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Abstract

Quest for producing lightweight and biodegradable materials has encouraged research-

ers to replace synthetic fibers with natural fibers. Hence a study is made to investigate

the effects of introducing secondary reinforcement (natural fibers), stacking sequence,

and addition of graphite particles on the mechanical characteristics and water uptakes

along with diffusivity of hybrid (glass\jute) composites. Different weight fractions of

graphite particulates are incorporated into the epoxy to produce different samples

having 4 plies for each sample by hand layup vacuum bagging method. The obtained

specimens are subjected to various mechanical tests, water absorption tests as per the

ASTM standards, and optical microscopy was used to study the fracture morphology of

the samples. The results displayed that the properties are deteriorated a little with the

addition of secondary reinforcement, however they have improved with the addition of

graphite. E-Glass as skin layer and treated jute as core layer composite exhibits ame-

liorate tensile strength (201.5MPa), compression strength (515.12MPa), flexural

strength (106.9MPa), hardness (25 BHN). However highest impact energy of 26 J is
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recorded for the sample with jute as skin layer and E-Glass as the core layer. Water

absorption tests revealed that the addition of graphite has reduced the water absorp-

tion in the hybrid samples.
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Jute, E-glass, hybrid composites, alkali treatment, hand layup, vacuum bagging, hybrid-

ization, moisture absorption, diffusivity

Introduction

Glass fibers are fine synthetic fibers formed by thin strands of glass with a tiny

diameter [1] and are extruded into several fibers. These fibers can be used as

reinforcements in a polymer matrix to make a lightweight composite [2] yet very

stronger with good bulk strength [3], and hence they are capable to sustain the load

for a long time [4]. However, they are not environmentally friendly and the cost of

the fibers is also very high in comparison with natural fibers [5]. The new material

developments have been growing day by day to enhance the properties of materials

to accomplish not only structural aspects but also ecological, economical, and

environmental aspects [6]. The composites are continuously switching to use nat-

ural materials as reinforcements as they are exhibiting good specific properties.

Considering their high strength to weight ratio, low thermal expansion, high spe-

cific strength, low density, and biodegradability have made jute fibers, one of the

promising reinforcements in biocomposites [7]. The natural fiber reinforced poly-

mer matrix composites are getting more popular for the environmental concern

and they are getting utilized for various applications that include the automotive

industry, marine, oil industry, consumer goods, and sporting goods [8]. The appli-

cations of polymeric composites are not only limited to the above-mentioned

sectors but also find their usage in biomedical applications and food industries

owing to their antibacterial properties [9].
Reinforcements from plant fibers are bio-based natural fibers that are eco-

friendly, easily available, and also economical in comparison with synthetic

fibers. Many types of plant fibers are accessible such as jute, cotton, abaca, flax,

sisal, hemp, kenaf, coconut, bamboo, etc. [10]. Jute fiber is extracted from plants

and is composed of cellulose, hemicellulose, pectin, and waxes and it can grow up

to 15-inch height in 3- 4months. Looking at the chemical composition of the jute

fiber, it has high cellulose content (71%) and low microfibrillar angle (8 �C) and
therefore it has good mechanical strength [11]. It is the most inexpensive natural

fiber which can be turned into stiff and strong threads at an affordable rate [12].
However, the usage of natural fibers in composites has a major drawback, the

hydrophilic nature of the natural fiber will result in poor interfacial adhesion

between the hydrophilic fiber reinforcement and hydrophobic matrix. The surface
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of the natural fibers is mostly formed as waxy layers [13]. It can cause poor bond-
ing interaction at the interface of matrix-reinforcement [14]. Therefore to improve
the interfacial adhesion, among other chemical treatments to treat the surface of
the fibers, alkali treatment is used more often due to the reason that it is inexpen-
sive yet more effective [15]. This treatment aids in removing the impurities on the
surface of the fiber and enhances the wettability of the fibers [16]. The surface can
be chemically treated with the help of NaOH solution, on its part intensifies the
wettability of the fiber and bonding at the interface of the matrix-reinforcement
[17]. The mechanical properties enhancement depends on the NaOH concentration
for the jute fiber [18]. However, the literature reported that the 6% alkali treatment
can be the optimum for the chemical treatment of the fibers [19].

