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ABSTRACT:  In this study, bamboo nanoparticles in concentration ranges from 0–5% were incorporated along with 
woven/nonwoven kenaf fiber mat into unsaturated polyester and the developed composites were further 
characterized. Bamboo chips were subjected to ball milling process for the synthesis of nanoparticles with 
a particle size of 52.92 nm. The effect that the incorporation of nanoparticles had on various properties of 
reinforced composites was further observed. Due to the high surface area of nanoparticles, incorporation of 
3% of nanofillers contributed towards strong bonding and better wettability with matrix, thus resulting in 
excellent mechanical properties and thermal characteristics in reinforced unsaturated polyester composites. 
Furthermore, mechanical characteristics of reinforced composites were deteriorated by the addition of a higher 
percentage of nanoparticles (>3%) due to agglomeration, as confirmed by scanning electron microscopy. 
Moreover, ordered structural arrangement of woven kenaf textile fiber showed enhancement in interfacial 
adhesion and promoted superior mechanical strength in reinforced composites as compared with nonwoven 
composites.

KEYWORDS:  Bamboo nanoparticles, kenaf fiber, reinforced composites, fatigue life, mechanical properties, thermal 
properties

1 INTRODUCTION

Polymer matrix having one or more dimension of at 
least one constituent less than 100 nm are best known 
as polymer nanocomposites. Incorporation of nano-
particles in a low percentage (1–5 wt% of polymer 
matrix) enhanced mechanical, barrier and thermal 
properties of nanocomposites as compared to pure 
polymer-based materials [1]. High surface area of nan-
oparticles assists in better adhesion and wettability 
with the matrix, thus improvements in various proper-
ties of nanocomposites are observed upon their incor-
poration in lower concentration. Furthermore, a lower 
concentration of nanoparticles helps in avoiding their 
agglomeration, as it is well known that formation of 
clumps could result in poor properties of composites. 

In the composite material, nanofillers show character-
istics superior to those of traditional micro fillers in 
terms of better oxidation resistance, high optical trans-
parency, and low permeability. On the basis of these 
characteristics, nanoparticles have become a hot spot 
in automotive, coating, and flame retardant applica-
tions [2]. With global awareness of the environment, 
renewable nanofibers as reinforcement in biocompos-
ites are promoted as an alternative to synthetic fib-
ers to achieve better sustainability and eco-efficiency. 
Fibers derived from renewable resources have many 
advantages over their synthetic counterparts, includ-
ing low cost, low density, recyclability, biodegrada-
bility, abundance, and sustainability. Owing to such 
properties, natural fibers are interesting for further 
investigation [3].

Bamboo grows abundantly in tropical countries, 
specifically in Asia. Lakkad and Patel [4] stated that 
bamboo fiber has high mechanical properties in terms 
of ultimate tensile, toughness, and Young’s modulus 
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that fulfill the requirements of an ideal natural filler 
in the nanocomposite material, having structural 
applications such as in construction. Moreover, bam-
boo, also called ‘natural glass fiber,’ is known for its 
relatively high strength over weight owing to the lon-
gitudinal alignment of fiber structure in its body [5]. 
Kenaf is also a promising natural fiber as reinforce-
ment material to fabricate composite due to its distinc-
tive features, including its high mechanical strength, 
renewability, low density, and environmental friendli-
ness [6]. To enhance mechanical interlocking of rein-
forcement, its geometrical modification can be carried 
out through weaving to improve interfacial adhesion 
and strength of composites. Several studies have been 
conducted in the past to compare the effect of woven 
and unidirectional structural arrangement of fibers on 
the mechanical, morphological, and physical proper-
ties of composites [7–9].

The addition of organic nanoparticles as filler and 
rearrangement of the textile structure of reinforced 
composites have been studied separately. However, 
no study has been done yet considering both param-
eters in one composite material. The incorporation of 
oil palm shell nanoparticles [10, 11] and rearrange-
ment of the textile structure of kenaf reinforced 
unsaturated polyester [12, 13] have been studied in 
the past. These studies reported that both nanopar-
ticles incorporation as filler and weave designed 
kenaf mat significantly improved the properties of 
composites to the extent that it can be of potential 
use in various industries, including the construction 
and automotive industries. Thus, the main aim of the 
present study is to investigate the effect of incorpo-
ration of bamboo nanoparticles on woven/nonwo-
ven kenaf fiber mat reinforced unsaturated polyester 
resin matrix.

