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ABSTRACT: In the past two decades, there has been a huge renewed interest in using natural fibers as reinforcements in
composite materials due to growing concerns in the environment and sustainability. Rice straw is one of the agricultural
wastes that has a good prospective to be used as a reinforcing agent owing to its abundance in Thailand. In this work,
rice straw was used to reinforce with unsaturated polyester (UP) resin and the biocomposites were prepared by using
a hot-compression molding technique. With heating involved and monomer loss concerned, firstly, the effect of using
two different mold sets; (i) non-sealed mold and (ii) sealed mold during the forming and curing of biocomposites on
their structures and mechanical properties was investigated. It was shown that the sealed mold resulted in the higher
percentage of gel content or crosslinking degree of the UP matrix as well as an increase in the flexural properties of
the biocomposites. This was supposedly due to the ability of the sealed mold to keep the UP system from excessive
monomer loss during the heated curing reaction. Secondly, the effect of fiber (rice straw) volume fraction (Vf ) on the
biocomposite performance was also studied. The results showed that the biocomposites with Vf of 0.3 exhibited the
highest strength and modulus values of 29.2 ± 3.3 MPa and 2.3 ± 0.1 GPa, respectively. The SEM photos indicated a
relatively good wettability and bonding between rice straw fibers and UP resin in this biocomposite structure.
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INTRODUCTION
Nowadays, natural fibers as well as agricultural
waste fibers reinforced in thermosetting resin have
increased steadily due to their green profiles. Rice
straw is considered the most abundant agricultural
waste in Thailand [1]. Most of rice straws are
usually burned in agricultural fields by the farmers,
thus causing serious air pollution, particularly fine
particles (PM 2.5), which could dangerously lead
to our long-term health problems [2]. However,
the rice straw has several worthy characteristics
for using as composite’s reinforcement including its
low density, goodstrength, renewability, and low
cost [3, 4].
For composite industry, unsaturated polyester
resin (UP) is the most common thermosetting polymer and also widely used as a resin to make biocomposites with natural fibers. This resin cures

into the cross-linked network polymer by a rapid
addition copolymerization of unsaturated groups in
the polyester with styrene monomer in the reactive
diluent. It does not soften and cannot be reshaped
after cured. In order to produce composite materials
with good mechanical properties, it is important to
properly cure the resin and optimize their processing step [5]. Moreover, fiber volume fraction and
interfacial bonding are important factors affecting
mechanical properties of composites [6]. In case of
long natural fiber composites, the matrix combines
the fibers together, holding them in uni-directional
or multi-directional alignment depending on the
important stressed directions. For short fibers, the
random orientation of fibers is normally the case.
When load was applied to the composites, the matrix first took it and then transferred into the fiber
reinforcement phase. Therefore, the reinforcing capacity of natural fibers to support loads of any kind
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cure treatment at 120 °C for 3 h was reported with
the flexural strength of 120–125 MPa and flexural
modulus of 4–4.3 GPa.
Methods

Fig. 1 Fabrication of the rice straw/UP composites by
using compression molding technique.

is dependent on the presence of matrix as the loadtransfer medium, optimal fiber volume fraction as
well as sufficient bonding between fiber and matrix
phases [7, 8].
The present study aimed to, firstly, optimize processing procedure for fabricating the rice straw/UP
biocomposites. Without heating or at normal room
temperature, around 24 h under compression was
needed for the voluminous preform of rice straw/UP
to be harden and shaped into the composite panel.
The high temperature with compression was, therefore, found to be necessary to shape this capacious
preform into panels in short times (4 min). With
heating involved and monomer loss concerned, the
use of two different mold sets; (i) non-sealed mold
and (ii) sealed mold during the forming and curing of biocomposites was attempted. Secondly,
the effect of fiber (rice straw) volume fraction on
the composite’s structure and properties was also
investigated. After fabricating, the prepared rice
straw/UP biocomposites were characterized by using scanning electron microscopy, gel content determination method, and mechanical test.
MATERIALS AND METHODS
Materials
Rice straw (Oryza sativa L.) was harvested in a local
agricultural field, Chiang Rai province, Thailand. It
was size-reduced by using a grinder (Nimut Engineering Co., Ltd.), then dried in an oven at 100 °C
for 2 h and cooled down to room temperature. The
average size of chopped rice straw was 32.44 ± 24.2
mm (Fig. 1). Unsaturated polyester resin (orthophthalic grade), using 1% v/w methyl ethyl ketone
peroxide, MEKP, as a catalyst, with a density of
1.12 g/cm3 were supplied by J.N. Transos Co., Ltd.,
Thailand. The properly casted and cured resin
for 40 h at ambient atmosphere, followed by postwww.scienceasia.org

