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ABSTRACT

Production of biodegradable polymer matrix biocomposites that are cost effective,
sustainable, and environmentally friendly with desirable properties using particles as
discontinuous phase (filler) is a welcome development. In this study, bamboo particle
reinforced epoxy resin matrix biocomposites were developed by stir casting method. Varied
weight percentages (5 to 30 wt. %) of 100 um bamboo particles were added separately and
blended with an epoxy resin - hardener matrix. The blends were fed into a fabricated
wooden mould and allowed to cure at room temperature. After 24 hrs, the specimens were
removed from the mould and subjected to microstructural examination using a Scanning
Electron Microscope (SEM). Furthermore, the physical and mechanical properties
characterisation of the specimens were also carried out. The results obtained from the
experiments showed the presence of pores in the microstructure of the specimens and the
distribution of reinforcing particles in the epoxy matrix. The reinforced composites (S2 to
S6) demonstrated an appreciable increase in density when compared with the unreinforced
control specimen (C1). Specimens (S2 to S6) demonstrated lower water absorption than C1.
The composites demonstrated increased ultimate tensile strength with filler addition up to
25 wt. %. Similarly, the reinforced specimens demonstrated improved hardness as the
weight percent (wt. %) of bamboo particles increased up to 25 wt. %. However, the
composites demonstrated a reduction in impact energy as filler content increased when
compared with the control specimen. Specimen S5 formulation, which contained 25 wt. %
of reinforcing particles demonstrated the best properties in terms of density, water
absorption, hardness, and ultimate tensile strength. These findings highlight the
effectiveness of bamboo particles in enhancing the physical and mechanical properties of the
developed ecofriendly biocomposites.
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1. INTRODUCTION

Attention has been focused on the development and application of biocomposites because
of the issue concerning the availability of synthetic fibers as they are obtained from fossil
fuels (Pizzol et al., 2014). Furthermore, the increasing call for a cleaner environment has
propelled and generated widespread research on environmentally friendly materials with
interest in the use of plant (cellulose) fibers obtained from renewable sources for the
production of biocomposites (Mustapha et al., 2021). This is because, coupled with their
environmental benefits, natural fibers possess some advantages over synthetic fibers, which
include wide accessibility at comparatively low cost, low density with desirable mechanical
and other physical characteristics (Satyanarayana et al., 2009). In addition, the need for
sustainable and energy efficient materials for application in many fields has led to focusing
attention on locally available renewable materials for producing degradable biocomposites
(Josep et al., 2016).

In general, composites consist of one or more discontinuous phase (reinforcement) that is
placed in a continuous phase (matrix). The discontinuous phase is stronger and harder than
the continuous phase. The characteristics of constituent materials influence the
characteristics of composites and the characteristics of composites are approximated as the
sum of weight fraction or volume of the properties of the constituent materials (Devadiga
et al., 2020). Researchers (Khanam et al., 2011; Roslan et al., 2015; Josep et al., 2016;
Devadiga et al,, 2020; Ferede, 2020; Abedom et al., 2021; Mustapha et al., 2021) have
produced ecofriendly biocomposites with desirable characteristics using agricultural
produce such as bamboo, sugarcane bagasse, wheat, paddy, sisal, hemp, coir, flax, jute, wood,
banana, pineapple, etc. Such natural fibrous sources have served as fillers in forms like
woven mats, chopped fibers, and powder/particles for producing polymer biocomposites.
Natural fibers are from plants, which contain lignocellulosic substances and are
environmentally friendly and desirable because of their availability, renewability,
biodegradability, and strength (Abedom et al., 2021). Natural fiber-reinforced composites
are considered possible alternatives to inorganic synthetic fiber-reinforced composites
because they have been reported to demonstrate enhanced physical and mechanical
properties suitable for application in many areas (Mustapha et al.,, 2021). Among the
various natural fibrous sources, bamboo has proven to be a very effective or classical
reinforcement. The production of bamboo started many years ago and it is rich in traditional
elements. It is easily accessible worldwide with varieties of benefits. It is often used for
producing paper sheet and for mitigating erosion. Because it is easy to process with other
advantages such as high strength demonstration, eco friendliness with rapid growing cycle
and its renewability, bamboo is a choice material (Abedom et al., 2021).