Another important drawback is their poor resistance to moisture absorption,
which results in deterioration of performance of the composite [20]. In most appli-
cations, fiber-reinforced polymer composites may be exposed to moisture or locat-
ed in a humid environment, which results in the reduction of service life [7].
Therefore, it is very much important to examine the water absorption character-
istics of polymer composites reinforced with natural fiber [13]. Water absorption is
modeled based on fickian diffusion from Fick’s theory by which maximum water
absorption and diffusion coefficients can be evaluated [21]. Graphite limits the
motion of epoxy inter-molecules, which increases the waiting time of relaxation
of polymer chains, thus lowering the spread of molecules throughout the compo-
sites [22]. So that the graphite can act as an efficient barrier to absorb the moisture
in fiber-reinforced polymer composites. Graphite is also playing a major role in
developing superior composite materials with improved mechanical, thermal,
chemical, electrical, and optical properties for having their applications in aero-
space, structural, and sports industries [23].

One of the methods to improve the performance of the natural fiber-reinforced
composite is taking the advantage of the synergetic effect of two or more fibers.
Hence the researchers want to take advantage of the superior qualities of two or
more fibers and utilize them as reinforcements in a polymer matrix [24]. The use of
hybrid fibers will make a composite that is superior in strength and stiffness [25]. It
comprises materials with high specific modulus and low specific strength, and
others with low specific modulus and high specific strength. Hybrid composites
offer a wide variety of properties like mechanical, thermal, electrical, chemical, and
sometimes in combination also [26]. Those can only be attained by integrating
more than one reinforcement in a matrix material [27].

Unique features of hybrid composites help to serve various design needs in a
better economical manner and offer more advantages than earlier composites used
[28]. Combining more than one natural short fibers of same length and different
diameters offers more advantages in comparison with the use of a single fiber and
hence hybridization plays a vital role in improving the mechanical properties of
polymer matrix composites [29]. As one of the reinforcements is at less cost, the
design requirements meet the overall cost, and the hybridization effect gives com-
promised mechanical properties [30]. From literature, it can be understood that the
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applications of hybridized composites that are reinforced with natural and syn-

thetic fibers are increasing day by day [31].
Few researchers have tried to investigate the influence of the orientation of

fibers and sequence of stacking, on the mechanical properties of the composite

and observed they played a vital role in the performance of the composite [32]. It

could be interesting to study the hybrid composites, where synthetic fibers will be

replaced by natural fibers in an attempt to reduce the weight of the composite and

still can exhibit fairly performance. Similarly, studies were reported, to study the

influence of filler materials in the matrix [33] on the mechanical properties of

biocomposites [6], where synthetic fibers and natural fibers were used in combina-

tion with polymer matrix [26,34]. However, not much literature was found to

understand the effects of graphite on the performance of hybrid composites,

where graphite in epoxy reinforced with hybrid fibers (Jute/E-Glass).
Therefore, an attempt was made to fabricate a biocomposite where epoxy resin

is reinforced with hybrid fibers and study the influence of hybrid fibers and stack-

ing sequence on the performance of the composite. The hybrid fibers are the

combination of E-glass fibers and alkali-treated jute fibers where E-glass and

jute fibers are considered as primary and secondary reinforcements respectively.

Also, the incorporation of graphite into the epoxy could be an interesting step,

with the hope to improve the resistance to absorb moisture without compromising

the mechanical performance of the composite.
In this study, along with moisture absorption, mechanical characteristics such

as tensile strength, compressive strength, bending strength, impact strength, and

surface hardness are reported. The novelty of the work involves, finding the effect

of different weight fractions of graphite on mechanical characteristics, the moisture

absorption rate of hybrid polymer composites, and the effect of position of the skin

layer and core layer. Figure 1 shows the conceptualization of the present work.

Materials and methods

Materials

The matrix used for the hybrid composite belongs to the epoxide family which is

based on Bisphenol A diglycidyl ether (BADGE) which is Araldite LY-556 epoxy

resin and the hardener used is an aliphatic primary amine, commercially named as

HY-951 both are supplied by the Herenba Instruments & Engineers, Chennai,

India. Epoxy has well-formed adhesion to a variety of natural or synthetic

fibers, has remarkable properties in mechanical, electrical, chemical, and thermal

considerations.
E-glass with fiber thickness of 0.36mm and woven roving jute fabric with fiber

thickness of 0.32mm used as a reinforcement material in the hybrid composite,

which is supplied by SM Composites, Chennai, India. The parameters of the

reinforcements are shown in Table 1.
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Fine graphite particles (manufactured by LOBA Chemie. Pvt. Ltd and supplied

by SM Composites, Chennai, India) of 98% extra pure sized 60 mesh size (average

particle size of the graphite powder is 250 mm) is considered for one of the rein-

forcement materials in the hybrid composites.

Alkali treatment of fibers

Jute woven fabric is initially dried in regular sunlight for 48 hrs before treatment.

Then at room temperature, the fabric is immersed in a 6% Sodium hydroxide

(NaOH) solution to soak it for 8 hrs, maintaining a liquid proportion of 20:1.

