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Abstract: Despite the increasing interest in polyamide-
based composites, few studies on polyamide-based natural
fiber composites have been conducted due to their high
melting temperatures of polyamide 6 (PA6). In this study,
kenaf fiber-reinforced polyamide 6 composites (KF/PA6)
were successfully prepared and their properties were inves-
tigated. Thermogravimetric analysis demonstrated that the
neat PA6 has higher thermal stability with higher melting
temperatures of 426°C, respectively, than KF/PA6 compo-
sites. The results of the differential scanning calorimeter
showed that the glass transition temperature (Ty) of KF/
PA6 composites was slightly shifted to a higher temperature
at 59°C than that of the neat PA6 at 45°C. The thermal and
mechanical characteristics using dynamic mechanical ana-
lysis results showed that the storage and loss modulus of the
neat PA6 were higher than those of KF/PA6 composites. The
neat PA6 showed the maximum tensile strength of 48 MPa;
however, the maximum tensile modulus was obtained at
10 wt% KF with 2,100 MPa. The flexural strength and modulus
of the neat PA6 were 91 and 2,506 MPa, respectively, which
were higher than those of KF/PA6 composites. The impact
strength also deteriorated with the addition of KF, from 3.72
to 1.91k]'m™ Voids, fiber pulled-out, and agglomeration
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were observed in scanning electron microscope analysis
on the tensile fractured surfaces.
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1 Introduction

Composites have been studied by many researchers in the
way of utilization of lignocellulosic fillers, including nat-
ural fibers such as kenaf, flax, hemp, sisal, and jute (1,2).
Use of the lignocellulosic fillers as raw materials has
received a lot of attention as a replacement material to
conventional mineral, glass, and carbon fibers (3). This is
due to their beneficial characteristics, including competi-
tive pricing, lightweight, excellent mechanical properties,
ease of fiber modification, relative non-abrasiveness, bio-
degradability, process friendliness, good thermal, recycl-
ability, and global availability (4-6). Furthermore, rising
cost of petroleum and natural gas has increased pressure
on finding alternate sources of energy for both engineering
plastics (polyamides and polyesters) and commodity plas-
tics (polyolefins such as polyethylene and polypropylene)
(7). In addition, fossil products are predicted to run out
within the next 40-60 years, forcing the focus on green
and sustainable industries (8). As a result, there is a surge
in the number of research on sustainable and environmen-
tally friendly materials. As a part of environmentally
friendly materials, there is growing interest in using nat-
ural fibers in composite plastics (9,10).

In recent decades, using natural fiber as a general filler
or reinforcement has become a popular study topic (11,12).
Kenaf fiber (Hibiscus cannabinus, L. family Malvaceae) is
widely utilized because of its environmental and economic
benefits with significant commercial values (13). The extre-
mely low-price tag of kenaf raw materials has led to the
production of inexpensive composites (14). Reportedly,
kenaf fiber-reinforced polymer possesses unique physical
and mechanical properties compared to other natural
fibers (15). The tensile strength of kenaf fiber is higher
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than that of other natural fibers (with 930 MPa) (13). Kenaf
fiber is a cellulosic source with lightweight, biodegradable,
and highly specific mechanical properties without being
abrasive during processing. Therefore, it can effectively
reinforce various polymers (16,17). Kenaf fiber is widely
used in the production of extruded, molded, and non-woven
products due to its high flexural and tensile strength (19,20).
Besides, the kenaf bast fibers possess striking mechanical
properties that make them a replacement to glass fiber in
polymer composites as reinforcing elements (21).

However, the term “natural fiber thermoplastic com-
posites” mostly refers to polyolefin matrixes, regardless of
the type of natural fibers (16). Therefore, in addition to
polyolefin plastics, engineering plastics are now widely
recognized as value-added materials due to their high
quality and low density (22). As summarized by Ogunsona
et al. (23), it is estimated that approximately 23% of poly-
amide is extruded into films and other extrusions for use in
a variety of applications. The polyamide 6 (PA6) belongs to
a significant group of engineering thermoplastics and pos-
sesses outstanding properties (24). These thermoplastics
are competitive in terms of cost and performance, making
them appealing to various industries (8). Furthermore,
because of its hydrophilic nature, the use of PA6 in natural
fiber composites has some advantages, such as higher
mechanical properties compared to polyolefins. Recent
research on lignocellulosic filler-reinforced PA6 has been
extensively published (25-27). PA6’s amide groups provide
hydrogen bonds between polyamide chains, contributing
to its excellent compatibility with natural fibers (28). This
exceptional compatibility negates the need for a compatibi-
lizer or a coupling agent. PA6 is a semi-crystalline engi-
neering thermoplastic that competes with thermoset plastics
due to its superior resistance to creep, stiffness, high melting
temperatures, excellent barrier properties to oils and corro-
sive chemicals, as well as high tensile strength, modulus,
and relative lightness (29,30). Then, the PA6 was also found
to be easier to recycle than thermosets (31). Nowadays, recycl-
ability is very advantageous due to increasing awareness of
environmental concerns.

