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The concern for the environmental pollution and the prevention of resources has attracted researchers
to develop new eco-friendly green materials based on sustainability principles. In this experimental
study, there are six different composite samples were fabricated by using banana and carbon fibers
with epoxy resin matrix. The mechanical properties such as tensile strength, flexural strength, impact
strength, and water uptake properties of these composites have been evaluated. The composites reinforced
with pure carbon fibers can hold the maximum tensile strength of 288.03 MPa, flexural strength of
3.12 kN, impact strength of 4.58 J and water intake percentage of 62.3%. Whereas the composites
reinforced with carbon and banana fibers can withstand the maximum tensile strength of 277.06 MPa,
flexural strength of 3.07 kN, impact strength of 4.36 J and water intake percentage of 70%. The finite
element analysis has been carried out to predict the mechanical properties of the composites by using
ANSYS 15.0. The experimental results are compared with the predicted values and have found that,
there is a high correlation occurs between the results. Scanning electron microscopy (SEM) analysis
is carried out to study the fiber matrix interfaces and analyse the structure of the fractured and water

absorbed surfaces.
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1. Introduction

A designer is always interested in the estimation of failure
stresses of the material and wants to employ the design and
the most important characteristics for almost all engineering
components include mechanical properties and/or methods
of fabrication of the material. Nowadays, the application
of composites as structural materials is fast growing rate,
it follows that the ability of the designer to design for the
characteristics of composites is an important advantage'.
Over the past two decades, plant fibers have been receiving
considerable attention as substitutes for synthetic fiber
reinforcements. Unlike the traditional synthetic fibers like
glass and carbon the plant fibers are able to impart certain
benefits to the composites such as low density, high stiffness,
low cost, renewability, biodegradability, environmentally-
friendly and high degree of flexibility during processing®®.
The properties of the natural fiber composites are strongly
dependent on the fiber properties as well as on the structural
parameters such as fiber diameter, length, distribution,
orientation, volume fraction of the fibers and layering
arrangement in composites. The mechanical properties of
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natural fibers are comparable to those of synthetic fibers.
Thus, the natural fibers have already proved its strength and
can satisfy the requirements of the global market especially
for those industries more concerned in weight reduction, such
as road transport, construction, packaging and aerospace
applications® 4.

The thermal properties of natural fibers reinforced
composites are in general much lower than that of synthetic
one. Consequently, it is more difficult to dissipate the heat and
in some situations, this can be an important consideration,
particularly if electronic components are situated very close
to the material'®. Despite these advantages, natural fibers are
hydrophilic have low impact strength, have non-uniformity,
and have a low processing temperature and hence this limits
their applications. On the other hand natural fibers could lead
to a weight reduction of 10-30%!'%!". However, it has some
of the disadvantages like poor surface characteristics, more
moisture absorption, quality variations, etc. The tensile load
carrying capacity of the natural fiber reinforced composites
are found to be increasing with the fiber content up to an
optimum level and then start declining's.

According to new environmental regulations and societal
concern, it is important to trigger the usage of degradable
constituents for the production of composites at the maximum
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possible extent. In this regards, some of the engineering
applications like sports articles, panel boards, gardening
items and food packaging industries are developed from the
bio-composites with minimum ecological impact and also
they do not require any excellent mechanical properties'* .
However, the sacrificing strength of natural fiber composites
should be considered into account before the replacement
of any composite product fabricated with synthetic fiber
particularly in the field of automobile and construction
industries*'*2. Among various natural fibers, the existence of
banana fibers provide accountable contribution to thermoset
polymer matrix composites for the attainment of various
properties such as mechanical, thermal degradation, swelling
and dielectric properties®%.

‘When the banana fruit is harvested, a large amount of bio-
mass remains because each banana plant cannot be used for
the next harvest?. Hence without any additional cost banana
fibers can be used for industrial purposes and will benefit the
environment significantly”’. Banana fibers are a waste product
and without incurring much cost, the fibers can be used for
industrial purposes®?. Zaman et al*® investigated the influence
of acrylic monomer and starch on the banana fiber/low density
polyethylene (LDPE) composites. They prepared banana fiber
reinforced LPDE composites by using the monomer treated
fibers and cured under UV radiation. They found that there was
aremarkable improvement on properties of the composites after
monomer treatment. Aseer et al*' prepared chemically treated
banana fiber composites and evaluated the physical, thermal and
morphological properties. The results indicated that, the treated
banana fiber composites showed good physical properties and
low moisture absorption characteristics with respect to untreated
one. It was further indicated that the percentage of weight loss
in treated fibers is less compared with raw fiber which may be
attributed to the removal of cellulose and hemicelluloses while
treating. The surface treatment results indicated that treated
banana fibers can be a good choice as reinforcement in the
manufacture of bio-composites®.

