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Abstract: Limitation in practical applications of biopoly-
mer–fiber composite is mainly at higher temperatures.
Thus, this study highlights the effects of fiber orientation
on the durability of polylactic acid (PLA) reinforced with
unidirectional (UD) continuous kenaf fibers at elevated
temperatures. PLA and long kenaf fiber were fabricated
using the hot-pressing method and stacked at fiber orien-
tations of 0°, 45°, or 90°, relative to the tensile force.
Dynamic mechanical analysis of the composites shows
excellent anti-shock and temperature-resistant properties
of the composite. UD PLA–kenaf composites with a 0° fiber
orientation showed an ultimate tensile of ∼190MPa and a
flexural strength of ∼235MPa, and the strength of the com-
posite was able to retain up to 120°C temperature. The

debonding behavior of the fiber from the matrix (fiber
pull-out) supported by microscopy proved that interfacial
failure occurs from the local strains, which initiate cracking.
Interfacial failure and stress transfer have caused a remark-
able reduction in composite strength when fibers were
oriented at 90°. Hence, this current improvement in the
performance of the UD PLA–kenaf fiber composite may
potentially replace conventional synthetic fibers, especially
for structural automotive applications.

Keywords: natural fiber, fiber orientation, polymer com-
posites, continuous fiber, mechanical properties

1 Introduction

Natural fiber composites are widely used in various fields
because of their prominent mechanical and thermal prop-
erties. The development of complete biocomposites or
“green composites” has recently gained increased atten-
tion in efforts to create a sustainable environment [1,2].
Alhijazi et al. [3] stated that the momentum of research
interest regarding natural fiber composites specifically in
finite element analysis has increased from the Year 2004
until 2020. The applications of green composites in the
automotive industry, however, have brought about a series
of design issues and challenges. Nevertheless, the unique
hierarchical microstructures of distinct plant fibers were
found as one of the essential elements that control the
functionality and the qualities of the end product [4].
The core materials in automotive products made up of
plant fibers are not only recyclable but also have out-
standing mechanical properties and are easy to manufac-
ture. Fiber composites for automotive applications were
not only used in an interior panel, but also in some of
the body parts, which require high strength to endure
the high impact such as rear or front bumper [5,6]. In
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previous studies, it shows that unidirectional (UD) long
fiber could retain greater mechanical strength as com-
pared to short fiber (refer to Table 2). Nevertheless, while
using a long UD fiber, insightful research on fiber orienta-
tion is needed as it may either improve or deteriorate the
whole strength of the structure. During in-service applica-
tions, transverse loads may also be present. Therefore,
factors that may influence the transverse strength, which
include properties of fiber–matrix, fiber–matrix bond strength,
and voids, should be further studied. Improving the factors
that affect the transverse strength may potentially widen the
usage of long fiber in many other parts of exterior automotive
components.

The plant-type fibers, kenaf fibers, are commercially
used as substitutes for synthetic fibers in automotive
interiors. These fibers provide strengths and moduli of
as high as 930 and 53MPa, respectively, while showing
a relatively low weight density [7]. In addition to high spe-
cific strength and stiffness, composites reinforced with nat-
ural fibers may be produced at a lower cost than other
synthetic fibers, such as those made from glass and carbon
fibers [8]. By having a lower cost of materials, the cost of
production as well as the price of any products made up
of this composite fiber will be reduced. Thus, the demand
of these composites is predicted to increase over the next
few years, and current research efforts are aimed at devel-
oping components from 100% biocomposites utilizing bio-
sourced polymers as a matrix.

The physical properties, strength, and stiffness of fiber-
reinforced polymer composites are governed by many fac-
tors, including the fiber/matrix characteristics, treatment
[5], volume fraction [9], fiber length [10], fiber orientation
[11], fiber–matrix interfacial adhesion [12], and production
process [13,14]. Fiber orientation is a crucial element influ-
encing the composite characteristics of long fibers. Contin-
uous and well-aligned fiber composites present highly ani-
sotropic mechanical properties. The mechanical properties
of UD, aligned fiber are known to be much higher than
those of randomly oriented fibers, depending on the load

Table 2: Comparison of mechanical properties of fabricated
PLA–kenaf and PP–kenaf composites using the hot press method
at 120°C

Mechanical properties PLA–kenaf** PP–kenaf** [39]

Tensile strength (MPa) ∼73 ∼90
Flexural strength (MPa) ∼55 ∼50
Young’s modulus (GPa) ∼7.6 ∼7.5
Flexural modulus (GPa) ∼13 ∼6.0

**Kenaf fibers were chemically untreated and combed using the
same parameters [39].Ta
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applied to the composite samples. Shah used Ashby plots to
prove that UD plant fiber-reinforced polymers have tensile
strengths greatly exceeding (by 20 times) those of randomly
oriented plant fiber-reinforced polymers [15].