Compared to glass fiber that is synthetic, bamboo fiber-reinforced composites are
biodegradable and not harmful to the environment (Abedom et al., 2021). Solid wood made
from bamboo have been reported to be the largest source of natural fiber and cellulose fiber
biocomposites, which are inexpensive and will bring a new development into production
chain and manufacturing world (Scurlock et al., 2000; Khanam et al., 2011). Bamboo
demonstrates a very good elasticity and high strength, which make it a suitable material for
construction purposes (Abedom et al., 2021). When compared with other natural fibers,
bamboo has a high growth rate and carbon dioxide (COz) atmosphere-fixing characteristics,
which make it a very important plant fiber (Abedom et al., 2021). It has been reported that
over 1000 types of bamboo exist and about 70 groups naturally grow abundantly in various
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environments, especially in Asia and South America. In addition, bamboo demonstrates high
strength, stiffness, lightweight, and biodegradability, keeps together the soil and protects it
through the reflection of sunlight by its leaves and roots (Abedom et al., 2021).

Studies on bamboo-based polymer composites have been conducted and the results showed
enhanced mechanical properties (Okubo et al., 2004; Hui et al., 2008; Kumar, 2014;
Banga et al., 2015; Roslan et al,, 2015; Khan et al,, 2017; Sergio et al., 2017; Verma et
al,, 2017; Zhang et al., 2018; Huang et al., 2019; Osorio et al., 2019; Wenwen et al.,
2019; Lietal,, 2020; Rao et al.,, 2020; Mohammed et al., 2024). The importance of using
bamboo in composite production cannot be overemphasized. Hence, producing
biodegradable polymer matrix composites that are cost-effective, sustainable and
environmentally friendly with desirable properties using bamboo particles as a
discontinuous phase is a welcome development.

Therefore, the aim of this study is to develop bamboo micro-particle reinforced epoxy matrix
biocomposites and evaluate their physical and mechanical properties.

2. MATERIALS AND METHOD

2.1 Materials, Apparatus, and Production of Specimens

The epoxy resin and hardener used in this study were procured from a vendor in Lagos while
the bamboo stems were obtained from a sawmill. The outer layers of the strip of the bamboo
stems were peeled off using a sharp knife. They were split at the nodes and divided into
sections along the fiber length and the culms were removed in order to aid softening of the
strips. The strips were soaked in water for a week to soften them and aid in removing lignin
and hemicellulose. The fibers were removed using a sharp knife and dried at room
temperature (25 °C), 80 °C and 110 °C. They were ground into particulate form and sieved
to 100 um using British standardised sieves. A wooden mould, beakers, stirrers and an
electronic digital weighing balance (model No. UW1020H, Shimadzu, Japan) with a
sensitivity of + 1 mg were used during the stir casting production of the polymer matrix
composites. The mould was laminated with paper tape for easy removal of the specimens
after solidification. Using the electronic weighing machine, measured quantities of the
bamboo particles (5-30 wt. %) were added separately and blended with the epoxy-hardener
matrix as presented in Table 1.

Table 1. Materials formulation in weight percent (wt. %)

Specimen | Bamboo particles | Epoxy resin Hardener Total
Control (C1) 0 80 20 100
S1 5 75 20 100
S2 10 70 20 100
S3 15 65 20 100
S4 20 60 20 100
S5 25 55 20 100
S6 30 50 20 100

For each of the formulation of the specimens, the materials were thoroughly mixed manually
with a stirrer to obtain a good blend with a good distribution of the reinforcing particles in
the epoxy matrix. The blends were poured into the wooden mould as shown in Fig. 1. Five
production runs were carried out for the varied composition of the specimens, which were
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cured at room temperature for about 24 hrs. The production flow chart is shown in Fig. 2.
Seven specimens were used for each of the physical and mechanical tests while four
specimens were selected for the microstructural test.