To remove the excess NaOH solution adhered to the fiber surface, it is immediately

washed with distilled water. After removal of NaOH traces on the jute fabric, the

fabric is dried in regular sunlight for about 24 hours and further placed in the hot

air oven to make it dry at 80�C for 12 hours to remove any traces of moisture left

on the fibers of the fabric.
The chemical treatment of the jute fabric is shown in Figure 2. Later the chem-

ically treated fabrics were cut into pieces of 350mm x 350mm size for composite

preparation. The initial weight of jute woven fabric taken before chemical

Figure 1. Methodology shows the conceptualization of the present study.
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treatment is 900 grams and after the treatment, it is weighted 857 grams, which

means a reduction of 4.77% weight of jute fiber. The reduction of weight can be

attributed to the removal of impurities like hemicellulose, pectin, and waxes con-

tent in the fiber.

Fabrication of hybrid composite

The manual operating hand layup vacuum bagging procedure is utilized for the

fabrication of composite at room temperature. The weight fractions of E-glass,

jute, and graphite particulates in the hybrid polymer composite are given in

Table 2. As per the resin manufacturer suggestions, hardener (HY951) is mixed

in a ratio of 10:1 to produce the polymer. This mixture is subjected to mechanical

stirring at room temperature to obtain uniform mixing. When graphite is mixed

into the epoxy, the total weight is divided into 3 parts and then it is mixed

thoroughly by a mechanical stirrer for 3 times (i.e. each time 1 part is mixed)

to eliminate the formation of agglomerations and to obtain a uniform dispersion

of graphite particulates. The stirring is continued until it reaches a uniform

distribution of reinforcement. The weight fractions mentioned in Table 2

are used to obtain different stacking sequences for laminates. As a whole,

the use of synthetic fiber is going to get mitigated with the usage of natural

Table 1. Parameters of jute and E-glass fabrics.

Details Woven E-glass fiber Woven jute fiber

Density (g/cm3) 2.5 1.48

Woven style Plain woven Plain woven

Thickness (mm) 0.36 0.32

Wrap yarns (yarns/100mm) 60 55

Wrap yarns (yarns/100mm) 60 55

Figure 2. Alkali treatment process of jute fabric. J: jute fabric; G: E-glass fabric; GP: graphite
particulate.
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fiber, which in turn reduces the cost of reinforcements and can obtain reasonable

mechanical performance.
A brush is used to apply the epoxy mixture on every layer of fabric to make

bonding between fabric layers. All the mold surfaces including corners are thor-

oughly cleaned and Poly Vinyl Alcohol is applied as a releasing agent. A small

amount of resin is applied to form a thin layer on the board. Then a piece of fabric

is placed in the mold to form the first layer and epoxy resin is applied to fill

another side of the fabric. A roller is used subsequently to spread the mixture

uniformly and to remove the entrapped air. The remaining layers are placed sim-

ilarly on one over the other to fabricate the required composite according to the

stacking sequence. Roller action should be continued while adding the remaining

layers to minimize the creation of voids in the composite. All the setup is placed in

the vacuum bagging to take out the entrapped air and withdraw the excess

resin present in the hybrid composite. The vacuum pressure is maintained at

1 bar for 40min. Laminates are cured for 8 to 12 hours by keeping a load

of 8 kg on the mold. The laminates are then removed from the mold after curing

for 24 hours.
For all the samples, the number of layers is maintained constant (i.e. 4 plies) as

the work presents the effect of the stacking sequence. In this regard, the total

weight of the sample is varied between 400 gm and 600 gm for jute/epoxy and

E-Glass/epoxy laminates respectively, as jute has less density in comparison with

E-Glass. For the remaining samples, a constant weight of 500 grams is maintained.

Composite specimens with different laminate stacking sequences are shown in

Table 2. Samples are cut according to the ASTM standards to suit different testing

procedures.

Table 2. Stacking sequences and weight fractions for different laminate composites.