Despite academic and industrial interests in thermo-
plastic/natural fiber composites, there are very few reports
of studies on natural fiber-reinforced engineering thermo-
plastic such as PA6 owing to processing challenges due to
their higher melting point and thermal decomposition (32).
Many studies have been attempted to upgrade the mechanical
properties and stability as they have tremendous potentials
as innovative alternative composite materials for residential
and industrial applications. Thus, this article aims to lay the
groundwork for future research on kenaf fiber and PA6-based
engineering thermoplastic composites. Furthermore, this
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study also analyzes the effect of kenaf fiber reinforcement
contents on chemical, thermal, mechanical, and morpholo-
gical properties of PA6 composites.

2 Materials and methods

2.1 Materials

In this research, the main material used is PA6 polymer in
pellet form, Grade CM1017, with a density of 1,130 kg-m'3.
The PA6 was purchased from Polycomposite Sdn. Bhd in
Negeri Sembilan, and the kenaf fibers were purchased
from the National Kenaf and Tobacco Board (LKTN), Kelantan.
This study used kenaf fibers with a 40 mesh (400 um) size.

2.2 Methods

The composites were extruded using a twin-screw extruder
with a screw dimension (L & D) of 40:1 and a screw dia-
meter of 30 mm. Before extrusion, both materials (PA6 and
kenaf fibers) were dried in an oven for 24 h at 60°C, to
prevent hydrolytic degradation during processing and to
reduce the moisture content (<5%), respectively. Upon the
fabrication of composites, the composition of the PA6
matrix and kenaf fiber reinforcements is shown in Table 1.
All components were manually mixed before being fed into
the main feeder of the extruder. The temperature profile of
the extruder was divided into ten heating zones, ranging
from 220 to 225°C, from the main feeder to the die. The
extruded compounds were then granulated into pellets using
a 2mm Wiley mill, right after cooling in a water pool at 23 +
2°C. To remove excess moisture, the composite pellets were
dried in an oven for 24 h at 60°C. Using a laboratory hydraulic
compression molding machine, the composite pellets were
then fabricated into composite sheets with a dimension of
150 mm x 150 mm x 3 mm. The composites were pressed at
190°C for 10 min. Finally, the samples were cold-pressed at
15°C for 2min. Then, the composite sheets were cut into

Table 1: Composition of kenaf fiber/PA6 composites

Samples PA6 (Wt%) Kenaf fiber (wt%)
PA6 100 0
10% KF 90 10
20% KF 80 20
30% KF 70 30
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specific standard sizes for further testing. The schematic of
the kenaf fiber-reinforced polyamide 6 (KF/PA6) composite
preparation process is depicted in Figure 1.

2.3 Characterization of kenaf fiber/PA6
composites

2.3.1 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra were recorded in the Perkin Elmer
Spectrum 1,600 FT-IR Spectrometer in the wavenumber
range of 500-4,000 cm™. The data were obtained using a
4 cm™ resolution and 16 sample scans.

2.3.2 Thermal properties

2.3.2.1 Thermogravimetric analysis (TGA)

Thermal stability of the composites was measured in
accordance with ASTM E1131 TA instrument Q500 (New
Castle, DE, USA). In order to avoid sample oxidation, 5 to
6 mg of samples was kept in an open platinum pan with
nitrogen flowing through it at a rate of 50 mL-min™ at a
temperature ranging from room temperature to 600°C by
10°C:min~". All results were recorded using TA universal
analysis software.

