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Abstract: Using plant leaf fibers as reinforcements in
thermo-plastic resins to produce affordable and light-
weight composites is the subject of growing interest in
research. Although these fibers have several advantages
over synthetic fibers, mechanical characteristics of com-
posites such as moisture absorption, poor wettability,
and insufficient adhesion between the matrix and the
fiber cause disadvantages. To overcome these issues, in
this experimental study, two leaf-based plant fibers are
hybridized and the composites have been fabricated by
hand lay-up process. The composites were subjected to
several tests. The results showed that the hybridization
of sisal and pineapple leaf fiber (PALF) increases the
mechanical strength of the composite by a maximum ten-
sile strength of 3.59 kN, a little lower flexural strength than
the individual fiber, and a noticeably higher compressive
strength. The results further showed that the decreased
affinities for moisture content and the aged composites
seem to be prone to be hydrophilic. Findings of the experi-
ments reveal that the hybridization of sisal and PALF has a
significant influence on the properties of the composites.
The scanning electron microscopy micrographs of frac-
tured surfaces have been examined, and the findings
have effectively been investigated.

Keywords: natural fibers, hybrid composites, hand lay-
up, mechanical properties, Fourier-transform infrared
spectroscopy

1 Introduction

Due to the rapidly increasing effect of environmental pol-
lution, the use of fiber-reinforced polymer composites
and the demand for the material offended durability
and various physical and chemical properties (1,2). Syn-
thetic fibers, along with artificial resin, stood in the front-
line for decades because of their higher strength and
stiffness but had created problems related to environ-
mental concerns (3,4). Several researchers worked on
replacing synthetic fibers to resolve severe problems
such as renewability, health hazards, and biodegrad-
ability (5–7) caused by them. A suitable alternative for
synthetic reinforcement is expected in near future as nat-
ural fibers have gained attention recently (8,9). These
fibers are formed naturally and are associated with plants
(hemp, sisal, pineapple, banana, coir, palm, flax, jute,
etc.) and animals (sheep wool, camel, goat, rabbit, and
silk moths) in large amount (10–12).

The plant-based natural fibers can produce compo-
sites with better properties as well as these materials are
cost-effective, biodegradable, and readily available (10,13,14).
However, the combined nature of fibers indulged with fillers
will enhance the material’s properties to a higher level in
all aspects, such as tensile strength, stiffness, resistance to
chemical substances, and thermal resistances (15–17). The
highermoisture absorption and poor compatibility of plant
fibers have forced the researchers to hybridize with other
plant or filler or conventional fibers (18,19). The combined
constituent material will always withstand its own identi-
ties, perfectly holding each other. The composite materials
have more adverse properties than other materials acting
alone (20,21), for example, pineapple/flax fibers reinforced
with peanut oil cake showed improved tensile, flexural,
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impact, and bending strengths (22). The hybrid sisal/pine-
apple fibers combined with filler will reduce weight,
whereas silica as fillers will strengthen the mechanical
behavior of composites (23). With the enhanced high-
density deposition rate and excellent adhesion quali-
ties, the alkali-treated pineapple leaf fiber (PALF) with
3 wt% fillers increased the tensile strength by 16% and
the flexural strength by 23.11%. Extended ultrasonica-
tion hours can get rid of the agglomerations. On the
other hand, the failure surface morphology to the rein-
forcement transforms pure epoxy’s glassy and multi-
crack behavior by employing hand lay-up (24).

PALF has bridged the micro-level gap between two
fibers by adding particles up to 7.5% of the weight frac-
tion. These attributes result in increased flexural strength
of 30.30%, tensile strength of 20.38%, compressive strength
of 29.87%, and hardness of 66%. However, the material
became brittle at 10% particle loading and lost binding
strength. The inclusion of PALF particles in composites
improves thermal stability and water absorption, resulting
in increased biodegradability (25). PALF combined with vis-
cose has an average tensile strength of 20.7MPa, a bending
strength of 23.5MPa, and a bending modulus of 717.6MPa.
Since viscose is the main factor contributing to diminishing
tensile strength, addition of PALF had improved it. Due to
the inappropriate distribution of the epoxy resin, Young’s
modulus also decreased. As PALF/viscose yarn exhibits uni-
form distribution, excellent mechanical properties, and
anti-moist absorption, it is used to make shopping bags,
fancy roof covers, coffee cups, coffee cans, etc., giving it
more excellent mechanical properties and anti-moist
absorption (26).