Weight (gm)

wf wm

Laminates Stacking sequence wJ wG wgp wm

S1 Pure epoxy – – – 500

S2 Jþ JþJþ J 100 – – 300

S3 GþGþGþG – 300 – 300

S4 JþGþGþ Jþ 0% gp 50 150 – 300

S5 Gþ JþJþGþ 0% gp 50 150 – 300

S6 JþGþGþ Jþ 3% gp 50 150 15 300

S7 Gþ JþJþGþ 3% gp 50 150 15 300

S8 JþGþGþ Jþ 6% gp 50 150 32 300

S9 Gþ JþJþGþ 6% gp 50 150 32 300

S10 JþGþGþ Jþ 9% gp 50 150 49 300

S11 Gþ JþJþGþ 9% gp 50 150 49 300
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Stacking sequence

Figure 3 shows the configurations and stacking sequence of hybrid composite

laminates. To study the effect of particulate reinforcement on hybrid composite,

the weight fraction of the graphite is varied from 0% to 9% with an increment of

3%. It is limited to 9% because thereafter, agglomerations are formed besides,

increases the viscosity of the epoxy which inturn makes mixing difficult.
The specimens are prepared with 4� 0.5mm thicknesses. Along with hybrid

composites a separate pure epoxy, jute/epoxy composite, and E-glass/epoxy com-

posite are fabricated for comparison purposes and they are termed as S1, S2, S3,

and the configurations of the remaining samples are described in Figure 3 and the

Table 2.

Mechanical testing

All the specimens are cut as per the ASTM standards for performing mechanical

characterization by using a jig-saw. ASTM D638, ASTM D3410, ASTM D790,

ASTM A370, ASTM D785, and ASTMD570 are considered for tension, compres-

sion, three-point bending, Charpy impact, hardness, and water absorption tests

respectively. For each of the tests, an average of 5 samples is taken to record the

values. A computerized UTM TUE-C-100 machine is used for conducting tension,

compression, and three-point bending tests. A cross-head speed of 2mm/min is

used for tensile whereas 1.5mm/min is used for both compressive and

flexural tests.
The Charpy impact test is conducted to assess the maximum energy absorbed by

the test specimen. Brinell Hardness Number (BHN) is calculated by the load and

area of depth of the impression. BHN¼ (2 x applied load)/(area of indentation).

Figure 3. Configurations and stacking sequence of hybrid composite laminates.
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Water absorption test. The specimens are taken and dried in a hot air oven to erad-

icate the moisture in the specimen and then they are cooled down to room tem-

perature to measure the initial weights by an electronic weighing machine with an

accuracy of� 0.01 gram. All the samples are then immersed in distilled water for

216 hours at room temperature and subsequently, for every 24 hours, the speci-

mens are removed from the water to measure the weight at regular intervals of

time. Each time the specimens are wrapped and unwrapped with tissue paper

before taking the weight measurement to remove the traces of water droplets pre-

sent on the surface of the specimen. The gain of water is expressed as the percent-

age of water absorbed by the composite specimen and determined by using

equation (1) [27,35]

Mt %ð Þ ¼ Wt �Wi

Wi

� �
� 100% (1)

Where,

Mt %ð Þ is the percentage of moisture absorption,

Wi is the initial weight of the dry specimen, and

Wt is the weight of wet specimen at time t.

The water absorption mechanism of the composite is modeled based on Fickian

diffusion behavior. The maximum water gain and diffusion coefficients are

assessed based on the approach of diffusion kinetics and it is found by Fick’s

theory as mentioned below

Mt

M1
¼

ffiffiffiffiffiffiffiffiffi
Dt

Ph2
4

r
(2)

The average diffusion coefficient (D) of the composite is calculated by the

measurements of weight gain and the initial slope of the weight gain curves

versus the square root of time, as follows [36]

D ¼ p
kh

4M1

� �2

(3)

Where,

Mt is water absorption (Mt) at time t,

M1 is maximum weight gain after infinite time at saturation point,

D is moisture diffusion coefficient,

t is the absorption time,
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h is the thickness of the specimen, and

k is the slope of the initial plot M(t) versus
ffiffi
t

p
.

Morphology. An optical microscope is used to study the fractured segments of the

test samples to observe the defects and also failure modes caused by the tests.

Results and discussion

Tensile properties

The tensile strength values of all laminates are shown in Figure 4. The highest

tensile strength (265.2MPa) is observed for the composite with E glass reinforce-

ments and it is twice the value of the composite with jute reinforcements. This is

due to the variation in the strength of the reinforcements and also the hydrophilic

nature of the jute reinforcement could have contributed to reducing the tensile

strength when compared to the epoxy-jute composite. Among all hybrid compo-

sites (S4 to S11) tensile strength is increasing with an increase of % of weight

fraction of graphite particulate. The highest value was observed to be 205.1MPa

for sample S11 which has 9% of graphite particulate.
The improvement in the tensile strength can be attributed to the assumption

that the graphite particles dispersed in the matrix might have obstructed the

Figure 4. Tensile strength in comparison to various compositions and laminate sequences.
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propagation and failure. Additionally improved fiber-matrix adhesion due to uni-

form dispersion of graphite particulates also contributed to the smooth transfer of

stress from the matrix to the reinforcement, which could have lead to the improve-

ment in the tensile strength. Similar kinds of observations were reported in the

literature. However, there is no significant difference observed in tensile strength

for the samples with the change in the sequence of stacking of the jute and glass

reinforcements. The hybrid composite showed a slight improvement in tensile

strength when E-glass fibers are used as skin layers.

