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The developed novel Nanoclay (NC) filled bamboo fibre (BF) /glass fibre (GF) reinforced unsaturated
polyester (USP) hybrid composites were subjected to static and dynamic mechanical studies. Effect of NC
on mechanical properties of the neat and NC filled BF/GF hybrid composites were tested in accordance
with the ASTM standards. Dynamic mechanical analysis was performed on the composites to evaluate
their viscoelastic properties like, storage modulus (E”), loss modulus (E”) and damping factor (Tand).
Outcomes of the mechanical results revealed that, NC filled BF/GF-USP hybrid composites showed
superior mechanical performance over the neat hybrid composites particularly 5 wt.% NC filled BF/GF
hybrid composite (HC4) outperformed other composites. From the dynamic mechanical it was found that
the addition of NC filler in the hybrid composites enhanced the E’, E” and glass transition temperature (Tg).
Fractured specimens of the hybrid composites were examined using Field emission electron microscope
(FESEM). Matrix fracture, micro-cracks, fibre pullouts, stretching of fibres and delamination of the fibre
layers were significantly noted in the fractography analysis. Therefore, from the obtained results, NC
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filled BF/GF USP hybrid nanocomposites can be employed for automotive applications.
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1. Introduction

Developments in the area of materials engineering
have introduced intriguing and most eco-friendly materials,
called as “natural fibre composites”. Glass fibre reinforced
composites hybridizing with natural fibres can imparts
significant improvement in the physico-mechanical, and
thermal properties since it reflects the properties of its own
elements. Owing to its unique features like, biodegradability, low
weight, better resistance to wear, inexpensive, and abundancy,
natural fibres are employed for various applications'2. Most
famously used natural fibres as reinforcement materials are,
flax, jute, kenaf, sisal, bamboo, hemp, banana and etc, which
has a huge resource in India'. Integrating of the natural
fibres with glass fibre reinforced composites can enhance the
mechanical properties of the composites by which it can be
related as a potential component for a specific application.
In this context, present study helps to give an insight into
the effect of hybridization of natural fibre and glass fibre
on strength improvement for specific application.

Among the natural fibres available, bamboo fibres
have unique advantages, viz., fast growth rate, cheaper,
consumes low energy for processing, light weight rich
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in sources, and biodegradable in nature®. China is known
for having rich sources of bamboo as it contains one
third of world’s bamboo forest’. Since bamboo fibres are
categorized as useful non-timber forest resources owing to
its socio-economic benefits, deforestation of the timber-based
trees could be avoided and thereby encouraging to ensure
harmonious coexistence and health of ecosystems for
present and future generations”®. Bamboo fibres have
better mechanical strength than other cellulose fibre and
because of its promising attribute, it is considered as
reinforcement member for polymer composites. Though
bamboo composite’s specific strength is superior over the
glass fibre composites, still its applications are limited
due to the presence of hydroxyl group which degrades the
interfacial bonding between fibre and matrix’. Outcome of
the many research papers reveals that chemical treatment
of fibre improves the interfacial bonding and there by the
properties of the composites. Hybridization of glass-bamboo
fibre has given the positive impact on mechanical, thermal
and wear performance of polymer hybrid composites.
Raghavendra Rao et al.'® revealed that flexural and
compression strength of the Bamboo-glass fibre epoxy
hybrid composite increase with the glass fibre addition.
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Superior properties were exhibited by alkali treated bamboo-
glass epoxy composites compared to untreated counterparts.
Latha et al." reported that alternative stacking of bamboo fibre
with glass fibre has enhanced tensile and flexural strength
of the epoxy hybrid composites. Retnam et al.'? found that
hybrid glass-bamboo fibre with + 45° orientation performed
better 0°/90° hybrid composites. They also confirmed that
introduction of the bamboo fibre in the glass fibre polyester
composite reduced the overall cost of the laminates without
compromising their properties. Replacement of few layers of
glass with natural bamboo woven fabric in glass/propylene
composites is feasible for developing excellent light weight
hybrid composites was reported'®. Hybridization of glass
fibre in mat form with bamboo fibre in epoxy and polyester
composites has given superior strength than glass fibre
reinforcement in strand form was studied'®. Furthermore,
physico-mechanical properties of the composites can be
enhanced by the addition of inorganic nano-filler particles
in the matrix, thereby it not only improves the mechanical
properties but also reduces the cost'®. Literatures suggested
that addition on nanoclay improved the thermal resistance and
mechanical properties of the composites. Muralishwara et al.'¢
confirmed that adding 1.5 wt.% of nanoclay in the epoxy
matrix has improved tensile and flexural properties of the
pineapple leaf reinforced epoxy composites. Fractography
analysis clearly confirms the agglomeration of the nanoclay
at 3 wt.% and causing reduction in mechanical properties of
the hybrid composites. Similar observations were recorded
by Mylsamy et al.'” for nanoclay filled cocinnia indica
reinforced epoxy composites. Better mechanical strength
was noted when the chemically modified nanoclay addition
in the epoxy composites in the range of 1-3wt.%. Poor
interfacial bonding owing to agglomeration on nanoclay
particles at 4 wt.% decreased the mechanical properties of
the composites. Bulut et al.”® reported that different weight
fractions of organoclay in the epoxy has influenced specific
mechanical properties of the basalt fibre reinforced epoxy
composites. Alamri and Low' in their investigation described
that flexural properties of the epoxy composites were found
increasing with increase in nanoclay content and moreover
water resistance property of the recycled fibre paper/epoxy
nanocomposite was also improved.