2 EXPERIMENTAL 

2.1 Preparation of Bamboo Nanoparticles

Bamboo (Bambusa blumeana) was obtained from a 
forest located in Ulu Kechil Hilir, Kedah, Malaysia. 
The bamboo culms were cut into slices approxi-
mately 15 cm long and chipped through a ham-
mer mill. Bamboo chips were crushed and ground 
using a grinding machine (model WRB 90Lb/4P, 
Dietz-Motoren GmbH & Co., Dettingen, Germany). 
Powdered bamboo was then screened through a 60 
mesh size sieve to obtain micro size with the help of a 
Retsch 3D shaker. The sample was dried at 105 °C for 
24 h to remove moisture. The sample was then sieved 
using 20 μm size mesh and further ground using the 
same grinding machine three more times. Obtained 
sample was then treated by a high energy ball mill 

equipped with a 0.5 L mild steel ball mill pot hav-
ing stainless steel balls of different sizes and rotated 
at a speed of 175 rpm for 120 h. Obtained nanoparti-
cles were then dried in an oven at 110 ℃ for 24 h to 
remove moisture and immediately stored in a desic-
cator until further use.

2.2 Analysis of Bamboo Nanoparticles

Structure and morphology of bamboo nanoparticles 
were determined by transmission electron microscopy 
(TEM) using a Philips CM 12 instrument (Germany). 
The sample was diluted to 2 mg/mL with ethanol and 
placed in an ultrasonicator for 10 min. A tiny drop 
of the colloidal dispersion of sample was carefully 
placed on a carbon-coated copper grid and dried at 
room temperature prior to examination using TEM. 
Particle size distribution of nanoparticles was iden-
tified with dynamic light scattering method using 
Malvern Zetasizer Ver. 6.11 (MAL 1029406, Germany) 
equipped with a laser having a wavelength of 532 
nm. The sample was dispersed in distilled water and 
placed in the ultrasonic bath for 6 min prior to analy-
sis. Each sample was analyzed in triplicate. The XRD 
pattern of the sample was identified using a Philips 
PW1050 X-Pert diffractometer equipped with CuKα 
radiation (λ = 1.54 Å) at 40 kV. Diffractograms were 
recorded from 7°–80° (2θ) in steps of 0.02° with a scan-
ning rate of 0.5°/min. The relative crystallinity index 
(CI) was calculated using peak height method:

 CI
I I

I
am%( ) =

−( )
×

002

002

100  

where I002 and Iam are the peak intensity corresponding 
to crystalline and amorphous fraction respectively.

2.3 Composite Fabrication

Matrix phase was prepared by mixing polyester resin 
(60 wt% of total composition) with different nanopar-
ticle filler loadings (as shown in Table 1) and 2% (w/w 
of resin) of methyl ethyl ketone peroxide (MEKP) as a 
catalyst. The solution was further mixed by a mechan-
ical stirrer at a speed of 1000 rpm for 10 min. The 
obtained formulation was then vacuumed in a cham-
ber to remove air bubbles. Further, the resin mixture 
was casted on woven or nonwoven kenaf fiber mat 
(40 wt% of total composition) having a dimension of 
204 mm × 204 mm × 50 mm using hand layup pro-
cess. Samples were left to cure in a cold press at 200 
psi for 24 h. Polymerization occurred during post cure 
in an oven at 105 °C. The appearance of all fabricated 
samples was similar to those displayed in Figure 1 and 
they were coded and prepared according to Table 1.
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2.4  Characterization of Nanofiller 
Reinforced Fiber Composites

The density of composites was measured as per ASTM 
D2395-14 standard. Void content of composites was 
determined according to ASTM D2734 standard. 
Absorption capacity was observed by immersing sam-
ples in distilled water at ambient temperature. Water 
absorption rate was calculated as per ASTM D570 
standard. All experiments were repeated five times to 
obtain a mean value for each sample.

