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and torsional strength of hybrid epoxy composites
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Abstract: This study aims to investigate the effect of fiber hybridization of sugar palm yarn fiber with
carbon fiber reinforced epoxy composites. In this work, sugar palm yarn composites were reinforced with
epoxy at varying fiber loads of 5, 10, 15, and 20 wt % using the hand lay-up process. The hybrid compos-
ites were fabricated from two types of fabric: sugar palm yarn of 250 tex and carbon fiber as the reinforce-
ments, and epoxy resin as the matrix. The ratios of 85 : 15 and 80 : 20 were selected for the ratio between
the matrix and reinforcement in the hybrid composite. The ratios of 50 : 50 and 60 : 40 were selected for
the ratio between sugar palm yarn and carbon fiber. The mechanical properties of the composites were
characterized according to the flexural test (ASTM D790) and torsion test (ASTM D5279). It was found
that the increasing flexural and torsion properties of the non-hybrid composite at fiber loading of 15 wt %
were 7.40% and 75.61%, respectively, compared to other fiber loading composites. For hybrid composites,
the experimental results reveal that the highest flexural and torsion properties were achieved at the ratio
of 85/15 reinforcement and 60/40 for the fiber ratio of hybrid sugar palm yarn/carbon fiber-reinforced
composites. The results from this study suggest that the hybrid composite has a better performance re-
garding both flexural and torsion properties. The different ratio between matrix and reinforcement has
a significant effect on the performance of sugar palm composites. It can be concluded that this type of
composite can be utilized for beam, construction applications, and automotive components that demand
high flexural strength and high torsional forces.

Keywords: sugar palm fiber, sugar palm yarn, carbon fiber, hybrid composites, epoxy resin, flexural
properties, torsion properties.

Wplyw zawartosci i hybrydyzacji wldkien na wytrzymalos$¢ na zginanie
oraz skrecanie hybrydowych kompozytéw epoksydowych wzmocnionych
wloknami weglowymi i widknami palmy cukrowe;j

Streszczenie: Zbadano wptyw dodatku przedzy z widkien palmy cukrowej o grubosci 250 tex na wy-
trzymatos¢ kompozytéow epoksydowych wzmocnionych wioknem weglowym. Sumaryczna zawartos¢
wldkien w osnowie zywicy epoksydowej byta rowna 5, 10, 15 i 20% mas., a stosunek udziatu przedzy
palmy cukrowej do wiokna weglowego wynosit 50 : 50 i 60 : 40. Wiasciwo$ci mechaniczne kompozytow
hybrydowych o stosunku osnowy do wzmocnienia 85 : 15 i 80 : 20 scharakteryzowano na podstawie
testéw na zginanie i skrecanie. Stwierdzono, ze wytrzymatos¢ na zginanie i skrecanie kompozytu epok-
sydowego z udziatem 15% mas. przedzy palmy cukrowej byta wieksza niz pozostatych kompozytéw
niehybrydowych i wynosita, odpowiednio, 7,40% i 75,61%. W wypadku kompozytéow hybrydowych
stwierdzono, ze najlepsza wytrzymatos¢ na zginanie i skrecanie wykazywaty kompozyty z udziatem
15% mas. wzmocnienia w stosunku 60 : 40 wiokien palmy cukrowej do widkien weglowych. Rézna
zawarto$¢ wildkien wzmacniajacych w osnowie epoksydowej miata istotny wptyw na wlasciwosci wy-
twarzanych kompozytéow. Kompozyty tego rodzaju mozna wykorzysta¢ do budowy elementéw kon-
strukcyjnych i motoryzacyjnych, o duzej wytrzymatosci na zginanie i dziatanie sit skrecajacych.
Stowa kluczowe: widkno palmy cukrowej, wtdékno weglowe, kompozyty hybrydowe, Zywica epoksy-
dowa, wytrzymalos¢ na zginanie, wytrzymatos¢ na skrecanie.
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Natural fibers have been widely used as an alterna-
tive and effective reinforcement in polymer matrices.
Fillers, in the form of fibers or particles, are fabricated
with polymers to obtain products with desired ther-
mal, mechanical, and electrical properties. The proper-
ties of the composite materials are mainly dependent on
their respective fiber properties. Other than that, factors
affecting the properties include microstructural param-
eters such as fiber diameter, fiber length, fiber distribu-
tion, fiber orientation, volume fraction of the fibers, and
packing arrangement of the fibers [1]. In structural appli-
cations, fiber-reinforced composites have gained a lot
of market potential for their varied uses. However, this
market growth is limited due to the lack of toughness of
fiber-reinforced composites. The mechanical properties
of natural fiber-reinforced composites are significantly
improved by the incorporation of synthetic fibers [2].