=

(e)
Figure 1. (a) Split bamboo stems (b) Water retting of bamboo stems (c) Dried bamboo
fibers (d) Ground and sieved 100-pm bamboo particles (e) blended materials (f)Wooden
mould (g) Blended materials in the mould before curing.

Removal of bamboo bark and the cylindrical part of the culm peeled to obtain strips

1

Soaking in water for one week

¥

Striping of bamboo fibres, sun drying, grinding to particles and sieving

!

‘Materials blending (bamboo particles, epoxy resin and hardener), pouring into
mould, curing and removal of specimens_

l' () Microstructural
Characterisation of the specimens (ii) Physical

(iii) Mechanical

Figure 2. Production flow chart of the specimens.
2.2 Microscopy, Physical, and Mechanical Testing of Specimens

Surface cleaning was done on the specimens after which a microstructural examination was

conducted on four of the specimens of 20 mm square-shaped dimension using ASPEX 3020

variable pressure Scanning Electron Microscope (SEM) with Energy Dispersive X-ray (EDX)

facility as shown in Fig. 3. The density of the specimens was determined using the

Archimedes’ principle. The mass of the specimens in the air was measured. Thereafter, they

were separately immersed in water contained in beakers and the volume of water displaced
4
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was measured. The density of each specimen was determined by applying Eq. (1)
(Aigbodion et al., 2010; Olabisi et al., 2016).

Density (p) =% (1)
Where M = mass of specimen in gram (g) and V = volume of water displaced in cm3

The water absorption test was carried out by immersing the specimens in water contained
in beakers for 24 hrs after which they were removed in accordance with (ASTM D570-98,
2018) standard. The water absorption was determined using Eq. (2) (Islam et al., 2013;
Mat-Shayuti et al., 2013).

———2 x 100 (2)
0
where W, = water absorption in %, Wo = specimen’s weight before immersion, and W1 =

specimen’s weight after immersion

Water absorption (W,) =

Figure 3. (a) Epoxy resin and hardener (b) sieves with vibrator (c) electronic weighing
machine (d) Instron tester (e) Vickers micro hardness tester (f) Izod impact tester (g)
ASPEX 3020 variable pressure Scanning Electron Microscope (SEM) with Energy
Dispersive X-ray (EDX) facility (h) some of the specimens.

The tensile test was conducted on the test specimens of size 160 x 12.5 x 45 mm with a
reduced section of 12.5 mm adhering to standard (ASTM D638, 2014) using a digital XLC
universal tester. Each of the specimens was placed in the center of the tester and load was
applied until fracture occurred. Microhardness test was conducted on the specimens of size
40 x 40 x 10 mm adhering to standard (ASTM E384-17, 2022) using a Vickers hardness
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tester with a test load of 1.91N. Impact testing was conducted on the test specimens of size
60 x 12.5 x 4 mm that have a 8 mm deep V-notch at the center using an Izod impact-tester
adhering to standard (ASTM D256-10, 2018). The striking pendulum was released from a
height of 1.4 m at a speed of 4 m/s hitting the specimens to fracture. Additional photographs
of some of the materials and equipment used for this study with some of the specimens are
shown in Fig. 3.