Tensile properties of composites were studied based 
on ASTM D3039 using an Instron model 5582 100kN 
Universal Testing Machine. The testing speed was 
controlled at 5 mm/min and gauge length was fixed 
at 60 mm. The flexural test was carried out accord-
ing to ASTM D790-03 specification. For three-point 
bending test, crosshead speed was fixed at 2 mm/
min and a distance of 90 mm between both the sup-
porters was set. Izod notched impact test was carried 
out using a Geotech testing machine (model GT-7045 
MD) according to ASTM D256-2006. Each composite 
was cut to the dimension of 70 mm × 15 mm × 5 mm 

using a circular saw. Specimens were placed into the 
impact tester with a notch cut in one side. Fatigue 
life of the composites was investigated with a 100kN 
capacity Universal Testing Machine as per ASTM 
D3479 method. Samples were sanded at the edges and 
bonded with 1 mm thick aluminum tab using hot-melt 
adhesive (silicon glue gun) to reduce slippage when 
loads were applied during the test. Testing was con-
ducted with tension-tension fatigue loading under 
constant stress. The R ratio was fixed at 0.5 at three 
stress levels loaded cyclically at 50%, 70%, and 90% of 
its ultimate tensile strength. The condition was fixed at 
5Hz tensile frequency and 20 °C. For all experiments, 
each sample was replicated five times and a mean 
reading of all data was calculated.

Scanning electron microscopy was used to investi-
gate the morphology of samples. The fractured surface 
of the composite during the flexural test was observed 
using an electron microscope (Leo Supra 50 VP, Carl 
Zeiss SMT, Germany). The sample was sputtered with 
gold prior to observation at 5kV acceleration. Thermal 
stability was determined by a PerkinElmer Pyris I 
thermogravimetric analyzer (PerkinElmer, USA). The 
specimen was ground into powder prior to analysis. 
Thermal analysis was conducted at a temperature 
range from 30 °C to 800 °C with 20 °C per minute heat-
ing rate under nitrogen atmosphere.

3 RESULTS AND DISCUSSION

3.1  Characterization of Bamboo 
Nanoparticles 

A TEM image of agglomerated bamboo nanoparticles is 
shown in Figure 2a. When primary particles agglomer-
ate they formed a structure called secondary particles, 

Table 1 Coding and parameters of composites manufactured.

Nanoparticles filler loading 
content (wt% of total 
composite)

Woven 
(WRC)

Nonwoven 
(NWRC)

0 W0 NW0

1 W1 NW1

2 W2 NW2

3 W3 NW3

4 W4 NW4

5 W5 NW5

NWRC WRC

NWRC WRC

Front view Cross sectional view

(a) (b)

Figure 1 nonwoven reinforced composite (NWRC) and woven reinforced composite (WRC): (a) front view, (b) cross sectional view. 
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which are held by weak intermolecular forces or chem-
ical bonds [14]. The average size of obtained nano-
particles was 52.92 nm, as observed by particle size 
analyzer. Figure 2b shows particle size distribution of 
nanoparticles, which ranged from 5.9 nm to 122.4 nm. 
However, the size range from 5.9 nm to 99.96 nm cov-
ered 98.6% of total intensity. Generally, most of the bio-
mass materials exhibit strongest diffraction peak and 
relatively high crystallinity due to their morphologi-
cal structures [15]. In this study, the presence of non-
cellulosic contents in bamboo fiber resulted in signifi-
cant amorphous and crystalline diffraction peak areas. 
As seen in the XRD spectrum in Figure 2c, the relative 
crystallinity of bamboo nanoparticles was 44.76%. This 
denoted that the particle size of bamboo was changed 
during milling without altering the chemical struc-
ture, thus retaining its crystallinity. A similar result 
was observed for the untreated raw bamboo particle 
in a previous study [16] that exhibited crystallinity 
of 44.4%. Yueping et al. [17] stated that bamboo fiber 
has tremendous potential to produce high mechanical 
strength composite due to its crystalline structure.