Through
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2.3.2.2 Differential scanning calorimeter (DSC)

DSC is a common method for determining the thermo-phy-
sical properties of polymer composites. The DSC test was
performed using TA instrument Q20 in accordance with
ASTM D3418. Throughout the heating cycle, approximately
5 to 6 mg of sample was heated from room temperature to
250°C at a rate of 10°C-min "~ Then, the data were reported
by the TA universal analysis software. For each sample,
glass transition temperature (Tg), melting temperature (Tyy,),
crystallization temperature (T,), enthalpy heat of melting
(Hy), and crystallinity index (X)) were determined. Eq. 1 is
used to calculate the percentage of crystallinity for each
curve. The theoretical heat fusion of PA6 at 100% crystalline
(AHy000) is 230 J-g ™" (33):

Xe = (AHp/AHig0%) * 100 @

2.3.2.3 Dynamic mechanical analysis (DMA)

DMA is a technique used to investigate viscoelastic beha-
vior properties of polymers and composite materials. In
accordance with ASTM D4065, a three-point bending mode
was used under nitrogen protection using the TA instrument
Q800. The test specimens were 63.5 mm x 12.7 mm % 3 mm in
size (length x width x thickness). The frequencies used were
1Hz at temperatures ranging from 30°C to 200°C, with a
heating rate of 3°Cmin™ and an amplitude of 15m. The
dynamic mechanical properties of composites, such as glass

KF/PA6 Composite
Pellets

Compression Molding

I

Pressed Composite
sheet

Figure 1: Schematic of the KF/PA6 composite preparation process.

Specimens
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transition temperature (Tg), storage modulus (E'), loss mod-
ulus (E"), and loss factor (tan 6), were investigated.

2.3.3 Mechanical properties

2.3.3.1 Tensile strength

The tensile strength of PA6/KF composites was measured
using an Instron 5kN machine. The PA6/KF composite
sheets were die-cut into dog bone shapes in accordance
with ASTM D638 (Type I) specifications. Prior to testing,
the specimens were kept at 23°C + 2°C and 50% * 5% rela-
tive humidity. At room temperature, tests were per-
formed with a strain rate of 2mm'min® and a gauge
length of 30 mm. A digital micrometer was used to mea-
sure the thickness and width of the narrow section for
each sample. To establish statistical significance, five
samples were repeated.

2.3.3.2 Flexural strength

Flexural strength was conducted in accordance with ASTM
D790 using a 5 kN Instron Universal Testing machine. Prior
to testing at a strain rate of 2mm-min’, testing environ-
ment was regulated at 23°C + 2°C and 50% + 5% relative
humidity. Using a band saw, flexural specimens were cut in
size of 127 mm x 12.7mm x 3mm and tested flatwise on a
support with a span-to-depth ratio of 16 (z). Five samples
were examined to determine statistical significance.

2.3.3.3 Impact strength

In accordance with ASTM D256, the notched Izod impact
strength was evaluated using a 0.5 ] hammer. Using a band
saw, the specimens measuring 63.5mm x 12.7mm x 3 mm
were cut from the composite plates. An A-notch was then
cut on the middle of specimen, with aids of dedicated
notching machine that has a radius of curvature at the
apex of 0.25 + 0.05mm. Before conducting the test, the
pendulum-type hammer impact machine was calibrated
to establish its accuracy. A fixture was used to position
samples for clamping in the vise in order to minimize
energy losses due to vibration. Five samples were evalu-
ated for statistical significance.

2.3.4 Scanning electron microscopy (SEM)

The morphology of fractured samples from the tensile
testing was determined using a Hitachi S-3400N SEM. To

DE GRUYTER

differentiate the matrix and the fiber, the samples were
analyzed at an accelerated voltage of 15kV. Prior to obser-
vation, the fractured surfaces were coated with a thin layer
of gold using a sputter.

3 Results and discussion

3.1 FTIR

The FTIR spectra of the neat PA6 and KF/PA6 composites in
the fingerprint region between 500 and 4,000 cm™ range
are illustrated in Figure 2. Those peaks represent the func-
tional groups of PA 6 and kenaf fibers. However, the
band locations and intensities did not vary significantly
between the neat PA6 and KF/PA6 composites. The interac-
tion of hydrogen bonding between the chains of one
polymer and those of another in a composites is believed
to change the IR spectra of composites if the materials are
compatible.