The PALF exhibited excellent reinforcing character-
istics with epoxy resin. PALF has 61.2% better tensile
strength and 49.5% higher tensile modulus than coir.
This primarily attributable to the fiber’s 82% cellulose
content and reduced micro-fibrillar angle, which promote
maximum fiber/matrix attachment and increase surface
roughness. As a result, materials are used in vehicle com-
ponents, electrical packages, and building construction
(27). Due to high bonding strength, the PALF demon-
strated decreased specific wear rate and anti-slip proper-
ties when compared to other plant fibers. The inclusion of
40 wt% TiO2 filler during processing is primarily respon-
sible for the characteristics of the composites. As a result,
low wear characteristics between 20 and 40 wt% was
obtained, and the Taguchi technique demonstrated that
PALF offers the optimal conditions for wear and frictional
applications. Sisal/PALF hybrid fiber with the addition of
TiO2 demonstrated a lower wear rate of 500m at a sliding
distance of 1 m·s−1. A load of 5 N applied at this sliding

speed resulted in considerable improvements in tensile,
flexural, and impact properties. Therefore, these hybrid
fiber-reinforced composites exert a significant impact on
the tribological nature (28). In the present investigation,
PALF and sisal leaf fiber-reinforced hybrid composite mate-
rials were fabricated using a hand lay-up process. The pre-
pared composite materials were tested and characterized to
identify their strength and characteristics. Findings of the
experimental results show that the hybridization of sisal
and PALF has a significant influence on the properties of
composites and ascertained that these fibers could be the
novel reinforcements for polymer-based composites.

2 Materials and methods

2.1 Materials

The materials used for composite fabrication such as
epoxy resin (type: LY 556) and polyamine hardener (type:
HY 951) were procured from a Private Company in
Coimbatore, Tamil Nadu, India. The PALF and sisal
fibers used as reinforcement for the composite proces-
sing were collected from the villages situated in Salem
District of Tamil Nadu, India. The collected fibers were
cut into the desired size, washed with water three times,
and stored in an air-tight container for drying in open
sunlight. Then, the fibers were treated using NaOH solu-
tion for 3 h to enhance the fibers’ surface texture. From
the NaOH, solution fibers were taken out, then washed
with deionized water and kept for drying up to 4 h. In
this experimental study, the matrix and hardener were
added in the stoichiometric ratio of 10:1.

2.2 Processing of composites

The preparation of hybrid composites was done through
the hand lay-up method. The required amount of epoxy
resin and polyamine hardener was taken into a glass
beaker, stirred well using a magnetic stirrer at room tem-
perature for 4min, and left for 60 s to achieve a proper
mix. The obtained mixture was in a semi-solid state. After
1 min, the liquid state broke the bonds between resin
molecules and bonded with the hardener through adhe-
sive force. In order to protect the mold, wax material was
applied on the surface, and the bottom surface was cov-
ered with a polythene sheet. The fibers were added to this
mixture to produce a composite at room temperature.
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This matrix and hardener are cured at room temperature.
The processing of composites (from the mold to the fab-
ricated laminate) is presented in Figure 1.

3 Experimental

3.1 Mechanical properties

The effect of fiber loading on hybrid composites was
investigated through mechanical testing such as tensile,
compression, flexural, and impact tests. In this experi-
mental study, the hybrid composites have been prepared
by reinforcing PALF and sisal fibers using the hand lay-
up method. Mechanical tests such as tensile, flexural,
compressive, and impact strength tests were conducted
by using the specimens prepared as per American Society
for testing and materials (ASTM) standards.

3.1.1 Tensile test

Tensile strength is increased during the transfer of matrix
in a uniformly distributed manner with that of the fiber
periodically. The tensile strength of the composite increases
basically due to the enhancement in adhesion between the
fiber and the matrix. The response toward decreasing tensile
strength is observed at the interface between the matrix and
the fiber because of the van der Waals forces that lead to
improper bonding (29). The test was conducted by using a
universal testing machine (UTM) with a cross-head speed of
0.5mm·min−1, the stress–strain curve was obtained from the
machine by applying a load of 100 kN, and the load was
gradually increased to 600 kN. The ASTM standard used
for tensile testing is ASTM D3039. The ability to resist
breaking under tensile stress is one of the most important
andwidelymeasured properties of thematerial and its struc-
tural applications.