3.2  Physical Properties of Nanoparticles 
Reinforced in Kenaf-Based 
Composites

Table 2 shows the experimental and theoretical density 
of samples. Densities of reinforced composite were 
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Figure 2 Bamboo nanoparticles: (a) TEM micrograph, (b) size distribution by intensity and (c) X-ray diffractogram.

directly proportional with the increment of nanofiller 
content. Table 2 highlights that W5 exhibited the high-
est measured and theoretical densities overall results 
compared with others, which were 1.195 ± 0.05 g/cm3 
and 1.255 ± 0.07 g/cm3. It can be seen that WRC had 
higher densities compared with NWRC samples. This 
has been explained by the fact that woven fabric has 
a more compact structure of fibrils providing more 
sites for bonding with matrices, which results in less 
void and subsequently high density [18]. According to 
Table 2, for all samples theoretical density was higher 
than measured density, which could be explained by 
the presence of voids in composites. 

Unfilled composites had highest void contents 
(NW0 = 2.5 ± 0.54%, W0 = 4.78 ± 0.08%), whereas, 
both NW3 and W3 exhibit least void content of 1.01 
± 0.01% and 2.84 ± 0.06%, respectively, among all 
samples. This indicated the homogeneous dispersion 
of nanoparticles in composites and this phenomenon 
further assisted the nanoparticles in replacing voids 
present in the composite [19]. A high percentage of 
voids were observed in samples when more than 3% 
of nanoparticles was incorporated into the samples. 
This effect might be due to the agglomeration of par-
ticles during mixing with resin, which further caused 
inhomogeneous dispersion of the filler in the matrix, 
thus resulting in void formation. Besides that, Table 2 
also highlights that WRC had more voids compared 
with NWRC. This might be due to the fact that more 
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air inclusion occurs in woven kenaf. The inability of 
woven fiber to eliminate all air bubbles trapped inside 
also resulted in high void content [20]. High void con-
tent in composites significantly affects its mechanical 
strength [8].

Water absorption of reinforced composite is affected 
by various factors, including temperature, fiber orien-
tation, diffusibility, and degree of surface exposure. 
It can be observed through Figure 3a that the water 
absorption rate increased with soaking time up to 
192 h; thereafter the rate remained constant. Water 
absorption capacity of WRC was higher than NWRC. 
This was due to the high porosity of WRC because of 
the presence of voids; thus more water was trapped 

and resulted in higher weight gain of the composite. 
Unfilled WRC exhibited highest water absorption 
value due to the high void percentage, as observed 
in Table 2, and this has led to poor wettability and 
weak adhesion interface between fiber and matrix. 
Furthermore, it was observed that percentage of water 
absorption decreased with concentration of nanopar-
ticles. This denoted that the nanoparticle content 
increased the water resistance of composites due to 
the high surface contact area of nanoparticles, which 
allows stronger adhesion interface bonding and bet-
ter wettability with the matrix. Rana [21] stated that 
nanoparticles have the ability to trap water molecules 
and thus hinder moisture diffusion in composites 

Table 2 Measured density, theoretical density and void content of woven and nonwoven composites.

Samples Coding Measured density (g/cm3) Theoretical density (g/cm3) Void content (%)