Composite material’s performance mainly relies on
the factors like, unpredicted dynamic loadings, friction
between the components, type of terrain and roads, and
working temperature and vibration. Often such scenarios
can be experienced by the materials employed in automotive
applications. Thus, it is imperative to tailor the composite
materials to apt for such applications. The confirmation of
the material for meeting such a requirement can fulfilled by
studying their viscoelastic properties via dynamic mechanical
analysis which eventually gives insight into the interfacial
properties of the composite materials. Furthermore, it has
become a very important technique in ascertaining the
interfacial properties of composite system by subjecting to
dynamic loadings with varying temperature and frequency.
Chee et al.” studied the effect of hybridization of fibres and
inclusion of nano-particulates on the mechanical and DMA
properties of the bamboo mat/kenaf mat reinforced epoxy
hybrid composites. Experimental results showed that, tensile,

Materials Research

flexural and impact properties of the increases with increase
in the nanoclay inclusion. FESEM images of the fractured
samples reveals about microcracking, delamination and
higher voids due to agglomeration of the particles when the
following nanoclay were added montmorillonite (MMT), and
halloysite nanotube (HNT). Arulmurugan et al.?' found that
surface interaction between nanoclay and chemically modified
jute fibre had improved static and DMA properties of the
jute/epoxy hybrid composite. The hardness and modulus of
clasticity of the nanoclay filled polyester composites was
investigated and it was found that 5 wt.% of MMT clay in
the polyester matrix improved the hardness by 26.5% and
modulus of elasticity by 29.52%. Viscoelastic properties
of the hybrid composites synthesized by reinforcing two
different fibre reinforcement and filler particulates were
investigated?. It was found that filler addition imparted the
positive impact on the DMA behavior and glass transition
temperature. Cole-Cole plot was used to understand the
heterogeneity of the composite.

Literature infers that no works have been reported till
now on bamboo/glass fibre reinforced unsaturated polyester
hybrid composites filled with nanoclay. Hence, present research
work aims to explore the potential use of biodegradable
bamboo fibre and nanoclay (Cloisite93A) for enhancing the
static and dynamic mechanical properties of the USP hybrid
composites. FESEM analysis on the fractured specimens
are also performed.

2. Materials and Methods

2.1. Materials

Unsaturated polyester (USP) resin (1.2 g/cc) with its
following catalyst and accelerator, methyl ethyl ketone
peroxides (MEKP) and cobalt naphthenate, were purchased
from Vasavibala Resins Private Limited, Chennai, India.
Bamboo fibres and bi-directional glass fibres were used
as the reinforcement members for preparing the hybrid
composites and were purchased from the local vendors,
Coimbatore, India. To strengthen the matrix, Nanoclay (98%
of purity) fillers were introduced in the hybrid composites
and was supplied by the Sigma Aldrich, Bengaluru, India.
The properties of the glass fibre, bamboo fibre and NC filler
are presented in the Table 1.