During service, composites may be subjected to dif-
ferent temperatures in their environment. Obtaining a better
understanding of the uncertainties and complexities of the
thermal stability of such materials is essential to predict
their durability during the design phase and forming pro-
cess [16]. Indeed, the performance of green composites
exposed to high temperatures is a matter of great concern.
The strength and stiffness of these composites are severely
deteriorated at moderate temperatures, especially when the
matrix polymer features a glass transition temperature (Tg)
[17,18]. Hence, further studies on the behavior of biocom-
posites over a wide temperature range are necessary because
structural failure may occur when the strength or stiffness of
the material decreases below a certain value.

The effects of temperature on the mechanical char-
acteristics of fiber-reinforced polymers are still poorly
understood, and reports on this subject are relatively
limited. Most of the studies, particularly those describing
UD fiber reinforcement, refer to non-structural parts and
conducted testing under room temperature. Studies addres-
sing structural biocomposites reinforced with fibers with
different orientations and under a wide temperature range
are relatively scarce [13,16,19].

Therefore, this workwill be focusing on variations in the
temperature condition of long kenaf fiber-reinforced poly-
lactic acid (PLA) composites as a function of fiber orientation
through tensile and flexural tests. Thermal and mechanical
properties of PLA–kenaf composites, as well as interactions
between fiber and polymer, were studied. Scanning electron
microscopy (SEM)was applied to evaluate the effect of inter-
actions between the fibers’ orientation and matrix, thus
reflecting remarkable changes in the physical and mechan-
ical characteristics of the composite. This combing technique
without any chemical treatment was expected to form an
enhanced strength of PLA–kenaf composite.

2 Materials and methods

2.1 Materials

The kenaf fibers used in this work were provided by a
local supplier (Innovative Pultrusion Sdn. Bhd., Senawang,
Negeri Sembilan, Malaysia). The fibers were obtained from
bast (density, 1.29 g·cm−3) and used as received without
surface treatment. PLA (density, 1.25 g·cm−3; melting tem-
perature, 170°C) in the form of pellets and powder was
supplied by Shenzhen Esun Ltd (China). The PLA pellets
were pressed into slices before stacking for composite
fabrication.

2.2 Fabrication of composites

Continuous kenaf fibers were subjected to drying for 6 h
in an oven set to 80°C prior to sample fabrication to
eliminate remnant moisture [19]. The kenaf fibers were
combed manually [18], aligned in a single direction, and
then cut into lengths of 175 mm according to the size
of the hot press mold (175 mm × 175 mm × 2 mm). The
fibers were sandwiched together with the PLA slices
and powder. Misorientation of the fibers in the matrix
was minimized by ensuring careful alignment at a single
direction of 0°, 45°, or 90° relative to the direction of
tensile load applied and stacked in a flash picture-frame
mold. The fiber and matrix were pressed between the
plates of a 50-ton hot-press machine at a temperature
of 200°C and a pressure of 3 MPa, respectively, for 7 min
and then cooled [20]. The PLA–kenaf weight ratio was
kept at 50:50, which is the optimum composition of PLA–
kenaf composites [21]. Tholibon et al. observed that this
weight ratio results in long PP–kenaf fiber composites with
optimal mechanical properties [22]. Schematic illustration
of composite arrangement during hot pressing is shown in
Figure 1.

Figure 1: Schematic illustration of composite arrangement during hot press process.
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2.3 Characterizations

2.3.1 Thermogravimetric analysis (TGA)

TGA of all the samples was carried out using a Netzsch
TG 200 F3 Tarsus under the nitrogen atmosphere at the
flow rate of 50mL·min−1. Samples of mass ranging from
6 to 7mg were placed on the platinum pan and were
heated from room temperature to 500°C at the heating
rate of 10°C·min−1. This TGA was run based on the ASTM
E1131 standard (Standard Test Method for Compositional
Analysis by Thermogravimetry) [23] to determine the
decomposition temperature of PLA, kenaf, and the
composite.