Sugar palm (Arenga pinnata) fiber is a waste product
of the agricultural industry. It is also agro-waste that
can be used as a potential source of reinforcement for
various biomaterial applications [3, 4]. Palm sap tapping
was popular because the sap was commonly used as the
base material for making traditional sugar blocks, also
known as gula kabung or gula enau in the Malay language
[5]. Its fruits can be processed into pickles, juices, and
desserts, and they are usually canned for the food indus-
try. Another important part, besides palm sugar and the
fruits, is the black fiber called ijuk. The black fiber has
many applications and uses including the manufactur-
ing of brooms, paint brushes, septic tank base filters,
clear water filters, door mats, carpets, and ropes for sea
cordage [6]. Sugar palm fiber offers high tensile strength
(similar to the strength of coir, kenaf, bamboo, and hemp
fibers within the range 138.7 to 270 MPa) that is durable
before degradation. It is a fairly durable fibrous material
that has a good resistance to sea water and is less affected
by heat and moisture damage compared to coir fiber [7,
8]. Many studies have been conducted on the properties
of sugar palm fiber-reinforced composites. Sugar palm
fibers have an excellent composite potential, unlike other
natural fibers such as kenaf, jute, oil palm, sugarcane
bagasse, pineapple leaf, and banana pseudo stem fibers
[9-15].

Synthetic fibers such as glass fiber, carbon fiber, and
Kevlar are man-made fibers that have been used dom-
inantly in the composite industry, especially in aero-
space, automotive, and sports equipment. Many studies
reveal the promising performance of synthetic fibers as
a good mechanical and thermal material enhancer [16—
19]. Nonetheless, the negative environmental and health
effects associated with synthetic fibers have led to the
increasing use of natural fibers such as jute, ramie, bam-
boo, kenaf, oil palm, and wood as promising alternative
reinforcements. However, the desired tensile strengths
and modulus of glass fibers are visibly much higher
than natural fibers [20]. Researchers and engineers are
enticed by the numerous merits of natural fibers over

synthetic fibers. The escalating use of natural fibers can
be ascribed to their availability, processability, renewabil-
ity, recyclability, and biodegradability [21]. Besides, nat-
ural fibers have several advantages such as comparable
tensile strength properties, low density, and less energy
consumption during processing over synthetic fibers [22].
Despite the advantages of natural fibers, they have major
drawbacks such as the ability to absorb water (hydro-
philic in nature), strength degradation, lack of thermal
stability, and low impact properties [23-25]. These draw-
backs can be improved by the following: (i) hybridization
either with natural or synthetic fiber [26, 27] and (ii) mod-
ification through chemical treatments [28, 29]. Table 1
shows the main comparison between natural fibers and
synthetic fibers [30].

Table 1. The comparison of properties between natural fibers
and synthetic fibers [30]

Properties Natural fibers Synthetic fibers
. . Twice than natural
Density Light fibers
Cost Low-cost Higher t.han
natural fibers
Renewability Yes No
Energy . Low High
consumption
Distribution Wide High
CO, neutral Yes No
Health risk when
inhaled No Yes
Disposal Biodegradable Yes, not
biodegradable

The development of hybrid composite materials is
based on the reinforcement of two or more fibers in a sin-
gle matrix. Research reveals that the behavior of hybrid
composites appears to be the weighted sum of individual
components that have a more favorable balance between
the advantages and disadvantages in any composite
material [31]. Furthermore, the hybridization of different
fibers is advantageous because one particular fiber can
complement the limitations of another fiber. As a result,
it has increased fatigue life, better fracture toughness,
lower notch sensitivity, and cost reduction for engineer-
ing applications [33-35] compared to single fiber-rein-
forced composites [32]. The benefits of hybridization com-
pared to composite systems, even if they are only partial,
are mainly in terms of ecological and economical effects.
Natural fibers are biodegradable and lighter than glass
fiber. This feature allows the reduction of fuel use by the
automotive and aerospace industry [36].