Compressive properties

The compressive strengths of hybrid composites deteriorate in comparison with

composites made from their respective single reinforcements. However, they tend

to improve with the addition of graphite. Figure 5 shows that the compressive

strength is increasing with the increase of the weight fraction of graphite from 0%

to 6%, and going beyond the strength is observed to be decreased.
The highest compressive strength (515.2MPa) is observed at 6% wt graphite

and S8 and S9 displayed the slightest change in values. Graphite particulate may

have improved the compatibility between the matrix and fibers. As a result, good

interfacial adhesion might have aided in the smooth transfer of stresses from the

matrix to fibers and hence improving the compressive strength of the sample.

Figure 5. Compression strength in comparison to various compositions and laminate
sequences.
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Few works reported a similar trend when natural fiber composites were subjected

to compressive tests [37]. Hybrid composite shows slightly better compressive

strength, as long as the composite is prepared by using E-glass synthetic fiber as

a skin layer and alkali-treated jute natural fiber as a core layer compared to other

laminate.

Flexural properties

Figure 6 indicates the findings of the flexural strength of various composites and it

is observed that the flexural strength of the S3 composite is more than the S2

composite. The flexural strength of S4 and S5 are more than S2 however observed

no significant difference between S3, S4, and S5. The increment of flexural strength

may be attributed to the use of stiff reinforcements. Good stiffness materials result

in good flexural strength [38].
The highest flexural strength was observed for S5 (106.4MPa) where glass fibers

are placed in the skin layer of the composite as shown in Figure 3. It can be

understood that the stacking sequence has not played a major role in the improve-

ment of flexural strength. Furthermore, the addition of graphite particulates

resulted in the decrement of flexural strength. The presence of graphite particulates

in the hybrid composite is not contributing to improving the bending strength i.e.,

the load resistance in the lateral direction. The reason behind the situation is due to

the delamination of fiber layers resulting in debonding with polymer matrix as

Figure 6. Flexural strength in comparison to various compositions and laminate sequences.
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shown in Figure 13(f). Yet there was a slight improvement for the samples S8 and

S9 and also slight improvement is noticed in S9 when compared among these two

specimens. Hence it can be concluded that the addition of graphite particulates has

decreased the values of flexural strength and in any case, samples having glass

fibers as skin layers has made a little impact when compared to the samples having

jute fibers as skin layers.

Impact properties

Figure 7 displays the impact energy of the various samples. The impact energy of

hybrid composites is improved with the addition of graphite and increases linearly

with weight percentage and the highest value 26 J is recorded to the samples which

have a 9% graphite weight fraction. No remarkable difference is observed for the

samples with different stacking sequences of respective weight %, however, slight

improvement is observed for the samples which have jute fabric as the skin layers.

Fibers play a crucial role in taking the load and also can resist the propagation of

the crack. Proper matrix-particle-fiber adhesion should have resulted in smooth

distribution of load from the matrix to the fibers and hence enhancement of

the impact energy was observed. This similar behavior is reported by several

researchers [38].

Figure 7. Impact energy absorption in comparison to various compositions and laminate
sequences.
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Surface hardness properties

Figure 8 shows that the BHN is increasing with the increase of wt % of graphite

particulates and the highest value of 26 BHN is observed for 9% graphite weight

fraction which is almost the same for both the stacking sequences S10 (26 BHN)

and S11 (24 BHN). Hardness is related to the plastic deformation, the addition of

small-sized graphite particulates could have increased the resistance to plastic

deformation and hence the surface hardness is enhanced with the increase in wt

% of the graphite [39]. Besides, as shown in Figure 13(h) presence of fewer

voids and uniform dispersion of graphite might also be aided in improving the

hardness of the composites. The results are in agreement with the works that

studied the hardness of the natural fiber composites [23,38]. Hybrid composite

shows better hardness value when the composite is prepared with E-glass fiber

as a skin layer and jute natural fiber as a core layer compared to other laminates.

Percentage of water gain

It is crucial to study the water absorption tendency in polymeric composites as it

may affect the mechanical properties and durability of the composites [15]. The

water absorbed by a specific sample depends on the percentage of the total weight

of reinforcement and in this case, it’s wt % of jute fiber layers in the composite.