Sathasivam et al** prepared the banana trunk fibers and
polyvinyl alcohol blended composite films and examined
their physical characteristics. They found that the increase
in the fiber content improved the physical characteristics and
decreased the degree of swelling when compared to unblended
films. They suggested that these films can be used as an
alternate replacing material for food packaging materials.
Biswal et al** examined the mechanical and morphological
properties of polypropylene modified banana fiber nano-
composites and observed that the improved mechanical
properties by treating the mercerized banana fibers with
NaOH solution. Addition of 30 wt.% mercerized banana
fibers to polypropylene nano-composites improves the tensile
strength up to 79.9% and the flexural strength by 68.8%.
Morphological observations confirmed that the removal of
cementing agents from raw banana fibers enhanced the fiber
adhesion properties with matrix. The electrical properties
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of banana and other natural fibers reinforced high density
polyethylene composites have been studied and found that
the untreated banana fiber showed better resistivity and
volume resistivity while maleic anhydride treated agave
fiber composites showed minimum surface resistivity and
volume resistivity*.

The mechanical properties such as tensile strength, flexural
strength, impact strength and water absorption properties
of sisal and banana fibers reinforced composites have been
observed and found that there is the significant improvement
in mechanical strength and reduction in water absorption rate
while hybridizing the banana fiber with sisal fiber reinforced
composites®®. The banana/glass fiber reinforced composites
have good tensile property with minimum deflection when
compared to the flax/glass composites®. Also the banana/
flax fibers reinforced composites hold more flexural and
impact strengths when compared to the flax/glass fibers
reinforced polymer composites. Banana, hemp and glass
fiber reinforced hybrid composites have been developed
and the mechanical properties of these composites were
evaluated®®*. From the results it can be observed that there
is the significant improvement in mechanical properties by
hybridizing the banana and hemp fibers with glass fiber.

From the available literature, it has been found that, the
quantitative analysis on the mechanical and water uptake
properties of these composites is still a valid problem,
and hence, there is a need for carrying out such studies on
composite materials. To take the advantage of banana fibers,
they have been added it with the carbon fibers, so that an
optimal and economical composite is obtained. Hence the
objective of the present experimental study is to investigate the
mechanical and water intake properties of carbon/banana fibers
reinforced hybrid composites and the effect of hybridization
on the properties. The experimental results are compared
with results obtained from finite element analysis. From
the results it has been found that these hybrid composites
performing better in terms of mechanical and water intake
properties. Scanning electron microscope (SEM) analysis is
carried out to study the fiber matrix interfaces and analyse
the structure of the fractured surfaces.

2. Experimental

2.1 Materials

The materials used in this experiment for fabrication of
composite specimen are banana fibers, epoxy resin, carbon
fibers. The banana fibers are supplied in the form of residues
by M/s. Chandra Prakash & Company, Jaipur, Rajasthan,
India. The epoxy resin (Grade: LY 556), Hardener (Type:
HY 951) and carbon fibers of uni-directional mat with
270gsm are purchased from M/s. S.M. Traders, Chennai,
Tamil Nadu, India. The physical properties of the banana
and carbon fibers are presented in Table 1.
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Table 1. Physical properties of banana and carbon fibers

Physical properties Banana fiber ~ Carbon fiber
Density (kg/cm?) 1.35 1.6
Tensile Strength (MPa) 54 600
Young’s Modulus (GPa) 3.48 70
Flexural Modulus (GPa) 2-5 5-7
Moisture Absorption (%) 10-11 0.03
Specific Modulus (approx.) 9 -
Elognation (%) 1.5-9 -
Cellulose (wt %) 63-67.6 -
Hemi-cellulose (wt %) 10-19 -
Lignin (wt %) 5 -
2.2 Preparation of mould

The mould used for fabrication of composite is made
from rectangular plywood 600 mm in length and 500 mm in
width, and it is coated with plastic by using glue. The bottom
and top of the mould is covered with plywood to avoid the
debris from entering into the composites processing during
curing. The mould used for fabrication of the composite is
presented in Figure 1.