There are several factors affecting the mechanical
properties of hybrid composites, such as hybridization
design, fiber volume or weight fraction, nature of the
matrix, fiber length, fiber composition, and fiber-matrix
interface [34, 37]. One work [38] stated that much research
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reveals that the behavior of hybrid biocomposites is the
function of the weighted sum of individual components
with a favorable balance between the benefits and draw-
backs of composite materials. Several studies also inves-
tigated the effect of hybridization between a natural
fiber and a synthetic fiber (carbon fiber and glass fiber)
in a single matrix [39-45].

The objective of this study is to compare the mechani-
cal properties, i.e., flexural and torsion properties, of non-
hybrid sugar palm yarn fiber-reinforced epoxy compos-
ites and the effect of the hybridization of sugar palm yarn
fiber with carbon fiber-reinforced epoxy composites at
different fiber ratios for automotive purposes.

EXPERIMENTAL PART
Materials

The sugar palm fiber was purchased from Hafiz Adha
Enterprise, Kampung Kuala Jempol, Negeri Sembilan,
Malaysia. Then, the yarn sugar palm fiber (250 tex) was
obtained using published protocols [46]. The carbon fiber
was supplied by Sky Tech Malaysia Sdn. Bhd., and the
epoxy resin (RTM grade, 40% styrene content, density
of 1.025 g/cm?® was purchased from CCP Composites
Resins Malaysia Sdn. Bhd. Table 2 shows the physical and
mechanical properties of the materials used.

Preparation process of the composites

The sugar palm yarn with a linear density of 250 tex
was produced by the spinning process, which was in
accordance with the procedures specified in previous
studies [46, 48]. The composite was prepared according
to the mix ratio from the instruction labels. The mix ratio
of 3A : 1B was used, where A is for epoxy and B is for
hardener. The mixed resin was poured over the fibers
and cured at room temperature for 24 h.

For the fabrication of hybrid composites, the ratios
between matrix and reinforcement of 85 : 15 and 80 : 20
were selected. The ratios of reinforcement between the
sugar palm yarn fiber and carbon yarn fiber of 60 : 40
and 50 : 50 were selected. The carbon fiber was manu-
ally wrapped in the PVC pipe and the bundle of sugar
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Fig. 1. Schematic diagram for the position of carbon yarn fiber
wrapped around the sugar palm yarn fiber

palm yarn fiber as per weight percentage (wt %) (Fig. 1).
Figure 2 shows the overall preparation process of the
composites.

Methods of testing

The flexural test was performed using the three-point
bending method using an Instron 3365 test machine
according to ASTM D790. The length and diameter of the
cylindrical samples were 120 and 16 mm, respectively.
The crosshead speed was set at 5 mm/min and the sup-
port span-to-depth ratio was 16 : 1. The coefficient of vari-
ance (COV) was calculated using Eq. (1).

COV = standard deviation

-100% (1)
mean of flexural strength

The torsional test was conducted according to ASTM
D5279 using the torsion test machine with the capacity
of 50 Nm. The length and diameter of the samples were
120 and 16 mm, respectively. A hexagonal socket was
used to fix the sample to the torsion test machine. The
sample was rotated by the spindle, and the values of
torque and angle were recorded at the same time. Then,
the shear modulus of the sample was calculated using

Eq. 2).

_ T
J'e
where: G — the shear modulus or modulus of elasticity,

T — the applied torque, [ — the length of object in which

torque is applied, /7 - the polar moment of inertia, ¢ — the
angle of twist.

G @

Table 2. Physical and mechanical properties of sugar palm fiber [48], carbon fiber [47], and epoxy (EpoxAmite 100 with 102 har-

dener) composite

Properties Material
Sugar palm fiber Carbon fiber Epoxy matrix
Density, g/cm?® 1.292 11to 19 1.13
Tensile strength, MPa 156.96 4000 56.40
Tensile modulus, GPa 4.96 230 to 240 3.10
Elongation at break, % 798 14t0 1.8 2.45
Flexural strength, MPa - - 84.25
Flexural modulus, GPa - - 2.92
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Fig. 2. Photograph of: a) raw sugar palm fiber, b) combed sugar palm fiber, c) spinning process [44, 49], d) sugar palm yarn fiber,

e) weighed epoxy resin, f) inserted sugar palm yarn fiber into the PVC pipe, g) the pouring process, h) cured composite