2.2. Fabrication of the composites

A known quantity of the USP resin was mixed with
1.5% MEKP catalyst as provided by the suppliers. To
which, NC filler was mixed and thoroughly stirred by
means of magnetic stirrer to ensure uniform distribution
of the particles in the matrix. Further this mixture, was
added with 1.5% cobalt naphthenate known as accelerator
to initiate the curing process. Fibres were placed on the
mould (240 mmx*240mmx4mm) following a mixture of
USP resin with NC filler was poured. With the help of
roller and metallic plate, mixture was uniformly spread on
the fibres. Stacking sequence of fibres were GF-BF-BF-GF
(GF- glass fibre; BF-bamboo fibre). Once the four layers
of the fibres were attained with required weight fraction
of the matrix and fillers, entire system was subjected for
compression mould curing under room temperature (24 hours).
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Cured hybrid laminates were taken off and cut as per the
ASTM standards for further testing their characteristics.
Figure 1 illustrates the systematic procedure of preparing

the BF/GF USP hybrid laminates. The weight fraction of the
BF/GF-USP hybrid composites and their symbol (designation)
is shown in the Table 2.
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Figure 1. Stepwise procedure for fabricating the BF/GF-USP hybrid composites.

Table 1. Physical properties of the raw materials.

Material Grade Characteristics
Bamboo fibre (woven form) - Cellulose: 73%
Hemicellulose: 12.49%
Lignin: 10.2%
Density: 0.91 g/cc
Diameter of the fibre: 10-40pm.
Areal density: 220 g/m?
Glass fibre-woven mat E-type Density: 2.2 g/cc
Areial density: 100 g/m?
Young’s modulus: 75 GPa
Elongation at break: 4.7%
Nanoclay Cloisite93A Bulk density-0.1659 g/cc
Average size -1-5 um
Colour-light grey and non-soluble in water
Unsaturated polyester resin VB4503 Density: 1.2 g/cc
Viscosity: 500-600 cps
Gel time: 15-20 mins
Table 2. Composition of the BF/GF-USP hybrid composites.
Weight (gm)
Symbol Stacking sequence W, W Thickness (mm)
WG WB WNC Wm
HCl GF+BF+BF+GF+0% NC 120 40 0 290 4
HC2 GF+BF+BF+GF +1% NC 120 40 06 290 4
HC3 GF+BF+BF+GF +3% NC 120 40 15 290 4
HC4 GF+BF+BF+GF +5% NC 120 40 25 290 4
HCS GF+BF+BF+GF +7% NC 120 40 34 290 4

GF- Glass fibre, BF-Bamboo fibre, NC-Nanoclay
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2.3. Mechanical testing

All the specimens were cut in accordance with the ASTM
standards using abrasive water jet cutting machine. Tension,
flexural (three-point bending), Izod impact and hardness
of the specimens were tested with respect to ASTM D638,
ASTM D790, ASTM D256 and ASTM D785 respectively.
Tension and flexural tests were conducted in computerized
universal testing machine operated at the cross-head speed
of 2.5 mm/min. [zod impact test was performed to measure
the maximum energy absorbed by the specimen. Brinell
Hardness Number (BHN) was determined by the load and
area of depth of the impression, which has been found
using following relation BHN= (2 x applied load)/(area of
indentation). Field emission electron microscope (Make:
Carl Zeiss Sigma-300, Schottky FEG) was utilized to study
the surface morphology of the NC filler and mode of failure
caused in tested specimens.

2.4. Dynamic mechanical analysis (DMA)

The viscoelastic properties of neat and NC filled BF/
GF-USP hybrid composites were studied using a dynamic
mechanical analyser (SII Nanotechnology Japan-DMS
6100). The specimens were tested under three-point bending
mode for the temperature range 25 °C to 150 °C operated
with a heating rate and frequency, 5 °C min—1 and 10 Hz
respectively. Viscoelastic properties of the materials such
as storage modulus (E’), loss modulus (E”), glass transition
temperature (Tg), and damping factor (Tand) were examined.