2.3.2 Dynamic mechanical analysis (DMA)

DMA test was carried out using Q800 (TA Instruments)
instrument equipped with a dual-cantilever fixture. The
frequency was set to 1 Hz, and heating was conducted
from room temperature to 140°C with a heating rate
of 1°C·min−1. The composites were cut into dimensions
of 60mm × 12 mm × 2 mm. In this test, only the UD
PLA–kenaf composite with 0° orientation was used as a
representative for other variances due to the same fiber
composition, and pure PLA was used as a control. The

values of loss modulus, storage modulus, and Tan δ
obtained were plotted.

2.3.3 Mechanical testing

The composites were cut into specimens of 115 mm ×
20mm for tensile and flexural testing according to ASTM
D638-99 [24]. The tensile tests were carried out using a
Zwick/Roell Z100 universal tensile tester under a 100 kN
load. Flexural tests were conducted using an INSTRON
5567 instrument according to ASTM D790-03 [25] with a
30 kN load. The mechanical tests were carried out at room
temperature under a crosshead speed of 2mm·min−1. Five
specimens measuring 20mm wide and 2mm thick were
prepared from each composite and subjected to flexural
and tensile testing. The experimental setup and composite
specimens are shown in Figure 2.

A thermal chamber was installed on the mechanical
tester for thermal exposure studies. The samples were
placed in the chamber and subjected to tensile and flex-
ural testing at different temperatures of 30, 60, 90, and
120°C and the same crosshead speed (i.e., 2 mm·min−1).
These temperatures were selected by adding 30°C incre-
ments to the ambient temperature until 70% of the melting
temperature of the polymer was reached. Pure PLA speci-
mens were also fabricated and tested as controls.

Figure 2: Schematic of samples in the (a) tensile and (b) flexural tests. (c) Images of PLA–kenaf composites with different fiber orientations.
(d) Cross-sectional illustration of the composite samples.
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2.3.4 Morphology

Field emission scanning electron microscopy (FESEM;
SUPRA 55 VP; acceleration voltage, 3 kV) was carried
out to observe the morphology of the cross-sectional tensile
fracture surfaces of all PLA–kenaf composites. Charging
during sample observation was avoided by sputter-coating
the specimens with gold.

3 Results and discussion

3.1 Thermal stability

TGA curves in Figure 3 demonstrated the thermal stability
of PLA, kenaf fibers, and PLA–kenaf composite. The
decomposition of PLA components was indicated by the
high weight loss when the temperature reached 331.9°C.
Meanwhile, early weight loss of kenaf fiber up to 120°C
was due to the moisture evaporation and the decomposi-
tion of the fiber components such as hemicelluloses,
waxes, and pectin, especially for untreated fibers that
have greater moisture absorption [26]. This is followed
by the glycosidic linkages of cellulose starting at 250°C
and lignin oxidation at temperatures after 300°C (Figure 3).
For PLA–kenaf composite, the weight loss of about 4%
at 80°C can be observed from the TG curve PLA–kenaf
composite, which is essentially due to moisture eva-
poration that causes the hygroscopic behavior of PLA. A
high decrease in the second onset decomposition of PLA

begins in the temperature range from 319.2 to 331.9°C con-
sequent to the decomposition of 50wt% kenaf fibers.
Overall, the maximum degradation rate is between 347
and 365°C. A similar decrease in PLA’s maximum degrada-
tion temperature with the existence of kenaf fibers was
also reported by Ridzuan et al. [27]. These results indicate
that PLA–kenaf composite is stable to be mechanically
tested at different temperatures up to 120°C.

The dynamic mechanical properties of PLA compo-
sites under the influence of temperature were studied
using DMA. The load-bearing capacity of the composites,
which refers to their ability to store applied energy, was
examined by observing changes in their storage modulus
(E′). Figure 4 compares the elastic part through E′ value
of pure PLA and the PLA–kenaf composite with a fiber
orientation of 0°. The E′ of the PLA–kenaf composite was
fourfold greater than that of pure PLA at 40°C. Moreover,
the E′ of the composite (6,700MPa) remained higher than
that of pure PLA (2,100MPa) at the glass transition region
(∼60°C) and 120°C (Figure 4). A high E′ reflects the extent
and effectiveness with which stress is transferred along
the kenaf fibers and PLA matrix [28]. In the composite,
the kenaf fibers act as sponges that prevent energy in the
composite from dissipating. The large reduction in E′ of
the composite at higher temperatures is initially due to
the loss of stiffness in matrix, followed by the reduction
of fiber reinforcement stiffness. This may consequently
cause reinforcement–matrix load transmission failure,
which then deteriorates the whole structure of the composite.