3.1.2 Flexural test

Flexural strength is also known as a modulus of elasti-
city, or fracture strength of the material is defined as a
material’s ability to resist deformation under load (30).
The flexural test was conducted using the same UTM
according to the ASTM D638 standards. The test is con-
ducted as per the following specifications:
− Maximum cross-head speed: 1 mm·min−1,
− Support span length: 100mm,
− Mode of test: three-point bending flexural test.

3.1.3 Compression test

This test was conducted on composites to obtain the
average compressive strength. A laboratory experiment
tested the compressive strength of a hybrid PALF and
sisal fiber-reinforced epoxy composites. Axial compres-
sion loading was applied to the prepared specimen using
the same UTM. The specimens were manufactured as per
the ASTM D695 standards. To obtain the compression test
result, the specimen is inserted into the test fixture,
which is positioned between the plates of the testing
machine and loaded in compression. After the specimen
failed, the UTM testing system reported the maximum
load that was reached.

3.1.4 Impact test

Izod impact test specimens with specifications of 65 mm ×
13 mm × 3.2 mm and V-shape notch were fabricated
in adherence to the ASTM D256 standards. Specimens
were impact tested using the Tinius Olsen Impact 104
machine, and the results were reported. Three samples
are tested in each case, and the average values are used
for the analysis.

Figure 1: Processing of composites.
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3.2 Water absorption studies

The volume of water absorbed during the preliminary
treatment was estimated using a moisture absorption
test (31). Then, it is immersed in water at a constant
room temperature for 24 h. To find out the water absorp-
tion percentage, composite samples were placed in a tray
full of distilled water, and the weight gain percentage is
calculated by Eq. 1. The sample dimensions were taken as
per the ASTM D570 standards.

=

−

×

m m
m

% Weight gain 100f i

i
(1)

where mf is the final weight and mi is the initial weight of
the samples.

3.3 Fourier-transform infrared spectroscopy
(FTIR) analysis

A chemical substance covered the composite surface, and
its functional group was examined using an FTIR analysis
(32). In this experimental study, functional groups
were examined in the infrared range between 400
and 4,000 cm−1, carried out by using Perkin Elmer
Spectrum 100 FTIR instrument.

3.4 X-ray diffraction (XRD) analysis

The physical structure of PALF and sisal fiber composites
was evaluated by XRD technique (22). In this experiment,
X-ray diffractograms were obtained with the condition used
where CuKα (wavelength 1.54 Å) (2Ɵ · 5 s−1), scanning values
of 2Ɵ ranging from 10° to 70°. The X’pert Pro model instru-
ment was used for identifying the crystalline phase, which is
a PAN analytical 3. The crystallinity index (CI) was calcu-
lated using Eq. 2, and the crystallite size is calculated using
Scherrer’s formula, given in Eq. 3 (33).

( )= − /H H HCI 22.55 18.5 22.55 (2)

where H22.55 and H18.5 are heights of the X-ray spectrum
peak at a Bragg’s angle of 22.55 and 18.5, respectively.

=

K
β θ

CS λ
COS (3)

where K = 0.89 is Scherrer’s constant, β is the width of the
peak at half maximum, λ is the wavelength of the radia-
tion, and θ is Bragg’s angle.

3.5 Scanning electron microscopy (SEM)
studies

The morphological behavior of the fractured surfaces
of the PALF and sisal fiber-reinforced hybrid composite
and the energy imparted during the loading of fibers
absorbed by cellulose and its ability were analyzed with
the help of the SEM analysis. The scanning of samples
was carried out by using the electron microscope of
model JSM 6360LA, JOEL, made in Japan.

4 Results and discussion

4.1 Mechanical behavior

The experimental results obtained from mechanical testing
are tabulated in Table 1. To finalize the average values of
the composite, a total of three samples were tested and the
test was conducted at room temperature. Figure 2 shows
the strength comparisons of different composite materials
obtained from PALF and sisal fibers subjected to mechanical
loading. The results indicated that hybridization plays a sig-
nificant role in determining the strength of the composites.