Firstly, the rice straw and UP resin were hand mixed
together at the fiber and matrix volume fractions of
0.3:0.7 in a stainless steel bowl for 5 min. Then, the
voluminous mixture was preformed into a square
metal mold (flash type) (Fig. 1). To ensure the
proper curing, the 2 mold sets were used; (i) nonsealed mold and (ii) sealed mold with aluminum
foil sheet. Then, the mold was placed in the hotpressing machine (Labtech Engineering Co., Ltd.),
and compressed under pressure of 149.2 psi at 80 °C
for 4 min. It should be noted that this is the minimum time needed for the panel to be consolidated
which was formerly tested in our experiment. After
that, the composite panel was left at room temperature for 24 h and then demolded. From a naked-eye
observation, the rice straw was randomly oriented
in the obtained panels (Fig. 1). To study the effect
of volume fraction of fiber, the composites were then
prepared with different rice straw volume fractions,
i.e., 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7. The
fiber volume fraction of the rice straw/unsaturated
composites can be calculated with the following
relation: vf = Vf /Vc , where vf is the fiber volume
fraction, Vf is the volume of fiber (cm3 ) and Vc is
the volume of composite (cm3 ) [9].
Characterization and testing
Morphology observation
The fractured surfaces of composites were observed by a scanning electron microscope (SEM)
(LEO/1450 VP) operated with a voltage of 10 kV.
All samples were coated with a thin layer of gold by
sputtering before the observation.
Flexural test
The flexural properties of the rice straw/UP
composites were determined according to ASTM
D790. The test was performed using a 3-point
bending method.
The testing machine (Instron model 5566) was equipped with 1 kN
load cell and operated at a cross-head speed of
2 mm/min. Dimension of the test specimens was
2 ± 0.01 cm × 10 ± 0.01 cm × 0.5 ± 0.004 cm and the
support span length was set at 8 cm [10].
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Gel content determination
The composite sample was cut into the dimension
of 5 ± 0.09 mm × 5 ± 0.09 mm × 5 ± 0.09 mm and
kept at 23 ± 2 °C for 40 h before the determination.
Each sample was weighed and wrapped in a metal
mesh pouch. The wrapped pouch was tied with a
metal wire and then placed in a round-bottomed
flask filled with 150 mL of tetrahydrofuran and then
refluxed for 8 h. Then, the wrapped pouch was
dried at 80 °C in an oven until constant weight. The
gel content (%) was determined using the following
equations:
wextracted = w(sample+mesh)be − w(sample+mesh)ae
wpolymer = wsample − Wpolymer
wextracted
× 100
% Extraction =
wpolymer
% Gel content = 100 − % Extraction
where wextracted is the extracted weight, wsample is
the weight of the composite, w(sample+mesh)be is the
weight of composite and mesh before extraction,
w(sample+mesh)ae is the weight of composite and mesh
after extraction, wpolymer is the weight of polymer,
Wpolymer is weight fraction of polymer [11].

Fig. 2 (a) Density versus gel content and (b) flexural
strength versus flexural modulus of the rice straw/UP
composites prepared with non-sealed and sealed molds.

RESULTS
Effect of mold sealing during the composite
fabrication on their properties
From Fig. 2(a), the rice straw/UP composite fabricated with sealed mold showed higher density
(0.97 g/cm3 ) when compared to that of the nonsealed mold (0.93 g/cm3 ). The gel content measured in the composite prepared with sealed mold
was also higher, ∼90%, while it was around 82%
for the one fabricated with non-sealed mold. Furthermore, the flexural strength and modulus of
the composites with sealed mold were increased
around 63% and 41%, respectively, in comparison
to those of the composite prepared with non-sealed
mold (Fig. 2(b)). The stress-strain curves of the
rice straw/UP composites with both non-sealed and
sealed molds were plotted in Fig. 3. The composite
fabricated with the sealed mold clearly exhibited the
greater tensile properties (both stronger and stiffer)
than the one with the non-sealed mold.
Effect of fiber volume fraction on the composite
properties
The flexural properties of all fabricated composites
with different rice straw volume fractions (0.1–0.7)

Fig. 3 Stress-strain curves of the rice straw/UP composites with different processing steps.

are shown in Fig. 4. It can be seen that the biocomposite with the fiber volume fraction of 0.3 had the
highest strength and modulus of 29.19 ± 3.30 MPa
and 2.29 ± 0.12 GPa, respectively. When the fiber
volume fraction in this biocomposites was increased
to 0.4 and more, both flexural strength and modulus
of the composites were noticeably decreased. SEM
photos of the fractured surfaces of the composites
www.scienceasia.org
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Table 1 Density and mechanical properties of the rice straw/UP composites with different fiber volume fractions.
Fiber volume
fraction
0.1
0.2
0.3
0.4
0.5
0.6
0.7

Density
(g/cm3 )

Specimen
weight (g)

Flexural
strength (MPa)

Flexural
modulus (GPa)

Strain
(%)

1.01 ± 0.02
0.98 ± 0.02
0.97 ± 0.01
0.89 ± 0.03
0.86 ± 0.04
0.79 ± 0.06
0.69 ± 0.07

222.2 ± 4.4
215.6 ± 4.4
213.4 ± 2.2
195.8 ± 6.6
189.2 ± 8.8
173.8 ± 13.2
151.8 ± 15.4