The main FTIR bands are summarized in Table 2. The
transition peaks occurring at 3,300-3,200 em™ as well as
3,000-2,800, 1,630-1,650, and the 1,550-1,510 cm™* bands
are depicted as the N-H and O-H stretching, CH, and
CH; stretching, N-H stretching, amide I and amide II
groups that are overlapped from PAS6, respectively. These
bands are closely linked to interfacial adhesion. It should
be noted that as the kenaf fiber content increases, the wave
numbers trend noticeably downward. The weaker bonding
forces between carbon hydrogen, nitrogen hydrogen, and
oxygen hydrogen are evidenced in the lower wave number
(27). The difference in absorption intensity between kenaf
fiber and PA6 confirms the network structure formed
between kenaf fiber and PA6 (34). More specifically, it is

80
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Figure 2: FTIR spectra of the neat PA6 and KF/PA6 composites.
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observed the neat PA6, 10, and 20 wt% have a very similar
intensity; meanwhile, 30 wt% is observed an increase in
the intensity compared to neat PA6, 10, and 20 wt%.

3.2 Thermal properties

Figure 3 shows the TGA and differential thermogravimetric
analysis curves for the neat PA6 and KF/PA6 composites.
Thermogravimetry is a thermal analysis method that mea-
sures composite’s mass changes, rate of thermal decompo-
sition, and its thermal stability (35). The TGA curves show
that KF/PA6 composites have three mass loss stages. At first
stage, less than 3% of weight was lost at temperatures up to
200°C, and over 90% of total was lost between 200°C and
500°C, as second zone. The final or third zone was extended
to temperature of 600°C in association with greater than
95 wt% of weight lost. The first initial loss is typically asso-
ciated with a relatively small DTG peak and is attributed to
the release of free water (moisture, humidity), as well as
other volatiles, from the kenaf fibers, together with small
molecular components, during sample storage and proces-
sing (27,36). Peaks in the DTG graphs at 250-450°C, 190-450°C,
160-450°C, and 150-450°C represented the decomposition of
the hemicellulose, cellulose, and lignin components, respec-
tively, in the kenaf fiber (37).

Table 3 summarizes the thermal stability of neat PA6
and KF/PA6 composites at various fiber contents. The com-
posites thermally degraded at the kenaf fiber—PA6 matrix
interface. As a result, the degradation temperatures of the
neat PA6 and KF/PA6 composites are varied. The neat PA6
by itself has a maximum degradation temperature of 426°C.
The addition of 10, 20, and 30 wt% kenaf fibers shows three
gravimetric degradation peaks at 407°C, 401°C, and 404°C,
respectively. Obviously, the degradation temperature of KF/
PA6 composites was lower than that of the neat PA6. The
decrement can be attributed to easily degradable compo-
nents and the thermal damaging of the kenaf fiber-cross-
linked structure (16,37). As kenaf fiber contents increased,
the degradation-onset temperature (Topse) fell. Degradation

Table 2: Main FTIR bands of neat PA6 and KF/PA6 composites
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Figure 3: (a) TGA and (b) derivative TGA curves of the neat PA6 and KF/
PA6 composites.

of the neat PA6 begins at 267°C, while 10, 20, and 30 wt% are
195°C, 162°C, and 152°C, respectively. This shows the fiber
contents of the composites had significantly affected the
thermal stability of composites. The low thermal stability
of kenaf fibers resulted in a poor thermal stability of com-
posites (36). This reduction is due to the thermal decomposi-
tion of the components in the kenaf fiber such as wax,
pectin, and hemicellulose, followed by alpha cellulose and
then lignin (16).

However, it was stated that in many of the works, the
engineering thermoplastic improves the properties and
enhances the thermal degradation of the composites due

Peak location (cm™) Chemical structure Motion Neat PA6 10% KF 20% KF 30% KF
3,200-3,400 0-H and N-H Stretching 3,296 3,296 32,96 3,295
3,000-2,800 CH, and CH3 Stretching 2,872-2,922 2,866-2,921 2,861-2,921 2,849-2,918
1,630-1,650 N-H Stretching 1,636 1,633 1,635 1,633
1,550-1,510 Amide I and amide II Combined motion 1,534 1,534 1,533 1,533
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Table 3: TGA results of neat PA6 and KF/PA6 composites
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Sample Tonset (°C) Tendset (°C) Tdecomposed (°C) Weight loss (%) Residue at 600°C (%)
PA6 267 456 426 96 0.21
10% KF 195 443 407 91 5.14
20% KF 162 444 401 87 8.77
30% KF 152 444 404 85 10.39

to higher degradation temperature compared to other poly-
olefin matrixes (17,18). At 600°C, the residue of KF/PA6 com-
posites increased as the kenaf fiber content increased. This
indicates that kenaf fiber is primarily responsible for the
increase in residues. It contains more lignin, which aids in
char formation and structural integrity (39). Besides, the
kenaf fiber is wrapped in the PA6 matrix, thus preventing
the escape of volatiles produced during the thermal decom-
position and finally leading to higher residue formation.
DSC is a method of thermal analysis that measures the
temperature and heat flow of a material change as a func-
tion of time and temperature (40). The DSC curves of the
neat PA6 and KF/PA6 composites are shown in Figure 4.
Table 4 presents the T, Ty, and crystallinity of the neat PA6
and KF/PA6 composites. Composites reinforced with 20 wt%
kenaf fibers have a higher T, than the pure PA6 polymer.