Nonwoven

NW0 1.138 ± 0.02 1.157 ± 0.07 2.50 ± 0.54

NW1 1.144 ± 0.02 1.161 ± 0.03 1.11± 0.04

NW2 1.148 ± 0.01 1.164 ± 0.09 1.09 ± 0.09

NW3 1.153 ± 0.02 1.169 ± 0.04 1.01 ± 0.01

NW4 1.159 ± 0.06 1.172 ± 0.03 1.25 ± 0.09

NW5 1.172 ± 0.05 1.202 ± 0.07 1.64 ± 0.04

Woven

W0 1.175 ± 0.06 1.215 ± 0.07 4.78 ± 0.08

W1 1.178 ± 0.03 1.217 ± 0.03 3.02 ± 0.09

W2 1.183 ± 0.06 1.219 ± 0.08 2.91 ± 0.07

W3 1.186 ± 0.09 1.222 ± 0.03 2.84 ± 0.06

W4 1.189 ± 0.08 1.226 ± 0.06 3.11 ± 0.08

W5 1.195 ± 0.05 1.255 ± 0.07 3.29 ± 0.07
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Figure 3 Nanoparticles incorporated woven/nonwoven reinforced composites’ (a) water absorption properties, (b) relation 
between stress level and number of failure cycles.
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(NW3 = 1.19 ± 0.41 GPa, W3 = 1.93 ± 0.32 GPa). The 
uniform dispersion of nanoparticle filler into unsatu-
rated polyester matrix resulted in enhanced rigidity 
and stiffness of composites. Devaprakasam et al. [27] 
stated that filler particles help in energy dissipation 
and thus resulted in improved tensile modulus. Both 
WRC and NWRC with filler content above 3% have 
shown poor tensile modulus. A similar issue was also 
reported by Chandradass et al. [28] in their study. 
Abdul Khalil et al. [29] stated that inhomogeneity of 
fiber/matrix dispersion will disturb the effective-
ness of load propagation within fibers and weaken 
mechanical properties of composites. WRC exhibits 
higher tensile modulus when compared with NWRC. 
The compact structure of weave orientated fiber mat 
gave composites a stiffer structure and strong resis-
tance to withstand an applied load.

Reduction in elongation at break was inversely 
proportional to filler concentration in reinforced com-
posites. The nanoparticles concentration-dependent 
decrease in % elongation was observed for all compos-
ites. At 5% of nanoparticles lowest elongation at break 
was observed. The NW5 demonstrated a value of 7.86 
± 1.24% and W5 showed a value of 6.02 ± 0.42%. There 
are several factors related to inelasticity of composites. 
Higher concentration of nanoparticles has contributed 
to early fracture and deformation of composites [30]. 
The aggregation of nanoparticles allowed stress con-
centration area to form and such weak regions can 
lead to an early crack in reinforced composites even 
when only a little stress is applied. The previous study 
also showed similar results [31]. All WRC showed 
lower elongation at break than NWRC in this study. 

and maintain its structure. Similar results were also 
reported in many previous studies [22, 23].

3.3 Mechanical Properties

Tensile modulus, tensile strength, and elongation at 
break were analyzed in the present study with the 
stress-strain curve. Obtained data are presented in 
Table 3. The tensile strength of both WRC and NWRC 
increased with filler content up to 3% and decreased 
thereafter. Highest tensile strength was obtained for 
NW3 having a value of 39.23 ± 1.19 MPa and for W3 
it was 55.68 ± 1.74 MPa. Several studies have proven 
that low filler loading is able to enhance the tensile 
strength of composites, attributed to strong hydrogen 
bonding between fiber and matrix [24]. At 5% of nano-
particles filler, NW5 and W5 demonstrated a reduc-
tion in tensile strength to a value of 30.49 ± 0.94 MPa 
and 34.66 ± 0.54 MPa, respectively. Osman et al. [25] 
suggested that excess of filler content led to the forma-
tion of agglomerate, which resulted in poor adhesion 
between filler and matrix, thus weakening the tensile 
strength of composites. Table 3 also shows that WRC 
had higher tensile strength than NWRC, indicating 
that the applied tensile stress was able to propagate 
evenly within the compact and jammed structure of 
woven kenaf. The interlocking structure of woven 
fabric has restrained the mobility within it and this 
could be advantageous in fully utilizing the strength 
of fiber [26].

Tensile modulus also exhibited similar trends as the 
data of tensile strength. Reinforced composites with 
3% of nanoparticles showed highest tensile modulus 

Table 3 Mechanical properties of woven and nonwoven kenaf fiber reinforced unsaturated polyesters with different bamboo 
nanoparticles filler concentration.

Composite
Tensile strength 

(MPa)
Tensile 

modulus (GPa)
% Elongation at 

break
Flexural 

strength (MPa)
Flexural 

modulus (GPa)
Impact strength  

(kJ/m²)