18.24 ± 1.16
21.68 ± 1.57
29.19 ± 3.30
17.86 ± 1.54
16.78 ± 1.18
11.92 ± 0.55
5.48 ± 1.30

1.47 ± 0.12
1.96 ± 0.13
2.29 ± 0.12
1.73 ± 0.07
1.68 ± 0.22
1.16 ± 0.18
0.62 ± 0.14

1.64 ± 0.18
1.51 ± 0.24
1.86 ± 0.22
1.55 ± 0.10
1.70 ± 0.32
1.80 ± 0.34
1.59 ± 0.31

Fig. 4 Flexural strength and modulus of the rice straw/UP
composites with different fiber volume fractions.

with different fiber volume fractions from 0.1–0.7
are gathered in Fig. 5(a–g). The embedded rice
straw fibers in the UP resin matrix can be visibly
perceived in the composites with lower fiber volume
fractions (0.1–0.3). The porosity in composites
was noticed to increase with the increasing content
of rice straw (0.4–0.7). Also, the longer pull-out
fibers that were debonded from the matrix were also
observed in the composites with higher fiber volume
fractions. In line with SEM results, the density of the
biocomposites was found to decrease with increasing fiber volume fraction (Table 1) since more voids
and spaces were presented in their structures.
DISCUSSION
Effect of mold sealing during the composite
fabrication on their properties
From the results comparing density and gel content of the composites prepared with non-sealed
and sealed molds (Fig. 2(a)), we found that the
mold sealing had a significant effect on anticipation of monomer loss during the fabrication. The
higher density and gel content values of the biocomposite prepared with sealed mold indicated less
monomer loss and higher crosslink fraction (gel)
formed in this system. Hence, the denser composwww.scienceasia.org

ite panel with higher degree of crosslinking could
be gained [12, 13]. Undoubtedly, this led to the
improvement in flexural properties of the composite prepared with sealed mold (Fig. 2(b)) [14, 15].
With denser structure and higher crosslinking of the
matrix, the composite with sealed mold was shown
to be much stiffer and stronger as expected (Fig. 3)
since the denser crosslink network could restrict
more of the polymer chain movement during composite deformation under applied force. Therefore,
larger energy input was needed to bend or deform
this composite, resulting in an increase in both its
stiffness and strength [16, 17].
Effect of fiber volume fraction on the composite
properties
The flexural properties of all fabricated composites
with fiber volume fractions of 0.1–0.7 are plotted in
Fig. 4. The similar increasing and decreasing trends
of the flexural strength and modulus were found
when the fiber volume fraction of the composites
was changed. At the fiber volume fractions of
0.1–0.3, it showed that the addition of more fibers
resulted in an improvement in the flexural properties of the composites as usually found in other
composite systems [18, 19]. The biocomposite with
the fiber volume fraction of 0.3 showed the highest
strength and modulus. In comparison with previous
reports (Table 2), the properties of the current composites were slightly lower or comparable to other
natural fiber/UP composites [20, 21]. Since natural fibers are normally stronger than agricultural
wastes, the inferior properties of the rice straw/UP
composites are understandable [22]. If compared
to the agricultural waste fiber system, polyester
composites with 15 wt% treated bagasse addition,
the prepared rice straw/UP composite with the fiber
volume fraction of 0.2 in the present study showed
the same level of strength but somewhat lower stiffness. After treated the bagasse fiber with alkaline
solution, the flexural properties of this composites
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Fig. 5 SEM images of the biocomposites with (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, (e) 0.5, (f) 0.6 and (g) 0.7 fiber volume
fraction.
Table 2 Comparison of mechanical properties of different fibers reinforced in unsaturated/polyester composites.
Type of composite

Fiber volume (v)/
weight (wt) fraction

Flexural
strength (MPa)

Flexural
modulus (GPa)

Rice straw fibers/UP
Coir fibers/polyester
Sisal fibers/UP

0.3 (v)
0.3 (v)
0.3 (v)

29.19 ± 3.30
29.00 ± 3.78
75.00 ± 2.00

2.29 ± 0.12
1.72 ± 0.41
3.50 ± 0.10

This work
Prasad [20]
Sangthong [21]

Rice straw fibers/UP
Bagasse/polyester
Alkaline treated bagasse/polyester

0.2 (v)
0.15 (wt)
0.15 (wt)

21.68 ± 1.57
13.80
22.20

1.96 ± 0.13
3.01
3.40

This work
Naguib [23]
Naguib [23]

were increased due to the better interfacial bonding
between fiber and matrix [23]. On the other hand,
the addition of more than 0.3 volume fraction of
rice straw resulted in a decrease in the flexural
properties of the composites. It was likely due to an
increasing porosity in the biocomposite structures
(Fig. 5). This was because these systems had an
insufficient amount of matrix to fill in and cover
all fibers [24, 25]. Generally, the porosity in solid
materials is highly related to a decline in their
mechanical properties [26–28].
CONCLUSION
In this study, it was found that the mold sealing was
crucial in fabricating this rice straw/UP composite
system and could effectively increase the density
and gel content of the resulting composite panels.
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