3. RESULTS AND DISCUSSION
3.1 Microstructure of the Specimens

The microstructures of the specimens reveal the presence of pores as shown by scanning
electron micrographs (SEM) of Figs. 4 to 7. The pores reduce with increasing amount of
bamboo particles in the epoxy matrix as shown in Figs. 5 to 7 compared to the control
specimen C1. The microstructure of the composites shows that the phases are not
homogeneous as bamboo particles are well dispersed in the epoxy matrix as shown in Figs.
5 to 7. The Energy Dispersive X-ray (EDX) spectra confirm the presence of the revealed
phases with elemental constituents (O, C, K, and Mg) and some indistinguishable phases in
traces or minute amount in the specimens. That is, oxygen (O), carbon (C), potassium (K)
and magnesium (Mg). It has been established in literatures that when particles are
uniformly/well distributed in the matrix of composites, their mechanical properties are
enhanced (Kaewpirom and Worrarat, 2014; Balaji et al., 2019) coupled with strong
interfacial bond between the particles and the epoxy matrix.

Bam ’E iz e® : : : . ®

Figure 5. SEM and EDX spectrum of specimen S1.
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5,776 counts in 30 saconds

Figure 7. SEM and EDX spectrum of specimen Sé.
3.2 Density

As shown in Fig. 8, there is an appreciable rise in the density of the composites when
compared with the unreinforced control specimen C1. The density of the control specimen
C1is 1.13 g/cm3 while specimens S4, S5 and S6 have the highest density of 1.3 g/cm3. The
increase in density must have been due to the addition of increasing weight percent of
bamboo particles.
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Figure 8. Density of the specimens.
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3.3 Water Absorption

The control specimen C1 demonstrated water absorption of 0.25 % while composites S5 and
S6 demonstrated the lowest water absorption of 0.18 %. Generally, the composites
demonstrated lower water absorption than C1 as shown in Fig. 9. Pores exist in the
specimens as shown in the microstructure, which aided the penetration of water into them.
Bamboo particles contain hemicellulose, which is hydrophilic. The hydrophilic hydroxyl
(-OH) group caused water to be absorbed and diffusion of water can lead to structural
change, flexibility increase, and break-up, which can negatively affect their mechanical
characteristics (Pantyukhov et al., 2016). This can increase the space of the polymer
molecules with decreased bonds and lower their resistance to applied stress (Mat-Shayuti
etal., 2013). However, a strong bond between the particles and the epoxy matrix caused a
decrease in pores formation, which reduced water absorption (Balaji et al., 2019; Ferede,
2020; Durowaye et al., 2022).

e
w

0.25 0.25 0:25 023
: 0:22 0:21

0:18 0-18
0.15

Water Absorption (%)
=)
N

g
ury

0.05

Cc1 S1 S2 S3 S4 S5 S6
Specimens

Figure 9. Water Absorption of the specimens.
3.4 Ultimate Tensile Strength
The control specimen demonstrated the lowest tensile strength of 12.43 MPa. Specimen S5

containing 25 wt. % of bamboo particles demonstrated the highest ultimate tensile strength
(UTS) of 29.02 MPa, which is 133.5 % higher than that of C1 as presented in Fig. 10.

&
s 29.02
= 26.14
25.03 25.16
@ 23.16
2 =
.z) §
2 15.01
@ 12.43
Ed
<
£
=
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c1 S1 S2 S3 S4 S5 S6
Specimens

Figure 10. Ultimate tensile strength of the specimens
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Generally, the composites demonstrated increased UTS with filler addition up to 25 wt. %.
Improvement in UTS may be because of the strong interfacial bonding of bagasse particles
with epoxy matrix (Kaewpirom and Worrarat, 2014; Balaji etal., 2019; Durowaye etal.,
2022). However, there is a decrease in the UTS when filler addition is beyond 25 wt. %. The
decrease may be due to voids or defects that were formed during the processing of the
composite, which was very difficult to avoid or control at higher wt. % reinforcement
(Mustapha et al., 2021). In addition, the decrease in UTS may be due to particle
clustering/agglomeration in the matrix as particles increased beyond 25 wt. % (Cerqueira
etal., 2011; Mustapha et al., 2021) and weak/inadequate interface bonding between the
particles and matrix (Mohammed et al.,, 2024). Generally, the reinforced specimens
exhibited improved tensile strength compared to the control specimen. The stress-strain
relationship of the specimens is shown in Fig. 11. The tensile modulus is an indication of the
relative stiffness of the specimens and can be obtained from the stress-strain graphs. It is
shown in Fig. 11 that within its elastic range, the strain produced in each of the specimens
is proportional to the stress applied. However, there is the deformation of the specimens as
they demonstrated a low elastic range with final breaking. The specimens as shown in Fig.
11 demonstrated the three typical types of stress-strain behaviour that are found in
polymeric materials. They demonstrated curves for brittle, plastic and elastic polymers.
They demonstrated stress-strain character for a brittle polymer, since they fractured while
deforming elastically. The specimens also demonstrated behaviour for a plastic material
with initial deformation that is elastic, which is followed by yielding, a region of plastic
deformation and breaking.
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3.5 Hardness