RESULTS AND DISCUSSION
Flexural properties

Figure 3 shows the flexural results for the non-hybrid
composites. The figure shows an increasing trend up
to 15 wt % of sugar palm yarn fiber loading before it
declines at 20 wt % of fiber loading. The highest flexural
strength recorded was 87 MPa and the flexural modu-
lus recorded was 3.3 GPa at 15 wt %. The higher value
of flexural strength obtained at 15 wt % fiber loading
composite was because the composites can withstand
more load with an increase of corresponding fiber vol-
ume in the composite. Higher numbers of fibers corre-
spond to an effective stress transfer within the matrix.
Thus, a composite with higher fiber loading could trans-
fer more stress. In addition, the increment was due to
the better interfacial adhesion (wettability) between the
sugar palm yarn fiber with the epoxy matrix. One publi-
cation [50] highlights factors that affect flexural strength
such as interfacial strength, degree of cure, and fiber vol-
ume fraction that are more complex than a direct corre-
lation. During the flexural test, the vertical load is trans-
ferred from the center top surface of the specimen to the
bottom surface. The top surface was under compression

deformation while the bottom surface was under tensile
deformation.

The flexural strength and flexural modulus decreased
at 20 wt % of fiber loadings with 85 MPa and 3.1 GPa,
which are equivalent to 2.3% and 6%, respectively. The
increased fiber—fiber interactions and the inefficiency of
the matrix to penetrate and cover the fibers could result
in a low stress transfer mechanism [46]. Lower wetting
properties were observed due to the large amount of
sugar palm fibers that resulted in less resin penetration.
Besides, the low contact area between the matrix with the
sugar palm yarn fiber is due to the higher packing effect
between the fiber that reduces the flexural properties.

Generally, lower coefficient of variance (COV) reflects
less variation in the results; thus, it has higher consis-
tency and reliability [11]. Based on the COV result shown
in Table 3, the fiber loading at 15 wt % yielded the lowest
COV of 8.84%. This result suggests that the fiber loading
produced the most consistent and uniform stress trans-
ferred from the matrix to the fibers during the applied
stress. The highest COV of 21.72% was obtained from
20 wt % of fiber loading. It is most difficult to control
the fabrication process of the highest fiber loading due
to the low wettability between the fiber and the matrix.
Hence, it leads to a difficult and inefficient stress transfer.
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Table 3. Flexural strength COV of the composites

Sample COV, %
5wt % 14.30
Non-hybrid 10 wt % 12.19
composites 15 wt % 8.84
20 wt % 21.72
15 wt % —50: 50 16.73
15 wt % — 60 : 40 14.24
Hybrid composites
20 wt % — 50 : 50 18.21
20 wt % — 60 : 40 18.49

The difference between the highest and the lowest COV
was 12.88%, indicating a significant gap in the precision
for flexural strength mean between 15 and 20 wt %. This
result can be justified by looking at the fiber weight per-
centage between the two samples. Based on the results, it
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Fig. 3. Flexural properties for non-hybrid epoxy composites re-
inforced with sugar palm fiber
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Fig. 4. Flexural properties for hybrid composites

can be deducted that the 15 wt % sample has a better fiber
matrix interaction, which resulted in a more precise and
consistent strength throughout the sample.

Figure 4 shows the flexural properties of the hybrid
composites. The best flexural properties were achieved
from 15 wt % of reinforcement at the fiber ratio of 60 : 40.
The corresponding flexural strength and flexural modu-
lus for the composite sample were 118 MPa and 3.8 GPa,
respectively. The result shows that the ratio of sugar
palm yarn fiber can increase up to 60:40 for the flexural
strength and flexural modulus. This result is due to the
effective layering design and the position of sugar palm
yarn fiber at the core or tendon for the composite struc-
ture (Fig. 1). The increasing weight percentage of sugar
palm yarn fiber loading that is located at the center acted
as an efficient rigid filler in absorbing the flexural stress.
In the case of hybrid composites, the additional presence
of carbon fiber increases the flexural strength by about
35% and flexural modulus by about 15%. It is influenced
by the synergistic effect of carbon fiber that has excellent
specific tensile strength and modulus. The lowest COV
was recorded from 15 wt % reinforcement at 60 : 40 fiber
ratio, which is 14.24%. This value indicates that the rein-
forcement loading and ratio can yield the highest unifor-
mity for flexural strength and flexural modulus mean.