NW0 30.32 ± 0.51 1.03 ± 0.06 8.97 ± 1.16 50.8 ± 1.29 2.54 ± 0.16 3.56 ± 0.23

NW1 34.66 ± 0.64 1.12 ± 0.05 8.95 ± 0.04 55.3 ± 0.20 3.30 ± 0.19 4.44 ± 0.29

NW2 36.12 ± 1.21 1.15 ± 0.03 8.68 ± 0.12 57.9 ± 1.19 3.71 ± 0.12 4.87 ± 0.39

NW3 39.23 ± 1.19 1.19 ± 0.04 8.47 ± 1.29 59.7 ± 2.32 3.99 ± 0.13 5.23 ± 0.43

NW4 35.38 ± 1.03 1.14 ± 0.07 8.09 ± 1.06 56.3 ± 1.98 3.18 ± 0.18 4.41 ± 0.32

NW5 30.49 ± 0.94 1.08 ± 0.09 7.86 ± 1.24 53.6 ± 0.52 2.60 ± 1.23 3.85 ± 0.23

W0 33.96 ± 0.35 1.54 ± 0.06 7.44 ± 0.38 67.9 ± 0.53 2.88 ± 0.12 5.85 ± 0.24

W1 49.46 ± 0.96 1.72 ± 0.03 6.97 ± 1.58 71.6 ± 1.23 3.66 ± 0.37 6.85 ± 0.36

W2 52.34 ± 1.22 1.84 ± 0.07 6.71 ± 0.63 72.6 ± 2.89 4.07 ± 0.42 7.19 ± 0.21

W3 55.68 ± 1.74 1.93 ± 0.03 6.55 ± 0.52 75.6 ± 1.98 4.65 ± 0.48 7.43 ± 0.32

W4 42.51 ± 1.89 1.87 ± 0.04 6.39 ± 0.47 64.1 ± 1.64 3.96 ± 0.37 6.68 ± 0.43

W5 34.66 ± 0.54 1.70 ± 0.06 6.02 ± 0.42 53.3 ± 0.67 3.03 ± 0.48 5.94 ± 0.94
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to absorb and propagate the force within the structure 
more efficiently than NWRC.

Fatigue life of reinforced composites can be iden-
tified under different levels of tension-tension cyclic 
stress. Figure 3b illustrates the relationship of cyclic 
stress and fatigue life of WRC and NWRC with differ-
ent nanoparticle concentrations. The interfacial bond-
ing between fiber and matrix of reinforced composites 
were affected when higher cyclic stress was applied. 
The results shown in Figure 3b prove that nanopar-
ticle filler has the ability to inhibit fracture failures 
during low cyclic loading. Previously, Berhan et al. 
[37] stated that the fatigue life of 1 to 1×103 is classified 
as low cyclic fatigue, whereas, the high cycle fatigue 
is in between 1×103 to 1×106. Both reinforced compos-
ites with 3% nanoparticles exhibit the longest fatigue 
life as compared to their respective non-reinforced 
composite or reinforced composite. This was due to 
stronger interfacial adhesion between fiber and matrix 
which allowed stress to propagate within the constit-
uents and contributed to the deceleration of fracture 
mechanism in reinforced composites. This resulted in 
a better capacity of the composite to withstand cyclic 
damages [38]. Whereas, 4% and 5% of nanoparticles in 
composites resulted in lower fatigue life under cyclic 
stress due to the agglomeration of filler particles. The 
relationship of stress-cycle (S-N) curve in Figure 3b 
shows that the WRC had lower fatigue life than the 
NWRC. Similar fatigue properties for woven and non-
woven glass fibers were previously reported by Loos 
et al. [38]. Fatigue behavior of woven composites was 
made up of three stages. Microcrack formation on 
weave is an initial stage which leads to the reduction 
of modulus due to stress concentration. Shear fail-
ures at warp and cracks at matrix begin in the middle 
stage and, finally, failure modes occur during the last 
stage [40].

3.4 Morphological Properties

Scanning electron microscopy (SEM) images of the 
fracture surface of reinforced composites with dif-
ferent nanoparticle filler content and mat structure 
is illustrated in Figure 4 at 1000× magnification. The 
fracture behavior of reinforced composites is related 
to fracture surface roughness [41]. It was observed in 
Figure 4a and 4b that unfilled reinforced composites 
had a smooth fractured surface as compared to com-
posite filled with nanoparticles. Microcracks that can 
be seen in SEM micrographs were initiated by the 
non-homogeneity of reinforced composites [42]. At 3% 
of nanoparticles, more cracks appeared as compared 
to unfilled reinforced composites (Figure 4c,d). This 
was due to the uniform dispersion of nanoparticles 
in matrix, which resulted in strong interface adhesion 

The strong directional properties of a compact woven 
structure have promoted high stiffness in composites, 
thus resulted in a loss of elasticity. 