0.5 o o

— — PA6
10KF

Heat flow (W/g)

-15 20KF
30KF

100 150 200 250

Temperature (°C)

Figure 4: DSC thermograms of the neat PA6 and KF/PA6 composites.

Table 4: DSC results of neat PA6 and KF/PA6 composites

Nucleating effects of the kenaf fiber are responsible for this
improvement because it quickens the rate at which crystals
form (41). In this way, KF/PA6 composites accelerate the crys-
tallization of PA6 compared to homogeneous crystallization
itself. However, 30 wt% has lower T, compared to 20 wt%
because the kenaf fiber prevents the PA6 molecular chains
from migrating and diffusing in the composites, which caused
a negative effect on polymer crystallization, thus resulting in
a reduction in T, (41,42).

On the other side, the Ty, of KF/PA6 composites ranged
from 217°C to 220°C, which showing insignificant effects.
These results indicated that the addition of fiber contents
did not affect the presence of the PA6 crystallites (42). Yet,
with a reduction in the mobility of PA6 polymer chains,
there was an upward shift in the glass transition tempera-
ture (Ty) to a higher level. In the KF/PA6 composite system,
the kenaf fiber particles restrict the PA6 molecular chain
movements, and a large amount of energy and free volume
are required (43). Therefore, T, increases with the increase
in the kenaf fiber contents. The increment of kenaf fiber
contents is also associated with a decrease in crystallization
enthalpies (AH,). Similar result was reported by Kiziltas
et al. (38), for KF/PA6 composites. It is well known that crys-
tallinity is a measure of the crystalline region’s concentra-
tion. The higher the percentage of kenaf fibers, the less
crystalline the composites became (37,44). The neat PA6
polymer possesses higher crystallinity (X.) compared to
the KF/PA6 composites. This could be interpreted as a strong
interfacial interaction between matrix and fibers, thus redu-
cing the degree of regularity of the polymer chains, limiting
the movement of PA6 molecular chains, and causing a
decrease in crystallinity (44). Besides, although the kenaf

Sample Melting temperature, Crystallization temperature, Glass transition, Melting enthalpy, Crystallinity index,
Tm (°C) T. (°C) Ty (°C) M (07 Xc (%)

PA6 217 205 45 76 33

10% KF 212 206 46 57 25

20% KF 220 21 56 51 22

30% KF 220 207 59 53 23




DE GRUYTER

fiber provides nucleating sites for PA6 crystallization, it may
also act as a barrier to crystal growth (45). The fiber contents
have no significant effects on the T, and T, of composites,
but it does affect the crystallinity index.

DMA was used to investigate the thermo-mechanical
properties of the neat PA6 and KF/PA6 composites. The
variations in storage modulus (E"), loss modulus (E"), and
tan delta (tan 8) for the neat PA6 and KF/PA6 composites as
a function of temperature are shown in Figure 5(a)-(c),
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Figure 5: DMA curves: (a) storage modulus (£), (b) loss modulus (£”), and
(c) tan delta (tan 6) of the neat PA6 and KF/PA6 composites.
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respectively. Due to the reduced viscosity and increased
polymer chain mobility, the E' curves at higher tempera-
tures showed a significant decrease in E' (13). When com-
paring the various composites, it was discovered that as
the kenaf fiber loading increases, the value of E' decreases
as a result of losing stiffness. However, the 10 wt% kenaf
fibers composite had the highest E' and this may be due to
better stress transfer at the fiber interface. Loss modulus
values for the KF/PA6 composites were observed to decrease
with increasing fiber loading, similar to storage modulus. The
loss modulus of the composite decreased from 100 MPa for
the neat PA6 to 97, 65, and 44 MPa for 10, 20, and 30 wt% kenaf
fiber contents, respectively. The tan & peak values of KF/PA6
composites decreased from 0.11 for 10 wt% to 0.07 for 20 and
30 wt% kenaf fiber, respectively. Besides, the neat PA6 had a
tan 6§ max peak temperature of 50°C, whereas the KF/PA6 had
values ranging from 50°C to 62°C, indicating that the peaks
had shifted to a higher temperature. The tan § peak is the
temperature that corresponds to the Tg, and the increase in
the tan 6 of KF/PA6 composites was found synchronized with
the DSC results. The peaks had been shifting to a higher
temperature as the kenaf fiber contents increased, possibly
because the kenaf fiber restricted the PA6 melt mobility,
which reduced the damping of the composite material (46).
The tan § values also decreased as the kenaf fiber content
increased (29). However, the 10 wt% kenaf fiber shows better
damping property as compared to the neat PA6.

