 2017, 79, 558-584. [CrossRef]

4. Venkatesha, B.; Saravanan, R.; Bavan, D.S. Review on Mechanical properties and Fatigue life of E-Glass/Bamboo Fiber Reinforced
Polymer Composites. Int. |. Eng. Sci. Manag. 2017, 7, 52-57.

5. Abdul Khalil, H.P.S.; Bhat, LU.H.; Jawaid, M.; Zaidon, A.; Hermawan, D.; Hadi, Y.S. Bamboo fibre reinforced biocomposites:
A review. Mater. Des. 2012, 42, 353-368. [CrossRef]

6.  Shangguan, W.; Gong, Y.; Zhao, R.; Ren, H. Effects of heat treatment on the properties of bamboo scrimber. ]. Wood Sci. 2016, 62,
383-391. [CrossRef]

7. Defoirdt, N.; Biswas, S.; De Vriese, L.; Tran, L.Q.N.; Acker, J.; Van Ahsan, Q.; Gorbatikh, L.; Van Vuure, A.; Verpoest, I. Assessment
of the tensile properties of coir, bamboo and jute fibre. Compos. Part A Appl. Sci. Manuf. 2010, 41, 588-595. [CrossRef]

8.  Phong, N.T; Fujii, T.; Chuong, B.; Okubo, K. Study on How to Effectively Extract Bamboo Fibers from Raw Bamboo and
Wastewater Treatment. . Mater. Sci. Res. 2011, 1, 144-155. [CrossRef]

9.  Kushwaha, PK.; Kumar, R. The studies on performance of epoxy and polyester-based composites reinforced with bamboo and
glass fibers. J. Reinf. Plast. Compos. 2010, 29, 1952-1962. [CrossRef]

10. Trujillo, E.; Moesen, M.; Osorio, L.; Van Vuure, A.W.; Ivens, J.; Verpoest, I. Bamboo fibres for reinforcement in composite materials:
Strength Weibull analysis. Compos. Part A Appl. Sci. Manuf. 2014, 61, 115-125. [CrossRef]

11.  Suarez, L.; Castellano, J.; Diaz, S.; Tcharkhtchi, A.; Ortega, Z. Are natural-based composites sustainable? Polymers 2021, 13, 2326. [CrossRef]

12.  Wang, H.; Chang, R.; Sheng, K.; Adl, M.; Qian, X. Impact Response of Bamboo-Plastic Composites with the Properties of Bamboo
and Polyvinylchloride (PVC). ]. Bionic Eng. 2008, 5, 28-33. [CrossRef]


http://doi.org/10.3390/polym13121917
http://doi.org/10.3390/polym11101667
http://doi.org/10.1016/j.rser.2017.05.094
http://doi.org/10.1016/j.matdes.2012.06.015
http://doi.org/10.1007/s10086-016-1574-3
http://doi.org/10.1016/j.compositesa.2010.01.005
http://doi.org/10.5539/jmsr.v1n1p144
http://doi.org/10.1177/0731684409342006
http://doi.org/10.1016/j.compositesa.2014.02.003
http://doi.org/10.3390/polym13142326
http://doi.org/10.1016/S1672-6529(08)60068-2

Polymers 2021, 13, 4377 20 of 21

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Biswas, K.; Palsule, S. Bamboo fibre-reinforced self-compatibilizing functionalized polypropylene composites by Palsule process.
Polym. Polym. Compos. 2016, 24, 663-674. [CrossRef]

Ochi, S. Mechanical Properties of Uni-Directional Long Bamboo Fiber/Bamboo Powder Composite Materials. Mater. Sci. Appl.
2014, 05, 1011-1019. [CrossRef]

Ochi, S. Tensile Properties of Bamboo Fiber Reinforced Biodegradable Plastics. Int. J. Compos. Mater. 2012, 2, 1-4. [CrossRef]
Okubo, K.; Fujii, T.; Yamamoto, Y. Development of bamboo-based polymer composites and their mechanical properties.
Compos. Part A Appl. Sci. Manuf. 2004, 35, 377-383. [CrossRef]

Sreenivasulu, S.; Reddy, A. Mechanical Properties Evalution of Bamboo Fiber Reinforced Composite Materials. Int. |. Eng. Res.
2014, 5013, 187-194.

Djamil, S.; Suardana, N.P.G.; Irawan, A.P.; Sugita, LK.G. Tensile Properties of Bamboo Strip Reinforced-Epoxy Matrix Composite.
IOP Conf. Ser. Mater. Sci. Eng. 2019, 508, 11-16. [CrossRef]

Al-Mosawi, A.L; Abdulsada, S.A.; Hashim, A. Mechanical Properties of Recycled Bamboo Fibers Reinforced Composite. Eur. J.
Adv. Eng. Technol. 2015, 2, 20-22.