The viscous properties of a material could be described
by its loss modulus (E″) and loss factor (tan δ). This loss
modulus (E″) determines the ability of amaterial to dissipate

Figure 4: Storage modulus of pure PLA and the UD PLA–kenaf
composite with a 0° fiber orientation.

Figure 3: TGA curves for PLA matrix, kenaf fibers, and PLA–kenaf
composite.
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some applied energy. As shown in Figure 5a, the lower peak
E″ of pure PLA (∼398MPa) compared with that of the PLA–
kenaf composite was due to changes in the molecular
motion of polymer particles under an applied energy [29].
The addition of UD kenaf fibers as reinforcements improved
the peak E″ of the PLA–kenaf composite to ∼978MPa, which
may be attributed to an increase in molecular friction in the
sample. Tg is defined as the temperature at which damping
and E″ attain their maximum values. The addition of UD
kenaf fibers to PLA caused a slight improvement in the Tg
of the resulting composites. These results confirm that kenaf
fibers can reduce themolecularmobility of thematrix chains
and improves the anti-shock properties of the composite
[30]. In addition, it shows that UD kenaf fibers and PLA
have good compatibility, which will enhance interfacial
filler–matrix adhesion and improves stress transfer
that could strengthen the whole structure of the com-
posite [28,31].

Figure 5b shows variations in the mechanical loss
factor (tan δ) of neat PLA and the UD PLA–kenaf compo-
site with a 0° fiber orientation. These dynamic para-
meters not only illustrate the compliance loss or dynamic
viscosity but also demonstrate the dynamic fragility of
the material. Compared with that of the PLA–kenaf com-
posite, the peak tan δ of neat PLA was higher. Compared
with the composites, PLA featured greater molecularmobi-
lity and higher viscosity. The tight adhesion between the
polymer matrix and kenaf fibers dramatically reduces the
tan δ of the composite and, hence, its molecular mobility
[28]. This reduction of the maximum value of tan δ is
associated with the increment in storage and loss mod-
ulus, which signifies the enhancement of PLA-based com-
posite stiffness due to the presence of fiber. A lower peak

tan δ also reflects a reduction in damping capacity. The
results reveal that the composites developed in this work
have good load-bearing capacity. Previous researchers
demonstrated similar reductions in the damping capacity
of PLA–fiber composites as a function of temperature [30].
Taken together, the results of DMA indicate that PLA–kenaf
fiber composites may have great potential applications as
load bearing over the temperature range of 60–70°C.

3.2 Tensile properties

The effects of fiber orientation and temperature on the
composites were assessed by examining their tensile
behavior. Figure 6a plots the variations in tensile strength
of pure PLA and the PLA–kenaf composites. Among the
samples obtained, composites bearing fibers oriented at
0° showed the highest tensile strength (191 MPa) and
modulus (16.3 GPa) at 30°C. The results reveal that incor-
porating long kenaf fibers effectively improves the strength of
the PLA composites under a tensile load. At ambient tem-
perature, the strength of the PLA–kenaf compositewith fibers
oriented at 45° was 65.79% lower than that of pure PLA. This
decrease in strength was even more evident in composites
with fibers oriented at 45° and 90° (Figure 6a and b). Such
results indicate that fibers oriented at 0° can better resist
applied stress and transfer the same to other fibers in the
matrix compared with fibers oriented at 45° and 90°. Com-
posites with fibers aligned diagonally or perpendicularly (i.e.,
45° and 90°) to the applied force easily split along their long-
itudinal axis. Thus, fibers with these orientations fail as a
reinforcing agent because load transfer between the fiber
and PLA matrix is restricted. In this case, the stress transfer

Figure 5: (a) Loss modulus and (b) loss factor (tan δ) of pure PLA and the UD PLA–kenaf composite with a 0° fiber orientation.
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will not successfully happen; thus, the strength of the com-
posite depends entirely on the polymer [32]. This supposition
is supported by Figure 6b, which clearly shows that PLA–
kenaf composites with a fiber orientation of 0° are 3.5 times
stronger than pure PLA. Therefore, failure occurs because the
strength of the polymer is much lower than that of compo-
sites reinforced with kenaf fibers, especially those with fibers
oriented parallel to the direction of the applied forces.