3.3 Mechanical properties

Figure 6 shows the tensile strength and Young’s modulus
for the neat PA6 and KF/PA6 composites. There is an enor-
mous difference in tensile strength between the neat PA6
and its composites, as shown in Figure 5. No increment

60 2500

20 2000

40
1500
30

1000
20

Tensile Strength (Mpa)
Tensile Modulus (Mpa)

10

PA6 10KF

20KF 30KF

Sample

Figure 6: Tensile strength and tensile modulus of the neat PA6 and PA6/
KF composites.
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effects were observed by kenaf fiber reinforcements in the
tensile strength of the PA6 composites. This is due to the
ineffective load transfer between kenaf fiber reinforce-
ment and its matrix (47). From the obtained results and
considering the variations in fiber contents, it shows that
the fiber-matrix interactions play a major role in the
mechanical performance of composites. Notably, it was
difficult for PA6 and its reinforcements to interact due to
the presence of lignin in the fibers, which likely resulted in
a low interfacial shear stress (25).

On the other hand, the tensile strength of the compo-
sites showed that there is no significant difference between
the 10, 20, and 30 wt% kenaf fiber, respectively. As the
kenaf fiber increases, the strength of the KF/PA6 compo-
sites decreases. It is shown that the maximum tensile
strength is obtained at 10 wt% kenaf fiber with 24 MPa
compared to 20 and 30 wt% with 21 and 20 MPa, respec-
tively. These outcomes could be explained by the debonding
of the kenaf fibers from the PA6 matrix and the pulling-out
of fibers (48). Besides, 20 and 30 wt% kenaf loading speci-
mens demonstrated approximately 13.19% and 14.42% lower
tensile strength than 10 wt% KF/PA6 composite, respectively.
Some studies on PA6 cellulose composites revealed an
improvement in mechanical properties at lower cellu-
lose concentrations, but a decrease in tensile properties
at higher concentrations (49). When there are more
fibers per unit volume, the polymer has a harder time
penetrating the voids between the fillers. This leads to
poor wettability by the matrix, low interaction between
the fibers and the PA6 matrix, agglomeration, embrittle-
ment of the overall sample, and hindered stress transfer
through the interface (50). The dog bone-shaped speci-
mens and the brittle fracture surface of the specimens
after the tensile testing are shown in Figure 7a and b,
which will be discussed in the SEM section.
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The results show that 10, 20, and 30 wt% kenaf fiber
reinforcements have higher tensile modulus compared to
the neat PA6. It is shown that the maximum tensile mod-
ulus is obtained at 10 wt% kenaf fiber with 2,100 MPa com-
pared to that of neat PA6, 20, and 30 wt% with 1,247, 2,046,
and 1,918 MPa, respectively. The kenaf fiber exhibited a
strong enhancement effect on PA6. The results of the ten-
sile modulus showed a significant increment for 10, 20, and
30 wt% kenaf fiber, which showed a 40.61%, 39%, and 35%,
respectively, over the neat PA6. It can be noted that the
addition of kenaf fiber increases the tensile modulus. This
finding was primarily attributed to the interfacial adhesion
and flow of PA6 within kenaf fibers (51). This result sup-
ports the finding by Ozen et al. (8), who found that since the
PAG6 and its reinforcement adhered so well to one another,
the tensile modulus of the composite material increased. A
composite system strengthened by kenaf fiber with a high
modulus can better withstand the applied stress (46). The
addition of kenaf fibers to the matrix of PA6 prevents PA6
from deforming elastically, producing composites with a
high tensile modulus of elasticity. Besides, the KF/PA6 compo-
sites are made of a low-stiffness PA6 matrix and a high-stiff-
ness kenaf fiber filler. Consequently, the stiffness increases as
fiber volume increases (52).