Figure 1: Mould design

2.3 Preparation of composites

The composite samples used for the present investigation
is fabricated by hand lay-up process. Banana and carbon
fibers of 300 mm length were used to fabricate the specimen.
The composite specimen consisting of five layers in which
carbon and banana fiber layers are arranged in the alternative
layers of the specimen. The layers of fibers are fabricated
by adding the required amount of epoxy resin. Initially the
carbon and banana fibers were dried in sun light to remove
the moisture. The carbon fiber is mounted on the rubber
sheet with mylar film of thickness 100 microns. The carbon
fiber is then completely filled with epoxy resin. The resin got
mixed with carbon fiber, which may tend to dry up within
15-20 min. Before the resin gets dried, the second layer of
fiber is mounted over the first layer. The process is repeated

for all five layers. The epoxy resin applied is distributed to
the entire surface by means of a roller. The air gaps formed
between the layers during the processing are squeezed out.
The processed composite is pressed hard and the excess
resin is removed and dried. Then the laminate was cured
under the loaded condition for 24 hours with the help of the
weight press. The size of the fabricated laminate is restricted
to 300x300x5 mm. The fibers used in for fabrication of
composite laminates and fabricated laminate are presented
in Figure 2.

3. Mechanical properties of composites

3.1 Tensile test

The tensile test specimens are prepared as per the ASTM
D638 standards and procedures. There are three samples
are used from each laminate for testing tensile behavior of
composites. The tensile test is performed on the universal
testing machine (UTM) (Model: UTN 40, S. No. 11/98-2450;
Make: FIE) and the results are observed. These methodologies
are followed for remaining specimen in the same composite
laminate and other composite specimens to get the average
tensile strength and corresponding stresses for the comparison
of results. The tensile test set-up, specimen after fracture is
presented in Figure 3.

3.2 Flexural test

The flexural test specimens are prepared as per the ASTM
D790 standards. The 3-point flexural test is the most common
flexural test and used in this experiment for checking the
bending strength of the composite samples. The three test
specimens of each laminates of banana/carbon fiber reinforced
epoxy composites are prepared and tested by applying the
three point flexural loading with the help of same UTM.
The testing process involves placing the test specimen in the
UTM and applying force to it until it fractures and breaks.
The result of flexural strength of each specimen is observed
and the results are compared. The flexural test set up and
specimen after fracture of banana/carbon fibers reinforced
epoxy composites are presented in Figure 4.

3.3 Impact test

The impact test specimens are prepared according to
the required dimension as per the ASTM A370 standards.
The testing process involves placing the test specimen in
the UTM (Model: KL-300, S. No. 96/1054, Make: Krystal
Elmec). During the testing process, the specimen must be
loaded in the testing machine and allows the pendulum to
break the specimen. Using the impact test, the maximum
energy needed to break the material can be measured
easily. The V-notched impact test specimen after fracture
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Figure 4: Flexural test (a) UTM setup (b) specimen after fracture

of banana/carbon fibers reinforced epoxy composites are
presented in Figure 5.

3.4 Water intake test

The water intake test specimens are prepared as per
the ASTM D570 standards. For the water absorption test,
the specimens are dried in an oven for a specified time
and temperature and then placed in a desiccator to cool.
Immediately upon cooling the specimens are weighed. The
material is then emerged in water at agreed upon conditions,
often 23°C for 24 h or until equilibrium. Specimens are
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Figure 5: Test specimen after impact test

removed, patted dry with a lint free cloth, and weighed. It
is measured using meter balance. The Figure 6 shows the
soaked specimen and measuring of its weight. The percentage
of water absorbed by the composite material was calculated
by using weight difference between the samples immersed
in water and the dry samples using Eq. (1)

AM(1) =" % 100 (1)
mo
where AM(¢) is water uptake at time t, m, and m, are the
the wet weight and dry weight of the specimen at time t,
respectively. The movement of the solvent molecules in the
polymer segments is characterized by the diffusion coefficient.