4.1.1 Tensile strength analysis

The analysis of the tensile test results is presented in
Figure 2. From the analysis, it is found that the tensile

Table 1: Mechanical properties of the composites

Composite sample Displacement
(mm)

Tensile
strength (kN)

Compressive
strength (kN)

Flexural
strength (kN)

Impact
strength (N·mm−2)

PALF 2.3 1.46 2.37 1.77 44
Sisal 3.5 2.49 1.83 1.41 43.5
Hybrid 3 3.59 3.63 1.65 43
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strength values were not the same for all the samples and
differed based on the cross-sectional area and elongation.
The tensile strength of the PALF and sisal fiber-reinforced
hybrid composites is found to have a maximum of 1.46,
2.49, and 3.59 kN due to their cellulose content and fiber
bundling characteristics. Similarly, it is observed that
only PALF-reinforced composites exhibit lower tensile
strength because of the presence of voids in the compo-
site material. The response to tensile failure is mainly
influenced by the fiber pullout and the presence of cracks.
The strength of PALF is around 80N, and the diameter is
between 0.3 and 0.4mm. The mechanical properties of
sisal fiber 9–38 GPa, elongation of 18.2%, and average ten-
sile strength of 1,090N·mm−2 was obtained.

4.1.2 Flexural strength analysis

The flexural strength variation between the composites is
studied to understand the bending ability of the compo-
site, which is shown in Figure 2. From the figure, it is
observed that the flexural strength of the composites is
increased by increasing the fiber loading with the matrix.
It is also observed that the flexural strength is reduced
due to the interaction between fibers upon increasing the
fiber loading. Observations reveal that macromolecules’
movement within the matrix and the fiber enhances the
flexural strength. This provides resistance to the initia-
tion of crack formation in the composite. The higher dif-
fusion rate between the fiber and the matrix tends to

tighten in both PALF and sisal fibers where it seems to
withstand heavy load. The reduction in flexural strength
of sisal fiber composite was due to the presence of kink in
the source of fiber.

4.1.3 Compressive strength analysis

The compressive load variation among the composites is
shown in Figure 2. The composite’s restoring ability is
also known after being released from the addition of
loads. Similarly, composite resistance to compression
loading is also determined. From the results, it is found
that the ultimate compression strength of PALF compo-
site is 2.37 kN, that of sisal fiber composite is 1.82 kN, and
the hybrid composites hold the maximum compressive
strength of 3.63 kN. It is demonstrated that there is dis-
similarity in compression loading among the tested com-
posite samples. The obtained results elaborately provide
a keen display that these hybrid composites withstand
high load comparatively with that of other plant fiber
composites, which is due to the transverse delamination
because of the addition of external forces over the com-
posite tending to move toward failure mode.

4.1.4 Impact strength analysis

The hybrid composite’s impact strength is determined to
be average when compared to PALF and sisal fiber-

Figure 2: Mechanical strength of the PALF, sisal, and hybrid composites.
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reinforced composites separately. The sisal fiber-rein-
forced composites have been demonstrated to have lower
strength than PALF composites. In this experiment, the
fibers are reinforced in a longitudinal orientation. The pri-
mary reason for the poor impact strength is the weak inter-
facial connection between the matrix and the fiber, which
is confirmed from SEM images. There are no significant
changes seen in the PALF/sisal hybrid composite.

4.2 Water absorption property analysis

The increase in weight of the samples depends on the
amount of water absorbed by the samples, which was
determined based on the initial weight. The sample’s
porosity induces absorption of a relatively higher amount
of water. The adequate porosity level in fiber holds to
gain higher water content compared to lower pore capa-
city of the sample, which is holding lower water content.
The water absorption property of the composites is shown
in Table 2, representing the percentage of weight gain of

the individual sample based on time and year, main-
taining a constant temperature. Initially, all the samples
were kept in water, and absorption rate increased gradu-
ally and reaching the saturation limit. It is observed that
the composites' increment in weight for 24 h at 28.3°C,
and 48 h at 28°C, as shown in Figure 3a.