Chiu, S.H,; Ivan, I.; Wu, C.L.; Chen, K.T.; Wicaksono, S.T.; Takagi, H. Mechanical properties of urethane diacrylate/bamboo
powder composite fabricated by rapid prototyping system. Rapid Prototyp. ]. 2016, 22, 676-683. [CrossRef]

Zuhudi, N.Z.M,; Lin, R]J.T,; Jayaraman, K. Flammability, thermal and dynamic mechanical properties of bamboo-glass hybrid
composites. J. Thermoplast. Compos. Mater. 2016, 29, 1210-1228. [CrossRef]

Ramachandran, M.; Bansal, S.; Raichurkar, P. Experimental study of bamboo using banana and linen fibre reinforced polymeric
composites. Perspect. Sci. 2016, 8, 313-316. [CrossRef]

Wani, R.S. Tensile Testing of Bamboo Fiber Reinforced Epoxy Composite. IOSR J. Mech. Civ. Eng. 2017, 17, 7-11. [CrossRef]
Nuthan, B.R.; Rakshith, D.; Marulasiddaswamy, K.M.; Yashavantha Rao, H.C.; Ramesha, K.P; Mohana, N.C.; Siddappa, S.;
Darshan, D.; Kumara, K.K.S.; Satish, S. Application of optimized and validated agar overlay tlc-bioautography assay for detecting
the antimicrobial metabolites of pharmaceutical interest. ]. Chromatogr. Sci. 2020, 58, 737-746. [CrossRef]

Guo, W.; Kalali, ENN.; Wang, X.; Xing, W.; Zhang, P; Song, L.; Hu, Y. Processing bulk natural bamboo into a strong and
flame-retardant composite material. Ind. Crop. Prod. 2019, 138, 111478. [CrossRef]

Roslan, S.A.H.; Rasid, Z.A.; Hassan, M.Z. Bamboo reinforced polymer composite—A comprehensive review. IOP Conf. Ser. Mater.
Sci. Eng. 2018, 344, 1-17. [CrossRef]

Monteiro, S.N.; Margem, EM.; de Oliveira Braga, F.; da Luz, ES.; Simonassi, N.T. Weibull analysis of the tensile strength
dependence with fiber diameter of giant bamboo. J. Mater. Res. Technol. 2017, 6, 317-322. [CrossRef]

Verma, C.S.; Purohit, R.; Rana, R.S.; Mohit, H. Mechanical Properties of Bamboo Laminates with other composites.
Mater. Today Proc. 2017, 4, 3380-3386. [CrossRef]

Verma, C.S.; Chariar, V.M. Stiffness and strength analysis of four layered laminate bamboo composite at macroscopic scale.
Compos. Part B Eng. 2013, 45, 369-376. [CrossRef]

Verma, C.S.; Chariar, V.M. Development of layered laminate bamboo composite and their mechanical properties. Compos. Part
B Eng. 2012, 43, 1063-1069. [CrossRef]

Li, X.; Liu, R.; Long, L.; Liu, B.; Xu, J. Tensile behavior and water absorption of innovative composites from natural cork granules
and bamboo particles. Compos. Struct. 2021, 258, 113376. [CrossRef]

Widyorini, R. Evaluation of physical and mechanical properties of particleboard made from petung bamboo using sucrose-based
adhesive. BioResources 2020, 15, 5072-5086. [CrossRef]

Suwan, A.; Sukhawipat, N.; Uthaipan, N.; Saetung, A.; Saetung, N. Some properties of experimental particleboard manufactured
from waste bamboo using modified recycled palm oil as adhesive. Prog. Org. Coat. 2020, 149, 105899. [CrossRef]

Laemlaksakul, V. Physical and mechanical properties of particleboard from bamboo waste. World Acad. Sci. Eng. Technol. 2010, 40, 566-570.
Owodunni, A.A.; Lamaming, J.; Hashim, R.; Taiwo, O.F.A.; Hussin, M.H.; Mohamad Kassim, M.H.; Bustami, Y.; Sulaiman, O.;
Amini, M.H.M.; Hiziroglu, S. Adhesive application on particleboard from natural fibers: A review. Polym. Compos. 2020, 41,
4448-4460. [CrossRef]

Kim, E.G,; Park, ] K; Jo, SH. A study on fiber orientation during the injection molding of fiber-reinforced polymeric composites:
(Comparison between image processing results and numerical simulation). J. Mater. Process. Technol. 2001, 111, 225-232. [CrossRef]
Pickering, K.L.; Efendy, M.G.A.; Le, TM. A review of recent developments in natural fibre composites and their mechanical
performance. Compos. Part A Appl. Sci. Manuf. 2016, 83, 98-112. [CrossRef]

Alene, Design and Analysis of Bamboo and E-Glass Fiber Reinforced Epoxy Hybrid Composite for Wind Turbine Blade Shell.
M.Sc Theses, Addis ababa University Institute of Technology, Addis, Ababa, 2013.