3. Results and Discussion

3.1. Mechanical properties of the neat and NC filled
BF/GF-USP hybrid composites

3.1.1. Tensile strength

Tensile strength of the unfilled and NC filled BF/GF-USP
hybrid composites is shown in the Figure 2. It is evident
from the Figure 2 that, incorporation of the NC filler in the
BF/GF-USP hybrid composites imparted positive impact on
the tensile properties. HC1 composite (unfilled) exhibited
38.12 MPa. As it is clear that tensile strength of the hybrid
composite increases with increase in the addition of NC
filler. When the NC filler content increases tensile strength
increases, however beyond the 5 wt.%, trend declines. Of
the prepared HC laminates, HC4 filled with 5 wt.% of NC
filler exhibited highest tensile strength of 76.88 MPa. This
may be attributed to the dispersed NC particulates in the
unsaturated polyester matrix phase might have blocked the
propagation and failure®. Besides, strong interfacial region
too could have caused for the improvement in the tensile
property of the hybrid composites as uniformly distributed NC
particulates facilitated smooth stress transfer from matrix to
reinforcement member. Figure 2 clearly indicated that tensile
strength of the HC2 and HC3 composites is 53.45 MPa and
61.38 MPa, respectively. For the HC5 composite containing
higher weight fraction of NC filler (7 wt.%) is 64.23 MPa,
nearly 16.25% lesser than HC4 composite. Though the
tensile strength of HCS is higher than HC2 and HC3, the
decrement beyond 5 wt.% filler inclusion may be attributed
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to the deterioration of the interfacial bonding of fibre-matrix
region resulted from the agglomeration of the NC particles.
Similar observations have been reported in the literature?>.

3.1.2. Flexural strength

The impact of NC particles on the flexural strength of
the unfilled and NC filled BF/GF-USP hybrid composites
is illustrated in the Figure 3. Flexural strength of the BF/
GF-USP hybrid composites increases with increase in the
addition of NC particles. The trend noted for the flexural
strength of the NC filled BF/GF-USP hybrid composites is
unlike its tensile property. It is evident from the Figure 3
that, flexural strength of the NC filled hybrid composite
outperformed neat hybrid composites. Superior bending
strength of 92.86 MPa is exhibited by HC5 composites
followed by HC4, HC3, and HC2 composites. However,
no significant difference is observed between HC2 and
HC3 hybrid composites, as their strength is 66.21 MPa and
68.75 MPa, respectively. Bending strength of the hybrid
composites relies on its tougher reinforcement member
used. In this study, while stacking reinforcement members,
glass fibres are placed in the skin layer of the composites
which is far tougher than bamboo fibres. Thus, good
stiffness material as like glass fibre result in good flexural
strength??¢. From the figure it can be noted that, flexural
strength of the HCS composites showed 66.66% and 22.38%
improvement over HC1 and HC4 composites, respectively,
which shows that NC filler has significant impact on the
bending property of the BF/GF-USP hybrid composites.
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Figure 2. Tensile strength of the various BF/GF-USP hybrid
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Figure 3. Flexural strength of the various BF/GF-USP hybrid
composites.
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The NC filler has potential to enhance the fracture resistance.
In the FRP composites, polymer matrix and fillers are
accountable for transferring load to rigid fibres through
shear forces at the junction and thus it demands a strong
relation between matrices, fillers, and fibres. Improvement
in the flexural strength of the NC filled BF/GF-USP hybrid
composites attributed to the strong adherences of fibre, filler
and matrices. Inclusion of NC filler in BF/GF-USP hybrid
composites has improved toughness owing to interfacial
interaction between NC filler —fibres and epoxy matrix is
stronger?’.