Torsion properties

Figure 5 shows the results of the torsional forces ver-
sus the angle of twist at varying fiber loadings for non-
hybrid composites that are obtained from the torsion test
machine. The maximum torsional strength on the non-
hybrid composites was 41.9 Nm at an angle of twist at
50° for the composite with 15 wt % of fiber loading. This
result shows that the fiber loading of 15 wt % is the opti-
mum fiber loading to provide an effective stress trans-
fer and sustain the ultimate shearing force upon the
increasing of angle of twist. This also could be due to the

H15wt% 520 wt %

3.6 A
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3.4
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Fig. 5. Torsion properties of the non-hybrid epoxy composites
reinforced with sugar palm fiber
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Fig. 6. Torsion properties of the hybrid composite

excellent wettability and contact area between the sugar
palm yarn fiber with the epoxy matrix, hence improving
the stress mechanism. When the fiber loading is above
20 wt %, the torsional strength decreased to 7.88% at 50°
angle of twist. This result might be due to the high pack-
ing arrangement of sugar palm yarn fiber that leads to
excessive fiber—fiber interactions. Hence, it reduces the
effectiveness where stress is to be transferred from the
matrix to the packed sugar palm yarn fibers.

The optimum angle of twist was at 50° for 15 and
20 wt % of fiber loading composites, where the torsional
strength dropped at 60° angle of twist. The twisting of
up to 60° of composites caused fiber compactness and
increased the fiber—fiber surface contact. As a result,
the effectiveness of the stress transfer mechanism from
the matrix to the fibers resisted, and it was difficult to
maintain the stability of the composite structure stiff-
ness, which leads to a reduced torsional strength. The
optimum angle of twist was at 50° for 10 and 20 wt %.
The stress was transferred to the rich resin area, which
was brittle and not efficiently supported by the sugar
palm yarn fiber as a result of the reinforcement upon the
increased angle of twist. Figure 6 presents the torsional
properties of hybrid composites at varied angles of twist.
The maximum torsional strength for hybrid composites
was 41.3 Nm at 15 wt % of reinforcement with the fiber
ratio of 60 : 40. The extended failure for all composites
was up to 60° angle of twist with the addition of carbon
fiber (Fig. 7). This situation happened due to the superior
strength and modulus of carbon fibers that can main-

Fig.7. The failure test result of the non-hybrid epoxy composites
reinforced with 20 wt % of sugar palm fiber

tain the stability of the circular position until deforma-
tion occurs.

The shear modulus is defined as rigidity, and it is
a measure for the ability of a material to resist transverse
deformations and elastic behavior for deformations after
the material returns to its original structure. Large shear-
ing forces can lead to flow and permanent deformation
and failure. Table 4 presents the results for the shear
modulus of the hybrid composites. The shear modulus
for non-hybrid and hybrid samples was reduced when
the angle of twist was increased.

Table 4. Shear modulus of composites at 50° and 60° angle

of twist
Shear Shear
Sample modulus at modulus at
50° GPa 60°, GPa
5wt % 0.263 0.041
Non-hybrid 10 wt % 0.563 0.196
composites 15 wt % 0.897 0423
20 wt % 0.826 0.241
15 wt % — 50 : 50 0.599 0.612
Hybrid 15 wt % — 60 : 40 0.674 0.737
composites | 20 wt % —50 : 50 0.492 0.576
20 wt % —60: 40 0.578 0.599
CONCLUSIONS

— The higher flexural strength and flexural modulus of
non-hybrid composites were achieved at 15 wt % of sugar
palm yarn fiber loading with 87 MPa and 3.3 GPa, respec-
tively. For the hybrid composite, 15 wt % of reinforce-
ment with the ratio of 60 : 40 revealed the highest flexural
strength and flexural modulus, which were 118 MPa and
3.8 GPa, respectively.

— The higher torque at 50° angle of twist and shear
modulus were achieved at 15 wt % of sugar palm yarn
fiber loading with 41.9 Nm and 0.897 GPa, respectively.
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For the hybrid composite, 15 wt % of reinforcement
at the ratio of 60:40 reveals the highest torque value
of 41.4 Nm at 60° angle of twist and shear modulus of
0.737 GPa.
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