The flexural properties of fiber mat are presented in 
Table 3. Reinforced composites with 3% of filler con-
tent exhibited highest flexural strength (NW3 = 59.7 
± 2.32 MPa, W3 = 75.6 ± 1.98 MPa). Bamboo nanopar-
ticles have high contact surface area which contrib-
uted to strong interfacial bonding between filler and 
matrix and thus resulted in an even distribution of 
propagating stress when applied [34]. At filler load-
ing upwards of 4%, reinforced composites demon-
strated a decrease in flexural strength. Similar results 
were observed in many previous studies [32,33]. 
Mortazavi et al. [32] stated that the excess amount of 
nanoparticles resulted in the high viscosity of matrix 
and this led to an increased porosity which in turn 
affected the composite strength. As expected, WRC 
showed better flexural strength than NWRC and this 
was due to the intact strength of the weave pattern 
of the fiber mat. Alhuthali et al. [35] also observed a 
similar trend in the flexural strength of kenaf fiber 
reinforced composites.

Flexural modulus illustrated the same trend as the 
flexural strength of reinforced composites. Flexural 
modulus increased with filler loading till 3% and 
decreased thereafter for both WRC and NWRC 
(Table 3). The strong adhesional interface between 
filler-matrix promoted by uniform dispersion of a small 
amount of nanoparticles into reinforced composites 
controlled the elasticity of matrix [37]. The agglomera-
tion of excess filler content (≥ 4%) resulted in a stress 
concentrated area that brings down flexural modulus 
of reinforced composites [35]. The continuous weave 
design of fiber mat formed a compact structure that 
can hold greater load than that of the nonwoven fiber 
mat-based composites. The stress concentration was 
propagated evenly within the fiber structure itself and 
this gave enhanced mechanical properties to WRC as 
compared to NWRC.

Table 3 shows impact strength of reinforced com-
posites. A 3% concentration of filler in reinforced com-
posites resulted in highest impact strength for both 
types of composites. The NW3 showed a value of 5.23 ± 
0.93 kJ/m² and W3 demonstrated a value of 7.43 ± 0.72 
kJ/m². The addition of a little amount of filler loading 
enhanced adhesion interface bonding between fiber 
and matrix phases and thus improved the toughness 
of composites. The excess of filler concentration at 4% 
and 5% resulted in agglomeration of nanoparticle filler 
in reinforced composite that affected its dispersion in 
matrix phase and caused incomplete wetting fabrica-
tion, which led to low impact strength [35]. Similar 
to tensile test, WRC exhibited higher impact strength 
than NWRC. Woven structure of WRC has an ability 
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and higher strength for composite. Figure 4e and 4f 
with 5% of filler concentration demonstrated agglom-
erations of nanoparticles on the fractured surface. This 
has led to microcracks at the matrix site due to weak 
interfacial adhesion bonding between fiber and matrix 
because of the non-homogeneous dispersion of the 
filler. Poor interface adhesion has led to inferior stress 
transfer within the composite [25].

The SEM micrographs in Figure 5 illustrate the 
surface morphology of reinforced composites at a 
magnification of 300×. Figure 5a and 5b show fiber 
detachments in both unfilled NWRC and WRC, 
respectively. Samples had more obvious fiber pull-off 
due to the failure of interfacial adhesion within kenaf 
fiber and unsaturated polyester matrix. Whereas, an 
addition of 3% of bamboo nanoparticles contributed 
to improved bonding between fiber and matrix, which 
resulted in embedded fiber breakage instead of fiber 
pull-out (Figure 5c,d). Lenz and dos Santos [43] also 

suggested that more fiber breakage occurred in fiber 
reinforced composites with addition of nanoparticle 
filler when tension is applied. Higher fiber tearing 
denoted that the bonding within fiber and matrix is 
strong. It can be observed from Figure 5e and 5f that the 
aggregation of bamboo nanoparticles at 5% around the 
interface between fiber and polymer matrix occurred. 
This led to microcracks, as seen on the fractured sur-
face, and subsequent poor mechanical properties like 
tensile, flexural, impact, and fatigue properties of com-
posites were observed.