The effects of different kenaf fiber contents on the
flexural strength and modulus of elasticity are shown in
Figure 8. When compared to the neat PA6, the flexural
strength and modulus of KF/PA6 composites were both reduced
by the addition of kenaf fiber. The flexural strength and mod-
ulus of the neat PA6 were 91 and 2,506 MPa, respectively. In
comparison with the neat PA6, the flexural strength of KF/PA6
composites with 10, 20, and 30 wt% kenaf fiber contents
decreased by 47%, 48%, and 60%, respectively, while the
flexural modulus decreased by 39%, 46%, and 52%, respec-
tively. This could be because weak interfacial bonds are

Figure 7: (a) The dog bone-shaped specimens and (b) brittle fracture surface of the specimens after the tensile testing.
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Figure 8: Flexural strength and flexural modulus of the neat PA6 and
PA6/KF composites.

made between the kenaf fiber and the PA6 matrix, even
though the hydrogen bonds are formed between the hydroxyl
of kenaf fibers and the amide groups of PA6 (25). Moreover,
the kenaf fiber impeded the mobility of PA6 chains and des-
tructed the PA 6’s original toughening effects (53). The connec-
tion between kenaf fiber and PA6 got weaker, which means
that in this study, kenaf fibers act as fillers instead of reinfor-
cing fibers. As kenaf fiber contents increased, the flexural
strength and modulus of KF/PA6 composites decreased. This
decreasing trend of flexural strength is likely due to the tensile
strength, and the less kenaf fiber content at 10 wt% showed
the less damage compared to that at 20 and 30 wt%. Besides,
the 10 wt% kenaf fiber has better deformation resistance than
the other KF/PA6 composites. Kenaf fiber in the PA6 matrix
also increases its rigidity when compared to 20 and 30 wt%
kenaf fiber. The weakening of the PA6 coating on kenaf fiber
and poor dispersibility of kenaf fiber led to failure at relatively
low loads caused by agglomerated fragile points and stress
concentration (46). This may also be the reason why the elon-
gation rate and break strain decreased as the kenaf fiber
content rose. High levels of kenaf fiber would encourage fric-
tion heat, which would cause the fiber to continue to deterio-
rate and lose strength.

Figure 9 shows the notched impact strength of the neat
PA6 and PA6/KF composites. For impact strength, the values
were measured in the range of 3.72 to 1.91k]-m 2 The addi-
tion of kenaf fiber reduced the notched impact strength of
PA6 and the downward trend became more obvious as the
kenaf fiber content rose. The impact strength was signifi-
cantly affected by the fiber loading. At kenaf fiber contents
of 10, 20, and 30 wt%, the notched impact strengths are 2.37,
223, and 1.71kJ'm% respectively. These values are 36.29%,
40.05%, and 54.03% lower than the neat PA6 primarily due
to the high rigidity of high-temperature arbonized kenaf
fiber (46). Besides, the PA6 molecular chain’s flexibility
and mobility were both reduced by the presence of kenaf

Properties of kenaf fiber-reinforced polyamide 6 composites == 9

fiber and the plastic deformation of composites was limited,
and therefore, less energy loss was observed. The addition of
kenaf fiber to PA6 made the composite more fragile and
reduced its capacity to absorb energy. The ductility of com-
posites is thought to be the cause of their relatively low
tensile and flexural modulus. Thus, the resistance of compo-
sites to impact damage subsequently weakened and their
toughness decreased (24). The PA6 molecular chain, in par-
ticular, became increasingly constrained as the kenaf fiber
contents increased, and a further reduction in its capacity to
withstand impact load led to a significant weakening of the
material’s toughness. Others have reported a decrease in
impact strength values associated with the presence of lig-
nocellulosic filler (37). Intriguingly, the 10 wt% notched impact
strength was greater than that of other PA6/KF composites.
This is most likely due to the fact that 10 wt% had the highest
interfacial bonding strength and the highest interface compat-
ibility at this ratio compared to 20 and 30 wt%.