Figure 8. Surface hardness values in comparison to various compositions and laminate
sequences.
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It can be observed from Figure 9 that during 24 to 120 hours, the moisture intake is
increased rapidly by absorbing more water and then steadily stabilized from 120 to
168 hours to reach saturation point. It is believed that the water absorption of
the composites has followed the Fickian law. Many reports have mentioned poly-
meric composites with natural fibers following the Fickian and non-fickian behav-
ior [40]. The water absorption of the sample after saturation time is shown in
Figure 10 and it is reduced for the hybrid composites with the addition of
graphite. The hybrid composite samples with E glass as skin layers have reached
equilibrium in less duration in comparison with samples with jute layers as
skin layers. This tendency can be due to fact that E glass fibers absorb less
amount of water.

The low percentage of water absorption is observed for samples S1 and S3 as
the specimens are pure epoxy and E-Glass/epoxy respectively and the water
absorption in S3 could be due to the voids present in the specimen shown in
Figure 13(h). The highest percentage of water absorption is observed for sample
S2 due to the presence of a hydrophilic jute layer in epoxy. When jute fibers are
hybridized with E-Glass fibers in an epoxy matrix, the water absorption is reduced
compared to the S2 (jute/epoxy) composite specimen as some of the wt % of jute
fiber is replaced with E-glass fiber. From Table 3 and Figure 10 it can be observed

Figure 9. Percentage of water gain by the hybrid polymer composite specimens at different
hours.
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Figure 10. Percentage of water gain by composite specimens after reaching saturation.

Figure 11. Percentage of water gain by the hybrid polymer composite specimens at different
hours.
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that the addition of graphite in hybrid samples has reduced the water absorption

and reduction is proportional to the wt % of graphite. Hence it can be concluded

that graphite acted as a barrier for water pick up by the samples. The hybrid

composite with E-glass synthetic fabric as a skin layer and jute natural fabric as

a core layer shows a low percentage of water absorption in comparison to the

composites with jute fabric as skin layers. This behavior of more absorption of

water is due to the presence of hydrophilic hydroxyl groups in the jute fabric that

acts as a skin layer [40].
Water absorption at saturation and diffusion coefficient values of various com-

posites are presented in Table 3. The water absorption (Mt) at time t increases

linearly with
ffiffi
t

p
at an early stage of water absorption as shown in Figure 11. M1

refers to the maximum weight gain at saturation for all the samples and time taken

to obtain saturation which varies with the composition of specimens.
It was observed from Table 3 that, the samples with jute layers have taken a

long time to get into an equilibrium state in comparison with the combination of

jute and E glass. The diffusion coefficient observed to be followed the inverse

proportionality with as shown in the formula 3. It is observed from the Figure

12 that the diffusion coefficient (D) is higher for single reinforcement sample S3 in

comparison with S2. Among hybrid composites diffusion coefficient (D) is higher

for S11 in comparison with S3 and a similar trend was observed in a research work

[40].

Figure 12. Diffusion coefficient (D) of hybrid polymer composite specimens.
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Figure 13. (a) Crack formed along with height and thickness of the specimen due to com-
pressive load. (b) Fiber cracking inside the matrix due to tensile load near the fracture. (c) Matrix
brittle failure near the crack due to impact load. (d) Lose fiber pulled-out due to tension load
along with thickness. (e) Fiber pulled-out due to tension load along the width. (f) Fiber
debonding with matrix due to bending load. (g) Failure along the cross-section due to tensile
load. (h) Very few voids observed in the composite.
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Surface morphology

The common failures observed are fiber pull out, matrix debonding, fiber crack,
and matrix brittle failure. The micrographs of fractured surfaces of the hybrid
polymer composite specimens are shown in Figure 13(a) to (h). The common
phenomenon observed is fiber pull-out for the hybrid polymer composite which
leads to the breakage of fibers. Few images indicated that the bonding between the
reinforced fiber layers and the matrix is ameliorating, which could be due to the
alkali treatment of jute. Figure 13(a) shows that the crack is formed due to com-
pressive load, acting in the direction of the length of the specimen, and the crack
shown is propagated along with the height and thickness of the specimen.

Figure 13(b) shows that the fiber cracking is observed inside the matrix when
subjected to tensile load and additionally, fiber pull-out is noticed at the portion of
the fracture surface. Matrix brittle failure is observed near the crack due to the
impact load which is shown in Figure 13(c). The loose fibers pull-out are observed
in a specimen due to the tensile load acting along the length of the specimen and is
shown in Figure 13(d) and (e). Figure 13(f) shows the failure of fiber and getting
debonding with matrix due to bending load acting on the width of the specimen by
a 3-point bend test. In Figure 13(g) brittle fiber failure was observed along the
cross-section due to the tensile load acting along the length of the specimen. Few
voids (Figure 13(h)) are observed as the composite is fabricated by the use of
rollers during hand layup and vacuum bagging.