3.5 Finite element analysis (FEA)

To predict some of the resulting important mechanical
properties, a finite element analysis has been carried out.
The elastic-plastic transition behavior in composites is not
easy to study under experimental conditions; therefore
theoretical modeling is needed to validate the results. In
addition to validate the experimental findings, the theoretical
prediction of these properties has shortened the cycle time,
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Figure 6: (a) soaked specimen and (b) water absorbed specimen

which maximizes the resulting composite properties*'. The
ANSYS 15.0 is the premier finite element structural analysis
solver for linear and nonlinear analysis and optimization.
The vonmises stress is included in the output for those
elements, that supports stress calculation when computing
the response of a structure due to random loads. Preliminary
results from tensile, flexural, and impact tests have indicated
that, the composite material is very brittle but has exhibited
the linear deformation in its elastic state. The composite
plate is constrained (all 6 DOF arrested) at a point where
the two symmetrical axes are intersecting each other. The
loads were applied on both sides along the length of the
components. Failure modes of the composites include
elastic deformation, plastic deformation, strain hardening,
necking and fracture. But unfortunately we cannot capture
these processes in numerical simulations, because software
follows a different stress-strain curve which is not the actual
one. The results from tensile, flexural, impact tests indicated
that the composite material was very brittle but exhibited
linear deformation in its elastic state.

3.6. Morphological studies

The instrument, (Model: JEOL JSM-6480LV) is used to
analyze the morphological properties of banana/carbon fiber
reinforced hybrid composites. In most applications, data are
collected over a selected area of the surface of the sample,
and a two dimensional image is generated that displays spatial
variations in these properties. The morphological study is also
capable of performing to analyze selected locations on the
sample; this approach is especially useful in qualitatively or
semi-quantitatively determining the chemical composition,
crystalline structure, and crystal orientations. To prepare
specimens for the SEM, they are first fixed with fixative,
and then taken through a graded alcohol dehydration series.
Once dehydrated, the specimens are placed in a critical
point dryer, and then in a gold coater. After the gold coating
is complete, the specimens are ready to be viewed on the
SEM. Images may be scanned on a digital imaging system
by computer enhancement, or polaroid pictures may be

taken using an attached camera. The samples are prepared
at different thicknesses of 0.1cm, 0.3cm, and 0.5cm and
the morphology surfaces were observed at an accelerating
voltage of 2 kV in room temperature. The results are in the
form of black and white images with our interpretation of
their meaning.

4. Results and discussion

As a consequence, there is a growing interest in producing
green, eco-friendly materials. As far as composites are
concerned, one solution could be to use natural fibers instead
of more traditional glass and carbon fibers. The samples are
tested in their corresponding testing machines and the tensile,
flexural and impact properties are determined. Each type of
sample is tested three times and the average values are used
for analysis. The experimental results of the banana/carbon
fiber composites are presented in Table 2.

4.1 Experimental analysis
4.1.1 Tensile strength analysis

The banana/carbon fibers reinforced composite specimen
are prepared with different volume fractions and tested in
the UTM. The typical stress versus strain curve generated
directly from the machine during tensile loading is presented
in Figure 7. From the figure it can be observed that, the stress
is gradually increasing and then decreasing suddenly. This
indicates that the stress increases up to the maximum load
carrying capacity of the material and sudden deceasing after
the material has been broken. The figure further revealed
that the maximum stress in the material is 275 N/mm? at
the strain rate of 0.38. The stress—strain curve for all the
composite samples tested is presented in Figure 8. From the
figure, it can be asserted that the maximum stress obtained
for all the composite samples are at the strain rate of 0.38.
The tensile strength comparisons of carbon/banana fiber
reinforced hybrid composites is presented in Figure 9. From
the figure it has been clearly observed that the pure carbon
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Table 2: Experimental results of the banana/carbon fiber composites
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Sample No. Car::)l;er content (OBA’:nana Tensi(llslit;;‘,ngth Flexurg{l I\sIt)rength Impact( ;)trength Water intake (%)
1 100 0 288.03 3.12 4.58 62.3

2 80 20 277.06 3.07 4.36 70

3 60 40 276.04 2.57 4.04 77

4 40 60 276.03 2.38 4.00 82.3

5 20 80 275 2.26 3.62 85

6 0 100 252 1.96 3.28 98
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Figure 7: Typical stress vs. strain curve generated from UTM during tensile loading
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Figure 8: Stress-strain curves for the composite samples subjected to tensile loading
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Figure 9: Tensile strength comparison of carbon/banana fiber reinforced hybrid composites

fiber reinforced epoxy composites are performing better than

the other composite combinations tested. This is higher than

that of the average tensile strength for banana/glass fibers

reinforced hybrid composites®*.