Biswas, S.; Ahsan, Q.; Cenna, A.; Hasan, M.; Hassan, A. Physical and mechanical properties of jute, bamboo and coir natural fiber.
Fibers Polym. 2013, 14, 1762-1767. [CrossRef]

Kumar, S.; Choudhary, V.; Kumar, R. Study on the compatibility of unbleached and bleached bamboo-fiber with LLDPE matrix.
J. Therm. Anal. Calorim. 2010, 102, 751-761. [CrossRef]

Kabir, H.; Gafur, M.A.; Ahmed, E; Begum, F.; Qadir, M.R. Investigation of Physical and Mechanical Properties of Bamboo Fiber
and PVC Foam Sheet Composites. Univers. ]. Mater. Sci. 2014, 2, 119-124. [CrossRef]

Kushwaha, PK.; Kumar, R. Studies on performance of acrylonitrile-pretreated bamboo-reinforced thermosetting resin composites.
J. Reinf. Plast. Compos. 2010, 29, 1347-1352. [CrossRef]


http://doi.org/10.1177/096739111602400805
http://doi.org/10.4236/msa.2014.514103
http://doi.org/10.5923/j.cmaterials.20120201.01
http://doi.org/10.1016/j.compositesa.2003.09.017
http://doi.org/10.1088/1757-899X/508/1/012055
http://doi.org/10.1108/RPJ-08-2014-0097
http://doi.org/10.1177/0892705714563118
http://doi.org/10.1016/j.pisc.2016.04.063
http://doi.org/10.9790/1684-17010050711
http://doi.org/10.1093/chromsci/bmaa045
http://doi.org/10.1016/j.indcrop.2019.111478
http://doi.org/10.1088/1757-899X/344/1/012008
http://doi.org/10.1016/j.jmrt.2017.07.001
http://doi.org/10.1016/j.matpr.2017.02.226
http://doi.org/10.1016/j.compositesb.2012.07.048
http://doi.org/10.1016/j.compositesb.2011.11.065
http://doi.org/10.1016/j.compstruct.2020.113376
http://doi.org/10.15376/biores.15.3.5072-5086
http://doi.org/10.1016/j.porgcoat.2020.105899
http://doi.org/10.1002/pc.25749
http://doi.org/10.1016/S0924-0136(01)00521-0
http://doi.org/10.1016/j.compositesa.2015.08.038
http://doi.org/10.1007/s12221-013-1762-3
http://doi.org/10.1007/s10973-010-0799-4
http://doi.org/10.13189/ujms.2014.020603
http://doi.org/10.1177/0731684409103701

Polymers 2021, 13, 4377 21 of 21

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kim, D.J.; Naaman, A.E.; El-Tawil, S. Correlation between tensile and bending behavior of FRC composites with scale effect. In
Proceedings of the FraMCoS-7, 7th International Conference on Fracture Mechanics of Concrete and Concrete Structures, Jeju-do,
Korea, 23-28 May 2010; pp. 1379-1385.

Khan, Z.; Yousif, B.E,; Islam, M. Fracture behaviour of bamboo fiber reinforced epoxy composites. Compos. Part B Eng. 2017, 116,
186-199. [CrossRef]

Vinod, A.; Vijay, R.; Singaravelu, D.L. ThermoMechanical Characterization of Calotropis gigantea Stem Powder-Filled Jute
Fiber-Reinforced Epoxy Composites. J. Nat. Fibers 2018, 15, 648-657. [CrossRef]

Campbell, A.H.; Harder, T.; Nielsen, S.; Kjelleberg, S.; Steinberg, P.D. Climate change and disease: Bleaching of a chemically
defended seaweed. Glob. Chang. Biol. 2011, 17, 2958-2970. [CrossRef]

Sugiman, S.; Martino, A.; Setyawan, P.D.; Anshari, B. Tensile, flexural and water absorption properties of bamboo fiber/unsaturated
polyester composites: Effect of calcium carbonate content. Key Eng. Mater. 2020, 867, 68-74. [CrossRef]

Darus, S.A.A.Z.M.; Ghazali, M.].; Azhari, C.H.; Zulkifli, R.; Shamsuri, A.A. Mechanical properties of gigantochloa scortechinii
bamboo particle reinforced semirigid polyvinyl chloride composites. J. Teknol. 2020, 82, 15-22. [CrossRef]