3.4 SEM

Under an electron microscope, the morphology of the neat
PA6 and KF/PA6 composites was examined. Figure 9 shows
the SEM micrographs of the tensile fractured surfaces to
study the interfacial bonding between the neat PA6 and KF/
PA6 composite samples. Figure 10(a) shows the fracture
surface of neat PA6 that exhibited a relatively flat fracture
surface, while kenaf fiber was found in the composites as
shown in Figure 10(b)-(d). The roughness of the surface,
along with undulations and local protrusions, increased
after the addition of kenaf fiber particles, primarily due
to the action of external force (46). Besides, the PA6 was
pulled and held together by the kenaf fiber particles
although during the fracturing process, the PA6 matrix
was damaged. As a result, the PA6 matrix distributed its
stress to the kenaf fiber particles. This resulted in a greater
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Figure 9: Impact strength of the neat PA6 and PA6/KF composites.
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Figure 10: SEM images of tensile fracture morphology: (a) neat PA6, (b) 10 wt%, (c) 20 wt%, and (d) 30 wt%.

number of undulating surfaces. The KF/PA6 composites
showed surface distortion characteristic and ductile defor-
mation increased after the addition of kenaf fiber parti-
cles (43).

When compared to the neat PA6, the KF/PA6 compo-
sites have an interconnecting network structure that is
conducive to the tensile modulus. In KF/PA6 composites, the
matrix polymer prominently covers the kenaf fiber, exhi-
biting adhesion of the fiber to the matrix. Additionally, a
broken fiber, debonding, and crack can be seen on the struc-
ture of the matrix, indicating that the fiber and matrix’s inter-
face caused both phases to fail during the fracture process (8).
Besides, the morphology of the KF/PA6 composites had an
impact on their tensile strength as well. Figure 10(b)-(d)
also reveals the thermal degradation of the kenaf fiber that
causes voids in KF/PA6 composites, which has a negative
effect on the properties of composites (27). It is possible that
the fibers slipped out of the PA6 matrix, causing these voids.
Furthermore, during compounding, the fiber agglomeration
may occur during the compounding process, which will result
in a reduction in the effective surface area of the compo-
site (54). As the percentage of kenaf fiber in the compo-
sites increased, the particles of kenaf fiber were dispersed
throughout the PA6 matrix and became denser; therefore,
the particle bonding generated agglomeration and few

pores (46). Besides, as the kenaf fiber contents increased,
the voids between fibers and matrix became larger and
more obvious due to matrix cracking, pulled-out fibers,
and discontinuities at the fiber-matrix interfaces, indicating
a weakening of the fiber-matrix interface, resulting in a
decrease in tensile strength (25).

4 Conclusions

In this study, extrusion was used as the method to fabricate
KF/PA6 composites with different kenaf fiber contents. The
chemical, thermal, mechanical, and morphological proper-
ties of different kenaf fiber contents were discussed. An
increase in kenaf fiber loadings had reduced the thermal
stability of the material. TGA demonstrated that the neat
PA6 has higher thermal stability with higher initial and final
decomposition temperatures of 266°C and 456°C, respectively,
than the KF/PA6 composites by exhibiting a decrease in the
values of 152°C and 144°C, respectively. The results of the DSC
showed that the glass transition temperature (Ty) of KF/PA6
composites was slightly shifted to a higher temperature at
59°C than that of the neat PA6 at 45°C, which affected the
crystallization  behavior of the composites. The
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thermal-mechanical characteristics from DMA results showed
that the storage and loss modulus of the neat PA6 are 1,059 and
100 MPa, respectively, which indicates that KF/PA6 composites
deteriorated by 572 and 44 MPa, respectively. The tensile and
flexural properties of KF/PA6 composites, as well as their cor-
responding Young’s modulus, were lower than those of the
neat PA6. The maximum tensile modulus is obtained at
10 wt% kenaf fiber with 2,100 MPa compared to that of the
neat PA6; however, the neat PA6 showed the maximum ten-
sile strength of 48 MPa. The flexural strength and modulus of
the neat PA6 were 91 and 2,506 MPa, respectively. In compar-
ison with the neat PAS, the flexural strength of KF/PA6 com-
posites decreased by 47%, 48%, and 60%, respectively, while
the flexural modulus decreased by 39%, 46%, and 52%,
respectively. The impact strength also deteriorated with the
addition of kenaf fiber, from 3.72 to 1.91 k]-m‘z' These values
are 36.29%, 40.05%, and 54.03% lower than that of the neat
PA6. Also, the observation of the SEM micrographs showed
that there were few voids, agglomeration, and pull-out of
fibers within the PA6 matrix. This indicates lower mechanical
properties, implying weak interfacial bonding between the
fibers and the matrix. From the study, among the KF/PA6
composites, it can be said that 10 wt% is the optimum fiber
loading because it exhibited better properties compared to 20
and 30 wt%.
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