4.1.2 Flexural strength analysis

The stress vs. strain curves of the composite samples

subjected to flexural loading is presented in Figure 10. From

the figure it has been observed that, the stress increases
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Figure 10: Stress-strain curves for the composite samples subjected to flexural loading

with the increase of strain up to around 700 N/mm?, then
it tends to decrease, i.e., after material fracture takes place.
From the graph, it has been noticed that pure carbon fiber
composites is performing well when compared to other
types composites tested followed by 80% carbon and 20%
banana fiber reinforced composites. The flexural strength
comparisons of the different combinations of the carbon/
banana fiber reinforced composites are presented in Figure
11. The results indicated that the pure carbon fiber reinforced
composites are performing better than the banana/carbon
fiber composite combinations were tested. This is due to the
poor flexural strength of the natural fibers when compared
to the synthetic carbon fibers. The results have proved
that the flexural strength of the natural fiber composites is
lesser than that of the synthetic one. The flexural strength
values of these composites are well ahead with the already
published results®®,

4.1.3 Impact strength analysis

For evaluating and analyzing the sudden load carrying
or energy absorbing capacity of the banana/carbon fiber
reinforced composite samples an impact test is carried out.
The energy loss is found out on the results obtained from
the charpy impact testing machine. The impact strength
comparisons of different hybrid composites are presented

in Figure 12. From the figure it is observed that the impact
strength of the composites varies from 3 to 5 Joules. As
like the tensile and flexural strength, the impact strength of
the pure carbon fiber composites is greater that of the pure
banana fiber reinforced composites. The banana/carbon
fibers reinforced hybrid composites performing intermediate
between these two. These results are little bit lower when
compared to the similar test results carried out other researcher
but comparable®*. This is due to variation in weight of the
pendulum, impact velocity, etc.

4.2 Analysis by using FEA
4.2.1 Analysis of tensile strength

The typical FEA simulation plots for the tensile test
specimen are presented in Figure 13. The FEA simulation
has been carried out only for the hybrid composite samples
(S2 and S3). The simulated stress distribution for tensile
properties of banana/carbon fiber hybrid composites was
obtained under different loading conditions. From the plots
it is observed that the specimen can withstand the maximum
tensile strength 0£269.27 (S2) and 270.73 (S3) MPa. This is
located approximately at the middle portion of the specimen
where the maximum stress occurs which is observed from
figures. Results from tensile test indicated that the composites
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Figure 11: Flexural strength comparison of carbon/banana fiber reinforced hybrid composites
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Figure 13: Typical stress distribution due to tensile loading

are very brittle but exhibited linear deformation in its elastic
state. It is found that the results from FEA analysis are very
closer to the experimental results.

4.2.2 Analysis of flexural strength

Figure 14 shows the typical FEA simulation result plot
of the sample deformation when it is subjected to flexural
loading. The analysis yields a maximum deflection of 80.69
mm at the region of load application and 0 mm deflection
where load does not act. The stress distribution at the various
places on the specimen is shown in Figure 15 which gives the
value of maximum stress under flexural loading as 680.44
MPa. From the figure it is observed that the maximum
stress is acting in the middle of the specimen as well as the
ends. The result from flexural test further indicated that the
failure of the composites takes place immediately after its
elastic state which gives very less linear deformation. It is
observed that there is close correlation occur between the
experimental results and results obtained from FEA.

4.2.3. Analysis of impact strength

Figure 16 depicts the typical ANSYS model and
maximum strain energy plot for impact loading. The figure
shows that maximum impact energy is produced in the

region where the hammer strikes in charpy test and the
strain energy was found to be 3.9174 Joules. The simulated
stain energy distribution for impact properties of the hybrid
composites was obtained under different loading conditions.
Results from impact test indicated that the nature of the
composites is brittle when the sudden load is applied. It
is also found that the FEA analysis results are very closer
to the experimental results.