Cholake, S.T.; Moran, G.; Joe, B.; Bai, Y.; Singh Raman, R K.; Zhao, X.L.; Rizkalla, S.; Bandyopadhyay, S. Improved Mode i fracture
resistance of CFRP composites by reinforcing epoxy matrix with recycled short milled carbon fibre. Constr. Build. Mater. 2016, 111,
399-407. [CrossRef]

Madsen, B.; Aslan, M.; Lilholt, H. Fractographic observations of the microstructural characteristics of flax fibre composites.
Compos. Sci. Technol. 2016, 123, 151-162. [CrossRef]

Yesgat, A.L.; Kitey, R. Effect of filler geometry on fracture mechanisms in glass particle filled epoxy composites. Eng. Fract. Mech.
2016, 160, 22-41. [CrossRef]

Khalil, A.M.A.; Abdelaziz, A.M.; Khaleil, M.M.; Hashem, A.H. Fungal endophytes from leaves of Avicennia marina growing in
semi-arid environment as a promising source for bioactive compounds. Lett. Appl. Microbiol. 2020, 72, 263-274. [CrossRef]
Johnson, A.C.; Hayes, S.A.; Jones, ER. The role of matrix cracks and fibre/matrix debonding on the stress transfer between fibre
and matrix in a single fibre fragmentation test. Compos. Part A Appl. Sci. Manuf. 2012, 43, 65-72. [CrossRef]

Keck, S.; Fulland, M. Effect of fibre volume fraction and fibre direction on crack paths in flax fibre-reinforced composites.
Eng. Fract. Mech. 2016, 167, 201-209. [CrossRef]

Keck, S.; Fulland, M. Effect of fibre volume fraction and fibre direction on crack paths in unidirectional flax fibre-reinforced epoxy
composites under static loading. Theor. Appl. Fract. Mech. 2019, 101, 162-168. [CrossRef]

Zheng, C.; Chen, Y,; Jiang, L.L.; Shi, X.M. Antiproliferative metabolites from the endophytic fungus Penicillium sp. FJ-1 isolated
from a mangrove Avicennia marina. Phytochem. Lett. 2014, 10, 272-275. [CrossRef]

Chen, X.; Guo, Q.; Mi, Y. Bamboo fiber-reinforced polypropylene composites: A study of the mechanical properties. J. Appl.
Polym. Sci. 1998, 69, 1891-1899. [CrossRef]

Bhandari, N.L.; Thomas, S.; Das, C.K.; Adhikari, R. Analysis of Morphological and Mechanical Behaviors of Bamboo Flour
Reinforced Polypropylene Composites. Nepal. J. Sci. Technol. 2013, 13, 95-100. [CrossRef]

Malkapuram, R.; Kumar, V.; Singh Negi, Y. Recent development in natural fiber reinforced polypropylene composites. . Reinf.
Plast. Compos. 2009, 28, 1169-1189. [CrossRef]


http://doi.org/10.1016/j.compositesb.2017.02.015
http://doi.org/10.1080/15440478.2017.1354740
http://doi.org/10.1111/j.1365-2486.2011.02456.x
http://doi.org/10.4028/www.scientific.net/KEM.867.68
http://doi.org/10.11113/jt.v82.13693
http://doi.org/10.1016/j.conbuildmat.2016.02.039
http://doi.org/10.1016/j.compscitech.2015.12.003
http://doi.org/10.1016/j.engfracmech.2016.03.034
http://doi.org/10.1111/lam.13414
http://doi.org/10.1016/j.compositesa.2011.09.005
http://doi.org/10.1016/j.engfracmech.2016.03.037
http://doi.org/10.1016/j.tafmec.2019.01.028
http://doi.org/10.1016/j.phytol.2014.10.011
http://doi.org/10.1002/(SICI)1097-4628(19980906)69:10&lt;1891::AID-APP1&gt;3.0.CO;2-9
http://doi.org/10.3126/njst.v13i1.7447
http://doi.org/10.1177/0731684407087759

	Introduction 
	Materials and Methods 
	Materials 
	Bamboo Particles 
	Polymer Matrix 

	Processing of Composite 
	Composite Testing 
	Tensile and Flexural Strength 
	SEM Testing 
	Bamboo Fiber Reinforced Polymer Composite Particle Board Testing 


	Result and Discussion 
	Mechanical Properties 
	Bamboo Fiber Reinforced Polymer Composite Morphology 
	Results Characteristics of Particle Boards Made from Bamboo Fiber Reinforced Polymer Composites 

	Conclusions 
	References