The percentage increase in weight of PALF shows
better absorption property concerning epoxy resin. It
has been observed that the epoxy aged 365 days shows
a greater absorption property than newly procured one. It
is identified that the PALF and sisal fibers are hydro-
philic, due to which the absorption rate is higher upon
holding epoxy resin, as shown in Figure 3b. This, in turn,
develops micro-cracking in the composite turning to
reduce the brittleness of the resin. With the effect of
micro-cracking, the fiber’s swelling develops, leading to
the failure of the matrix. It holds the easy pathway for
water molecules to absorb through the capillary effect.

4.3 FTIR analysis

The spectral difference between the sisal fiber and PALF
composite is shown in Figure 4. The presence of the O–H
stretching vibration is due to the strong absorption of the
hydroxyl group at 3,477 cm−1, possibly for all cellulose
fibers. The C–H stretching vibration leads to a weak posi-
tion noted at 2,916 cm−1. The strong position is due to the
bending vibration of C–H almost holding a strong absorp-
tion peak at 1,649 cm−1. The occurrence of lignin and
hemicellulose, as well as wax, primarily originates in
plants. Moreover, during the alkalization process, all
are removed, whereas, in the crystalline, cellulose is

Table 2: Water absorption behavior of various composites

S. no Sample % Weight gain for
fresh epoxy

composites (g)

% Weight gain for
1-year-aged epoxy
composites (g)

24 h 48 h 24 h 48 hTemp of
water 28.3°C 28°C 28.3°C 28°C

1. PALF 1.82 1.79 3.70 3.70
2. Sisal 2.04 5.77 4.17 2.08
3 Hybrid 1.67 2.44 3.73 3.56

Figure 3: Water absorption nature of (a) fresh epoxy composites and (b) 1-year-aged epoxy composites.
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identified in the peak range of 1,419, 1,132, and 887 cm−1.
There is also a transformation between the cellulose
molecules internally all over the bands. The figure further
indicates the PALF composite confirm the strong absorp-
tion peak at 3,441 cm−1 due to the hydroxyl group emer-
ging over the surface. The stretching vibration due to
C]O is attributed to the presence of hemicellulose indi-
cated at 1,691 cm−1 and slowly decreased. Removal of lignin,
wax, and oil from fibers is carried out during treatment with
NaOH, which are identified at 1,460 and 2,895 cm−1.

The result of FTIR for the PALF composite indicates
the presence of hemicellulose and lignin in the peak of
1,753 cm−1. Then, the usual appearance of the hydroxyl
group has a stretching vibration at 3,452 cm−1. The peak
attributed to bending vibration holding cellulose mole-
cules is at 1,060 cm−1. The cellulose particles show asym-
metrical stretching at 1,110 cm−1 and the deformation of
the particles along with C–O and C–H at 1,384 and
1,410 cm−1. The effectiveness of the fiber content with
high-level cellulose content is seen through alkaline treat-
ment. In sisal fiber composite, the presence of hydroxyl
group is noted at 3,440 cm−1, confirming a stretching
vibration and the presence of a band with a C]O group.
The presence of tetrahedral is due to the absorption devel-
oped over the surface of the composite, which is observed
in the peak range of 1,506–1,626 cm−1. The C–O stretching
vibration is observed at 1,247 cm−1. The peak range between
549 and 586 cm−1 represents the presence of apatite formed
over the surface of the composite.

4.4 XRD analysis

The crystalline phase was identified through XRD ana-
lysis of the composites. The composite is scanned in the

2θ range between 10° and 50°. The occurrence of diffrac-
tion peaks is in the specified range located at different
angles. The peak value concerning the presence of the
rutile phase at 29.97°, 36.43°, 39.82°, 47.97°, and 49.04°,
indicating that particles are amorphous and rely on the
crystalline region, is shown in Figure 5. These peak values
coincide with the Joint Committee of Powder Diffraction
Standards data of numbers 88-1175 and 84-1286. The level
of amorphous in such a way that the crystalline diffraction
level is increased due to the treatment of fiber surface by
alkaline solution.