4.3 Water intake analysis

The absorption of water by the natural fiber is related
to the permeability of the water molecules through the bio-
composite material. The comparisons of the percentage
water intake of different hybrid composites are presented in
Figure 17. The water intake behavior of the banana/carbon
fiber reinforced composites is in the order of reverse when
compared to its mechanical properties. This means the water
intake behavior of pure banana fiber composites are superior
than the pure synthetic fiber composites. From the results it
has been confirmed that the major drawback of any natural
fiber and its composites is the moisture absorption nature.
This has been proved by various experimental studies done
by different researchers. The water intake behavior results
obtained in this experimental study are well correlated with
the results obtained by Ramesh et al.**.
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Figure 14: Typical deformation plot during flexural loading

Figure 16: Impact test (a) strain energy modeling and (b) maximum strain energy
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Figure 17: Water intake comparison of carbon/banana fiber reinforced hybrid composites
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4.4 Scanning electron microscopy (SEM) analysis

The structure of the fractured surfaces of the fractured
and water absorbed specimens are observed through SEM
analysis. The SEM micrographs are used to observe the internal
cracks, fractured surfaces and internal structure of the tested
samples of the banana/carbon fiber reinforced composites.
The SEM micrographs of the sample subjected to tensile
loading are presented in Figure 18. The reinforcement of the
banana fibers and fiber fracture due to tensile loading are
clearly visible from the micrographs. The images have the
similar fashion with already published results®*.

The SEM images of the composite samples subjected to
flexural loading are given in Figure 19. The figure clearly
showed that the broken banana fibers due to the application
of load acting to the perpendicular direction of the fiber
reinforcement. The figure further revealed that the arrangement
of the banana and carbon fibers and fiber dispersion in to the
matrix. The SEM micrographs of the samples subjected to
impact loading are presented in Figure 20. The breakage of
the banana fiber layer is clearly visible in the images due to
the sudden loading. The images have high correlation with
the images of the samples subjected to similar loading which
is available in the published results®*.

Figure 18: SEM micrographs of carbon/banana fiber composites
subjected to tensile loading

Figure 19: SEM micrographs of carbon/banana fiber composites
subjected to flexural loading

Figure 20: SEM micrographs of carbon/banana fiber composites
subjected to impact loading

Materials Research

The SEM micrographs of the samples subjected to water
intake test are presented in Figure 21. From the images it
can be observed that, the water absorbed matrix layer, fiber
swelling due to moisture, etc. The images have the similar
fashion with already published results*.

Figure 21: SEM micrographs of carbon/banana fiber composites
subjected to water intake test

5. Conclusion

The banana and carbon fibers reinforced hybrid composites
were fabricated by hand lay-up process and the mechanical
properties such as tensile strength, flexural strength, impact
strength and water intake behaviour of these composites have
been evaluated. The FEA analysis has been done to validate
the results by using the simulation software ANSYS 15.0.
The SEM analysis is carried out to observe the interfacial
characteristics and internal surface of the fractured specimen.
The following conclusions have been derived from the
experimental investigations and FEA analysis.

¢ The hybrid composites which contains 20% carbon
fiber and 80% banana fiber (Sample S2) have more
tensile strength than other composites can withstand
the tensile strength of 277.06 MPa followed by
sample S3 which holds 276.04 MPa.

*  The maximum flexural strength of 3.12 kN holds by
the pure carbon fiber composites and in the case of
hybrid composites, the sample S2 (20% carbon fiber
and 80% banana fiber) holds the value of 3.07 kN.

¢ The maximum impact strength of the banana-carbon
fiber hybrid composites are 4.36 Joules. This is just
behind the pure carbon fibre composites which
holds the value of 4.58 Joules.

*  The percentage of water intake characteristics varies
from 62.3 to 98%. When compared to the carbon
fiber, banana fibers were absorb more water.

*  The values obtained in ANSYS modeling were
270.73 MPa for tensile test, 680.4 MPa for flexural
test and 3.91 Joules in impact strength test.

* It has found out that, the discussed FEA model
results are very close to the experimental values and
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hence it is used for predicting properties required
for different applications.

*  From the morphological observations the interfacial
characteristics, internal structures of the fractured
surfaces, fiber failure mode, fiber pull out and fiber
dislocation are clearly observed.
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