Conclusions

Besides the effect of graphite hybridization, the laminate stacking sequence of alkali-
treated jute/E-glass woven fabric reinforced epoxy hybrid composites is studied. The
properties of polymer composites are enhanced initially by hybridizing alkali-treated

Table 3. Diffusion coefficient (D) of hybrid polymer composite specimens.

Laminates

Equilibrium

time, h

Water absorption

at saturation, M1 (%) Slope, k

Diffusion

Coefficient,

D, (mm2/s)

S-1 72 0.37 9.51E-04 2.66E-05

S-2 168 5.65 1.25E-02 1.93E-05

S-3 96 1.26 3.30E-03 2.71E-05

S-4 168 3.76 7.26E-03 1.48E-05

S-5 144 3.59 6.80E-03 1.42E-05

S-6 168 3.26 6.11E-03 1.40E-05

S-7 144 3.01 6.03E-03 1.60E-05

S-8 144 2.62 5.31E-03 1.63E-05

S-9 120 2.48 4.45E-03 1.28E-05

S-10 144 2.18 4.63E-03 1.79E-05

S-11 120 2.00 5.37E-03 2.86E-05
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jute/E-glass as hybrid composite and further improved by the addition of graphite to

the composites over pure laminates. Adding graphite, worked as an efficient barrier

to water intake and reduced the water absorption in jute/E-Glass/epoxy composites

furthermore it enhanced the mechanical properties of the composite. The use of E-

glass in epoxy showed better results (tensile and compressive) in comparison with

other laminates whereas hybrid composites showed enhancement in flexural, impact,

and surface hardness in comparison with other laminates. The results from experi-

mental data exhibit that the use of skin layers and core layers shows very little impact

on hybrid composite. The optimum values of the properties (176MPa tensile

strength, 514MPa compressive strength, 95MPa flexural strength, 19 J impact

strength, 22 BHN surface hardness, and 2.48% water absorption) are observed for

hybrid composite S9 with 6%graphite particulate. The work can be extended to find

the effect of the nano-sized reinforcement i.e., graphite on the mechanical properties

and water uptake in hybrid polymer composite.
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[11] Sanivada UK, Mármol G, Brito FP, et al. PLA composites reinforced with flax and

jute fibers – a review of recent trends, processing parameters and mechanical properties.

Polymers 2020; 12: 2373–2329.
[12] Dhal JP and Mishra SC. Processing and properties of natural Fiber-Reinforced poly-

mer composite. J Mater 2013; 2013: 1–6.
[13] Gudayu AD, Steuernagel L, Meiners D, et al. Effect of surface treatment on moisture

absorption, thermal, and mechanical properties of sisal fiber. J Ind Text. Epub ahead of

print 19 May 2020. DOI: 10.1177/1528083720924774.
[14] Chen CH, Chen CY, Lo YW, et al. Characterization of alkali-treated jute fibers for

physical and mechanical properties. J Appl Polym Sci 2001; 80: 1013–1020.
[15] Patel VA, Vasoya PJ, Bhuva BD, et al. Preparation and physicochemical study of

hybrid glass-jute (treated and untreated) bisphenol-C-based mixed epoxy phenolic

resin composites. Polym Plast Technol Eng 2008; 47: 842–846.
[16] Ray D, Sarkar BK, Rana AK, et al. Effect of alkali treated jute fibres on composite

properties. Bull Mater Sci 2001; 24: 129–135.
[17] Samaei SE. The influence of alkaline treatment on acoustical, morphological, tensile

and thermal properties of kenaf natural fibers J Ind Text. Epub ahead of print 20 July

2020. DOI: 10.1177/1528083720944240
[18] Gassan J and Bledzki AK. Possibilities for improving the mechanical properties of jute/

epoxy composites by alkali treatment of fibres. Compos Sci Technol 1999; 59: 1303–1309.
[19] Shukor F, Hassan A, Saiful Islam M, et al. Effect of ammonium polyphosphate on

flame retardancy, thermal stability and mechanical properties of alkali treated kenaf

fiber filled PLA biocomposites. Mater Des 2014; 54: 425–429.
[20] Kamaraj M, Dodson EA and Datta S. Effect of graphene on the properties of flax

fabric reinforced epoxy composites. Adv Compos Mater 2020; 29: 443–458.