The PLA–kenaf composites with fibers oriented at 45°
and 90°, respectively, demonstrated approximately 48
and 27% higher Young’s moduli than pure PLA, as shown
in Figure 6b. This finding indicates that these composites
have greater stiffness compared with pure PLA. A better
stiffness may be explained by the structure–property rela-
tionship, which is influenced by cellulose contents and
interfacial actions between fiber and polymer that allow
the transmission of load throughout the matrix [33]. Some
other researchers found that damage to the inner layer of
fibers oriented at different angles may be attributed to a
reduction in the composite strength [22,29].

The tensile failure mode of composites reinforced
with kenaf fibers of different orientations is illustrated
in Figure 7. Different fiber orientations exhibited distinct
stress transfer behaviors. Load transfer occurs along the
direction of fiber orientation. Composites with fibers
oriented in the 0° direction experience low shear stress
at the fiber–matrix interface. Hence, this fiber orientation
results in random tensile breakage and causes debonding
cracks across the fibers. The debonding cracks grow, pro-
pagate into neighboring fibers, and eventually combine
into a single large crack (Figure 7a). This failure type is
usually a consequence of the high strength of UD compo-
sites. As the fiber orientation is changed to 45° or 90° (i.e.,

perpendicular to the direction of the applied load), the
interfacial compatibility between the fibers and matrix
decreases, and a failure in stress transfer occurs. Under
applied forces, stress is propagated along the fiber direc-
tion, resulting in tensile failure, as shown in Figure 7b and c.
In this case, weakness at the fiber surface and matrix inter-
face is the main cause of failure. Fractures occurring at the
fiber–matrix interface may be attributed to matrix shear
failure. The interlaminar shear strength and fracture tough-
ness indicate the interlaminar properties of the composite.
Stress transmission along the fiber direction is disrupted and
causes significant reductions in the strength of the compo-
site, as shown in Figure 6a. Similar phenomena of the tensile
fiber composite breakage have been reported in the litera-
ture [29].

The strength of the PLA–kenaf composites was much
higher than that of pure PLA at temperatures ≥60°C
(Figure 6a). The transition of PLA from brittle to rubbery
take place as the temperature increases to 60°C. PLA sof-
tened and started to deform at 60°C as some portion of the
amorphous part of PLA began to slide each other, but
the chain was still highly entangled. Disentanglement
of the PLA chains occurs as the temperature increases to
90°C and diminished its strength. The results reflect the
temperature dependence of some mechanical proper-
ties of PLA–kenaf composites. Between tensile strength
and Young’s modulus, the former appears to be more
sensitive to temperature changes than the latter, mainly
because the nature of the material under deformation influ-
ences its tensile strength under high-loading conditions. At
a high temperature of 120°C, Young’s modulus of the PLA–
kenaf composites remained higher (∼72MPa) than that of
pure PLA (∼56MPa). According to the literature, this range

Figure 6: (a) Tensile strength and (b) Young’s modulus of pure PLA and PLA–kenaf composites at different temperatures.

Effect of fiber orientation and elevated temperature on mechanical properties  7



of tensile strength is sufficient for interior automotive parts,
such as dashboards or trunk covers, which require a tensile
strength of approximately 30MPa [22].

3.3 Flexural properties

The flexural strength of UD PLA–kenaf fiber composites
showed significantly increased strength (by 232%) and a
high Young’s modulus (19.01 GPa) when the fibers are
oriented at 0° (Figure 8). Interestingly, the strength of all
other composites with different orientations was much
lower than that of PLA. The stiffness of the composite
with fibers oriented at 0° was mostly retained at 60°C
and showed only a 6.05% reduction in modulus compared
with that obtained at 30°C. The strength of the PLA–kenaf
composites was 70× times higher than that of pure PLA
even at a temperature of 60°C (Figure 8a).