3.5 Thermal Properties

Thermal stability and degradation of WRC and NWRC 
with different filler content were determined by ther-
mogravimetric analysis. Figure 6 shows that the two 
stages of thermal degradation were observed for all 
samples. The weight loss of composites at an early 
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Figure 4 SEM micrographs (at magnification 1000×) of (a) NW0, (b) W0, (c) NW3, (d) W3, (e) NW5, and (f) W5.
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Figure 6 TGA thermograms of reinforced composites with different bamboo nanoparticles filler content.

stage around 90 °C to 100 °C denoted the removal 
of moisture [44]. It was observed that a low amount 
of nanoparticles incorporation up to 3% resulted in 
increased thermal stability of reinforced composites as 
compared to non-reinforced composites, as observed 

by the value of Tmax, Ti, and Tf (Table 4). Thermal stabil-
ity can be determined by the point where a material 
begins to disintegrate, which is also known as initial 
decomposition temperature [45]. Nanoparticle filler 
improved crosslinking and interfacial adhesion within 
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fiber and matrix. Furthermore, uniform dispersion 
of nanoparticles in composites resulted in improved 
thermal properties [46]. Nanoparticles formed a heat 
shield in reinforced composites, thus inhibiting heat 
transfer and thermal degradation of polymers [47]. 
Table 4 also shows that the low thermal degrada-
tion resulted from the incorporation of nanoparticle 
filler concentration beyond 3%. This denoted that the 
agglomeration of nanoparticles failed to impose inter-
facial adhesion and molecular mobility, which led to 
weak thermal stability. The thermal degradation (Tmax) 
of WRC ranged from 359.19 °C to 377.48 °C and was 
higher than NWRC, which ranged from 353.75 °C 
to 369.45 °C. The chemical crosslinking at interface 
resulted in a better formation of the network at an 
interface in woven composites, thus resulting in ther-
mal stability. Furthermore, the non-volatile compo-
nent that remained at 800 °C, also known as char resi-
due, was also determined. The char residue increased 
with the increase in nanoparticle concentration due to 
higher inorganic content in composites.

4 CONCLUSION

Bamboo nanoparticles were produced by using ball 
milling process and their properties were character-
ized by particle analyzer, X-ray diffraction, and TEM. 
Obtained nanoparticles had a mean size of 52.92 nm 
and crystallinity index of 44.76%. The incorporation of 
bamboo nanoparticles enhanced the density of com-
posites. Void content was lowered upon addition of 
3% of nanoparticles but increased from 4% and beyond 
due to its agglomeration. Water absorption rate of 

reinforced composites is inversely proportional to 
bamboo nanoparticles concentration. The addition of 
a small amount of nanoparticles (up to 3%) improved 
the matrix-fiber interfacial bonding and enhanced the 
tensile strength and modulus, flexural strength and 
modulus, impact strength, fatigue life, and thermal 
stability of woven/nonwoven reinforced composites. 
Furthermore, the woven structure of kenaf fiber mat 
exhibited higher physical, morphological, mechanical, 
and thermal characteristics as compared to nonwo-
ven samples due to its superior dimensional stability. 
However, fatigue life of woven reinforced composites 
is lower than nonwoven composite due to the unsta-
ble stress concentration on the structural pattern of 
woven fiber. Beyond 3% of nanoparticle filler concen-
tration, all studied properties deteriorated in all sam-
ples due to the poor interfacial adhesion between fiber 
and matrix because of agglomeration of nanoparticles. 
Elongation at break shows a decline with an increase 
in nanoparticles loading at all concentrations. Overall, 
it can be concluded on the basis of obtained results 
that 3% of nanoparticle incorporation into woven 
kenaf fiber reinforced polyester composite had supe-
rior properties compared with all the studied samples.
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Table 4 Degradation temperature and char residues of reinforced composites.

Composites

Degradation temperature (°C)

(Tmax) Char residue (%)(Ti) (Tf)

NW0 255.53 403.80 353.75 8.67

NW1 262.98 405.59 363.53 9.92

NW2 265.89 406.33 367.86 10.18

NW3 268.71 407.97 369.45 10.27

NW4 264.52 406.16 361.27 10.41

NW5 259.82 405.48 355.43 10.53

W0 263.21 416.28 359.19 7.43

W1 300.85 419.50 373.78 8.06

W2 302.09 420.77 374.52 9.68

W3 305.64 422.61 377.48 11.29

W4 293.32 421.09 371.83 12.46

W5 282.55 418.24 367.43 13.79
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