The diffraction peaks are at 14.6°, 16.3°, 20.8°, and
22.9°, indicating that due to alkaline treatment, the crys-
talline property has been enhanced by lowering the non-
crystalline substances. It is also evidenced that a larger
crystalline size lowers fibers’ hydrophilic properties and
enhances the composite’s mechanical properties. The
broad peaks of the diffraction pattern were identified at
15.68°, 16.2°, 20.3°, 23.01°, and 30.2°. The composite
layers seem to be very strong and sharp, providing an
extensive apatite layer formation over the surface. It is
observed that the CI gradually increased due to the alka-
line treatment, which in turn reduces the amorphous part
of the cellulose in the fiber. The interpretation of the
peaks showed that the observed pattern with the indivi-
dual visible peaks is broad and the intensity between
peaks results from peak overlap, which is determined
from the Segal method.

4.5 SEM analysis

SEM images indicate the morphological behavior of the
composite materials obtained from various samples and

Figure 4: FTIR pattern of PALF and sisal fiber composites.

Figure 5: XRD analysis of PALF and sisal fiber composites.
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were discussed concerning the observations reported.
Figure 6a–c shows the PALF composite-fractured surface,
which ultimately occurred because of tensile and flexural
loading. The reduction in hemicellulose upon alkaline
treatment is also confirmed. The surface of the composite

is smooth with visible pores. The fiber pull-out, fiber tear-
off, parallel fiber cracks, broken fiber, and agglomeration
of fibers have also been witnessed from SEM images. As
for Figure 6d–f, the sisal fiber composite sample failure
and fracture during the mechanical loading adversely

Figure 6: SEM images of fractured surfaces of PALF composite subjected to: (a) tensile loading, (b) compressive loading, (c) flexural loading
and sisal fiber composite subjected to: (d) tensile loading, (e) compressive loading, and (f) flexural loading.
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affect the cellulose molecule. Eventually, it happens due
to the cellulose molecule’s enormous impact on energy
absorption. The failure will occur in some circumstances
because of improper stress distribution, which affects the
agglomeration of the particles. It shows that the cellulose
pull-out is the evidence of composite failure, which may
depend on the cellulose concentration (lower or higher). It
also indicates that traces of fiber pull-out present in the
fractured surface occurred on the surface of the sisal fiber
composite. The formation of agglomeration will reduce
mechanical strengths by holding improper bonding at
the interface between the fiber and the matrix. The con-
firmation prevails that the bonding between the fiber and
the matrix is low because of the poor intermolecular
attraction force, leading to textural fracture.

5 Conclusion

In this experimental study, the PALF, sisal, and hybrid
composites were fabricated by the hand lay-up technique
and the various characteristics and behaviors of the com-
posites were examined. From the results, it is found that
mechanical properties of sisal and PALF hybrid compo-
site have a tensile strength of 3.59 kN, which is higher
than that of the individual sisal fiber and PALF compo-
sites. The PALF/sisal hybrid fiber-reinforced composite
had a better flexural strength of 1.65 kN, which is inter-
mediate between the PALF (1.77 kN) and sisal (1.41 kN)
fiber-reinforced composites. It is also seen that sisal fiber
combined with PALF reduces the overall flexural strength
up to 0.12 kN, which is the minimum value that will not
make the structure flexurally weak. The compression
strength is higher in the hybrid composites than in the
other two individual fiber-reinforced composites. The
impact strength of the hybrid composites has been found
low due to the poor interfacial bonding between the
matrix and the fiber. The enhancement in mechanical
property reduced the affinity toward moisture content.
The alkaline treatment increases the surface area and
roughness of the composites.

This study reveals that PALF-reinforced epoxy com-
posites provide an excellent water absorption property
compared to sisal fiber-reinforced composites, whereas
the difference has a slight variation. The water absorption
property tends to be higher in the case of PALF showing a
higher concentration of cellulose molecules, whereas the
sisal contains the lower value holding a lower concentra-
tion of cellulose molecules. The FTIR results confirm the
strong absorption peak at 3,441 cm−1 due to the hydroxyl
group emerging over the PALF surface. The presence of

tetrahedral due to the absorption developed over the sur-
face of the sisal fiber is also observed in the peak range of
1,506–1,626 cm−1. The XRD peak values show the presence
of the rutile phase at 29.97°, 36.43°, 39.82°, 47.97°, and
49.04°, indicating that particles are amorphous and rely
on the crystalline region. Both PALF and sisal fibers pos-
sess a similar surface morphology without significant
modification, which is observed from SEM images. Some
of the defects, such as the bonding interface between the
fiber and the matrix, show a poor intermolecular attraction
that influences the mechanical strength.
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