In Figure 8b, for example, the flexural moduli of the
PLA–kenaf composite with a 0° fiber orientation were 9.11
and 7.42 GPa at 90 and 120°C, respectively. This finding

reflects the ability of long kenaf fibers to strengthen the
PLA composite structure. However, at an ambient tem-
perature of 30°C, the UD PLA–kenaf composites showed
an 84.5% reduction in flexural strength when the fibers are
at a 45° orientation and nearly fail (4.83MPa) when the
fibers are at a 90° orientation. These findings may be
attributed to the inability of the fibers to withstand stress
given their alignment along the direction parallel to the
flexural load.

The composite failure is not catastrophic as the fiber
will not fracture at the same time. In this case, cracks
were initiated at the fiber–matrix interface and quickly
propagated along the fiber direction, separating the com-
ponents [34]. Obviously, the fiber breakage between the
layers of UD kenaf causes strength degradation. Wu et al.
[11] reported that this fiber breakage is usually initiated
from the upper side that experiences compression prop-
erties and usually will have lower flexural strength than
the tension side (lower side), particularly if it comprises
many layers of fiber–polymer. This is the reason for the
variance in fracture strength of brittle fiber materials.

Figure 7: Failure of the PLA–kenaf composites with fiber orientations of (a) 0°, (b) 45°, and (c) 90° during tensile testing.
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Kenaf fibers with 0° orientation show high stiffness,
which could be attributed to their excellent uniformity
and beneficial for load distribution. As the plastic defor-
mation occurred, the fractured fiber was still embedded in
the matrix and remained supporting the diminished load.

The flexural strength of a fiber-reinforced composite is
remarkably influenced by the presence of defects and fiber
strength; thus, in the absence of the former, the flexural
strength may only be attributed to the latter. By compar-
ison, under a tensile load, all of the composite fibers
equally experience the load; in this case, the weakest fibers
are the first to fail when their stress limit is exceeded. These
differences explain why the flexural strength of a material
is typically higher than its tensile strength. A narrative
review done by Alkbir et al. [35] stated that variations in
fiber strength of natural fiber-reinforced polymer compo-
site may be influenced by factors such as fiber aspect ratio,
extraction method, fiber treatment, fiber orientation, and
the dimensional stability of the fibers used.

Table 1 compares the present composite with other
bast fiber-reinforced biopolymer composites, including
kenaf, hemp, flax, and jute, at different fiber ratios. The
tensile and flexural properties of the PLA–kenaf compo-
sites obtained in this study are better than those of some
composites. Themechanical strength of the composites devel-
oped in this study wasmuch higher than those of commercial
kenaf composites used for automotive products [11]. The
chemically untreated kenaf composites in this study demon-
strated higher Young’s modulus and flexural properties com-
pared with treated PLA–jute composites with the same fiber
content. Interestingly, the comparison also showed that PLA
composites reinforced with combed kenaf fibers possess good

mechanical properties even without any chemical surface
treatment. This translates to lower costs during composite
fabrication.

The mechanical properties of this kenaf reinforced
composites outperformed those of bio-thermoset polymer
even though bio-thermoset matrix polymers, such as bio-
epoxy, are generally more favored than bio-thermoplas-
tics because the former have better thermal resistance
and this epoxy could potentially produce high-perfor-
mance composites [38]. Moreover, bio-thermoplastics,
such as PLA, are themost suitable choice for producing green
composites because they do not require curing and combine
the benefits of fast processing and biodegradability.

Table 2 reveals that the strength of PLA–kenaf com-
posites with 0° orientation was comparable with that of
PP–kenaf composites at 120°C. The PLA–kenaf compo-
sites developed in this study showed better mechanical
strength and a higher modulus than PP–kenaf composites
manufactured via the same method. This finding may be
attributed to the higher fiber–matrix compatibility of PLA
compared with that of PP. Thus, PLA–kenaf composites
appear to be an excellent alternative to PP–kenaf. The
composites developed in this study were completely bio-
degradable but demonstrated mechanical properties similar
to those of petroleum-based composites.

Interestingly, the comparison also showed that PLA
composites reinforced with combed kenaf fibers possess
good mechanical properties even without any chemical
surface treatment. This translates to lower costs during
composite fabrication. The mechanical properties of the
kenaf-reinforced composites outperformed those of bio-
thermoset polymer.