[21] Mu~noz E and Garc�ıa-Manrique JA. Water absorption behaviour and its effect on the

mechanical properties of flax fibre reinforced bioepoxy composites. Int J Polym Sci

2015; 2015: 1–18.
[22] Ganapathy T, Sathiskumar R, Sanjay MR, et al. Effect of graphene powder on banyan

aerial root fibers reinforced epoxy composites effect of graphene powder on banyan

aerial root fibers. J Nat Fibers 2019; 0478: 1–8.
[23] Braga NF, Passador FR, Saito E, et al. Effect of graphite content on the mechanical

properties of acrylonitrile-butadiene-styrene (ABS).Macromol Symp 2019; 383: 1800018.
[24] Petrucci R, Santulli C, Puglia D, et al. Mechanical characterisation of hybrid composite

laminates based on basalt fibres in combination with flax, hemp and glass fibres man-

ufactured by vacuum infusion. Mater Des 2013; 49: 728–735.

Dhanunjayarao et al. 21



[25] Zhang Y, Li Y, Ma H, et al. Tensile and interfacial properties of unidirectional flax/
glass fiber reinforced hybrid composites. Compos Sci Technol 2013; 88: 172–177.

[26] Sanjay MR and Yogesha B. Studies on hybridization effect of jute/kenaf/E-glass woven
fabric epoxy composites for potential applications: effect of laminate stacking sequen-
ces. J Ind Text 2018; 47: 1830–1848.

[27] Patel JP, Mehta NM and Parsania PH. Preparation and physico-chemical study of
sandwich glass-jute-bisphenol-C-formaldehyde resin composites. Polym Plast Technol

Eng 2010; 49: 822–826.
[28] Vasoya PJ, Mehta NM and Parsania PH. Mechanical, electrical and water absorption

study of jute/glass/jute-bamboo/glass-bamboo-bisphenol-C-formaldehyde-acrylate a
value added composites. Polym Plast Technol Eng 2007; 46: 621–628.

[29] Boopalan M, Niranjanaa M and Umapathy MJ. Study on the mechanical properties
and thermal properties of jute and banana fiber reinforced epoxy hybrid composites.
Compos Part B Eng 2013; 51: 54–57.

[30] Kumar PN and Rajadurai A. Effect of carbon fiber, silica and fly-ash particulate
addition on tensile and impact behaviour of polyester and epoxy resin. AMM 2014;
592-594: 186–191.

[31] Irina MMW, Azmi AI, Tan CL, et al. Evaluation of mechanical properties of hybrid fiber
reinforced polymer composites and their architecture. Proc Manuf 2015; 2: 236–240.

[32] Ganesh S, Gunda Y, Mohan SRJ, et al. Influence of stacking sequence on the mechan-
ical and water absorption characteristics of areca sheath-palm leaf sheath fibers rein-
forced epoxy composites. J Nat Fibers. Epub ahead of print 7 July 2020. DOI: 10.1080/
15440478.2020.1787921.

[33] ArpithaGR, SanjayMR, SenthamaraikannanP, et al.Hybridization effect of sisal/glass/
epoxy/filler based woven fabric reinforced composites. Exp Tech 2017; 41: 577–584.

[34] Sanjay MR and Yogesha B. Studies on mechanical properties of jute/E-Glass fiber
reinforced epoxy hybrid composites. JMMCE 2016; 04: 15–25.

[35] Agbeboh NI, OlaJide JL, Oladele IO, et al. Kinetics of moisture sorption and improved
tribological performance of keratinous fiber-reinforced ortho-phthalic polyester bio-
composites. J Nat Fibers 2019; 16: 744–754.

[36] Ahmad Z, Ansell MP and Smedley D. Moisture absorption characteristics of epoxy
based adhesive reinforced with CTBN and ceramic particles for bonded-in timber con-
nection: Fickian or non-Fickian behaviour. IOP Conf Ser 2011; 17: 012011.

[37] Rajkumar K, Ibrahim SJS, Panneerdhass R, et al. Effects of nano-graphite addition on
luffa-epoxy natural fibre composite. In: International Conference on Advances in Design

and Manufacturing (ICAD&M’14) 2014, pp. 1813–1816.
[38] Oladele IO, Oladejo MO, Adediran AA, et al. Influence of designated properties on the

characteristics of dombeya buettneri fiber/graphite hybrid reinforced polypropylene
composites. Sci Rep 2020; 10: 1–13.

[39] Khalidi F and Rajab MA. Hardness and wear resistance of composite materials sup-
ported by graphite and silica particles and reinforced by cuffler fiber. Am J Eng Res

2018; 7: 317–322.
[40] Koradiya SB, Patel JP and Parsania PH. The preparation and physicochemical study of

glass, jute and hybrid glass-jute bisphenol-C-based epoxy resin composites. Polym

Plast. Technol Eng 2010; 49: 1445–1449.

22 Journal of Industrial Textiles 0(0)