The control specimen demonstrated a hardness of 18.2 HV as shown in Fig. 12. As the weight
percent (wt. %) of bamboo particles increases, there is a gradual increase in the hardness of
the specimens. Specimen S5 which contains 25 wt. % of reinforcing particles demonstrated
the highest hardness of 24.7 HV. The increase in hardness may be because of a strong bond
between bamboo particles and epoxy matrix that impeded or restricted the movement of
dislocation (Seshappa et al., 2018). However, there is a decrease in hardness when filler
addition is beyond 25 wt. %. The decrease may be due to voids or defects formed during the
processing of the composite and particles clustering/agglomeration in the matrix
(Cerqueira et al., 2011; Mustapha et al., 2021) and weak/inadequate interface bonding
between the particles and matrix (Mohammed et al., 2024).

M 235
MA- 19: b

18

Hardness (HV)

Cc1 S1 S2 S3 S4 S5 S6
Specimens

Figure 12. Hardness of the specimens.

3.6 Impact Energy

As presented in Fig. 13, the composites demonstrated a reduction in impact energy as filler
content increased. Control specimen demonstrated the highest impact energy of 5.34 ] while
specimen S6 demonstrated the lowest impact energy of 3.97 |. The decrease in impact energy
may be because of the filler particles, which may represent points for localized stress
concentration from which failure began because of formation of a weak structure. In
addition, an increase in concentration of filler reduces the ability of the matrix to absorb
energy thereby reducing the toughness, so impact energy decreases (Hameed and Fahad,
2015). This may be due to possible increase in stress concentration because of agglomerated
bamboo particles linthe matrix (Cerqueira et al., 2011; Ardanuy et al., 2015; Mustapha
etal, 2021).

Impact Energy (])

C1 S1 S2 S3 S4 S5 Sé6
Specimens

Figure 13. Impact energy of the specimens.
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4. CONCLUSIONS

Production of biodegradable polymer matrix composites that are cost effective, sustainable
and environmentally friendly with desirable properties using particles as discontinuous
phase (filler) has been undertaken in this study by stir casting method. Furthermore, the
microstructural, physical and mechanical properties evaluation of the composites were also
carried out. The key findings from the experimental test results are:

e The micrographs confirmed the presence of pores in the microstructure of the specimens
and distribution of bamboo particles in the reinforced specimens.

e The reinforced composites (S2 to S6) demonstrated an appreciable increase in density
when compared with the unreinforced control specimen (C1).

e Specimens (S2 to S6) demonstrated lower water absorption than control specimen C1.

e The composites demonstrated increased ultimate tensile strength with filler addition up
to 25 wt. %. Similarly, the reinforced specimens demonstrated improved hardness as the
weight percent (wt. %) of bamboo particles increased up to 25 wt. %. However, the
composites demonstrated a reduction in impact energy as filler content increased when
compared with the control specimen.

e Specimen S5 formulation, which contained 25 wt. % of reinforcing particles demonstrated
the best properties in terms of density, water absorption, hardness and ultimate tensile
strength.

e These findings highlight the effectiveness of bamboo particles in enhancing the physical
and mechanical properties of the developed ecofriendly biocomposites.
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