Figure 8: (a) Flexural strength and (b) modulus of pure PLA and PLA–kenaf composites at different temperatures.
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3.4 Morphological analysis

FESEM was employed to collect micrographs of the frac-
ture surfaces of PLA (Figure 9) and the PLA–kenaf com-
posites following tensile testing (Figures 9 and 10). Figure 9a
under its magnification in Figure 9b shows that pure PLA
undergoes brittle fractures with a rough surface. PLA–kenaf
composites with fibers oriented at 0° revealed fiber breakage
and pull-out, as shown in Figure 10a–c. By comparison, the
kenaf fibers were dispersed and well adhered to the PLA
matrix where the kenaf fiber was appropriately imprinted
into the PLA matrix (Figure 10b). These features contribute
to the high strength of the composites. The results indicate

that the fibers, especially those oriented parallel to the direc-
tion of force, were the main load carriers in the composites.
Closer examination revealed brittle fractures in the matrix,
fiber pull-out, shear-out, extensive fiber breakage, and
matrix fractures. Good adhesion between the fibers and
the PLA matrix contributed to the superior strength of
the composites (Figure 10c).

A dramatic decrease in tensile properties was observed
in composites with fiber orientations of 45° and 90°, as
illustrated in Figure 11. The failure modes of exposed kenaf
fiber bundles reflect brittle fractures, which indicates that
interfacial failure is related to fiber delamination without
matrix separation. Weak adhesion between the fibers and

Figure 9: Micrograph of PLA failure sections at (a) low and (b) high magnification.

Figure 10: SEM micrographs of the tensile fractures of PLA–kenaf composites with a fiber orientation of 0°: (a) Top view, (b) cross-sectional
view, and (c) detailed view.
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the matrix causes interfacial failure. Some factors contri-
buting to this type of failure include short fiber lengths,
low adhesion strength, and the absence of fiber interlocking
[40]. In this case, the PLA matrix, rather than the kenaf
fibers, functions as the main load carrier in the composite.
A high degree of cracking was observed in composites with
fibers oriented at 90°. This indicated that debonding of
fibers from thematrix (fiber pull-out) occurs when the inter-
facial stresses exceed the interfacial strength of fiber–matrix
composites. Local strain produced by the interfacial failure
may initiate cracking at the fiber–matrix interface. Fibers
laid perpendicular to the load easily split along their long-
itudinal axis, separating them from the matrix [37]. In this
case, the fibers cannot provide reinforcement functions, and
load transfer is restricted and controlled by the matrix.
Among the samples prepared, PLA–fiber composites with
a fiber orientation of 90° showed the greatest fiber misor-
ientation and fiber breakage, accompanied by the appear-
ance of numerous voids (Figure 9b); these features demon-
strate the low tensile properties of this composite. During
the fabrication process, sometimes the polymer matrix was
unable to expel the existence of air in the kenaf fiber that
creates the void. Thus, the rolling process of the wet com-
posite was suggested to assist the air pocket removal [35].

4 Conclusion

The present study investigates the physical and mechan-
ical characteristics of UD continuous PLA–kenaf compo-
sites with fiber orientations of 0°, 45°, and 90° under
elevated temperatures. DMA, mechanical test under var-
iant temperatures, and surface morphologies were carried
out to determine the durability of the composite. The DMA
results showed that the kenaf fibers positively affect the
thermal responses of the composites by endowing the
latter with a high E′ and E″, shifting the Tg, and providing

great potential applications as load-bearing capacity over
temperature range of 60–70°C. The optimal tensile and
flexural strength were obtained at 0° orientation with
∼190 and ∼235MPa, respectively, at room temperature.
The temperatures remarkably affect the properties of the
PLA–kenaf composites; specifically, great reductions in
strength and modulus were observed at higher tempera-
tures with the orientations of 45° and 90°. The failure of
fiber reinforcement within the composite was due to the
existence of voids and debonding of fibers during the
mechanical test. This has caused reinforcement–matrix
load transmission failure that deteriorates the whole struc-
ture of the composite. Nevertheless, PLA–kenaf compo-
sites with a 0° fiber orientation have sufficiently good
mechanical properties at temperatures up to 120°C compared
to those of commercial PP–kenaf composites. Therefore, a
PLA–kenaf composite with UD alignment is ideal for use
in structural interior components of automotive products.
Future studies may be focusing on the moisture absorption
and weathering resistance of these composites to assess
their potential as alternative materials for exterior automo-
tive components.
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