3.1.3. Impact strength

Figure 4 depicts the impact energy of the unfilled and
NC filled BF/GF-USP hybrid composites. It is clear from the
plot that impact energy of the hybrid composite improved
with NC filler addition and linearly increases with weight
fraction up to 5 wt.% and beyond declines. HC4 composite
recorded the highest impact energy 1.691 J, followed by
HCS5, HC3 and HC2 composites. When compared with the
neat hybrid composites, 60.89% higher impact energy is
displayed by the HCS composites which clearly shows the
significant effect of the NC filler in the hybrid composites.
Enhancement of the impact energy in the composites might
have caused due to the strong interfacial adhesion of fibre-
filler-matrix which assisted smooth distribution of load from
matrix to fibre member. Similar behaviour is recorded by
the other researchers®®?’.

3.1.4. Surface hardness property

Figure 5 depicts the BHN surface hardness value of the
neat and NC filled BF/GF-USP hybrid composites. BHN
increasing with increase of wt.% of NC particulates and
highest value is recorded for the HC4 composites (28 BHN),
containing 5 wt.% of NC filler as a secondary reinforcement
member in the composites. Basically, hardness property is
related with the plastic deformation, inclusion of the NC
particulates in the hybrid composites could have enhanced
the resistance to the plastic deformation and hence hardness
is improved with the increase in the wt.% of NC filler.
Moreover, uniform distribution of the NC filler reduces
voids in the composites, which might have also been aided
in increasing the hardness of the composites. These BF/
GF-USP hybrid composites were prepared keeping glass
fibre as a skin layer; whereas bamboo fibres in the core.
This might have also resulted in the better hardness value
of the composites. Similar observation was reported by
the Dhanunjayarao et al.”*, where E-glass fibre used as a
skin layer in the glass/jute hybrid composites due to which
hardness of the composite has improved.

3.2. Viscoelastic properties of the neat and NC filled
BF/GF-USP hybrid composites

3.2.1. Storage modulus (E’) property

Storage modulus (E”) plays the vital role in understanding
the load bearing capacity of the composite materials as it
reflects the elastic component of the viscous elastic material.
Apart from conveying material toughness and grade of
crosslinking, it also gives insight into the fibre-matrix

interfacial attachment. Solid region of the E’ curve reveals
the bonding capacity of the composite material during the
increase of temperature. Increasing the ratio of crystalline to
amorphous region conveys improvement in the stiffness of the
fibre and declining flexibility. Higher crystalline composite
material provides more strength but less elongation. However,
hardness and density of the material increases with increase
in degree of crystalline. The developed BF/GF USP hybrid
laminates are amorphous material and their elastic region
was identified using the E’ curve as shown in the Figure 6.
From the curves it is evident that HC4 composite found to
be more stiffness and has high elastic attributes compared
with other neat and NC filled BF/GF-USP hybrid composites.
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Figure 4. Impact energy of the various BF/GF-USP hybrid composites.
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Figure 6. Storage modulus (E”) of the various BF/GF-USP hybrid
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6 Jeyakumar et al.

The maximum storage modulus of 2990 MPa was noted at the
temperature 86.64°C and minimum 2011 MPa at 109.67°C.
While initiating the experiment at 41.19°C, storage modulus
of the HC4 composite was 2133 MPa. When compared with
neat BF/GF USP hybrid composites, HC4 has 60.23% higher
stiffness which clearly indicates the positive impact of the
NC filler in the hybrid composite. However, HC5 composite
which has 7 wt.% of NC filler showed lower storage modulus
property than HC4, but higher than rest of their counterparts.
This may be owing to the agglomeration of the particles at
higher weight fraction restricts the stress transmission from
matrix to fibres resulting from poor interfacial bonding of
matrix-filler-fibre.

Storage modulus curve reveals the USP hybrid composite’s
phase transition zones namely solid-state region, glass
transition region and rubbery region. Solid state phase
has occurred from the starting temperature 40°C to 80°C;
following glass transition between 80°C to 110°C and after
this, rubbery region. From the Figure 6 it is clearly notes
that, E’ values of the hybrid composites drop as it passes
through glass transition region. In the rubbery region,
HC4 composites outperformed other hybrid composites by
exhibiting higher E’ (2011 MPa). This may be attributed to
the strong interfacial bonding of matrix and filler allowing
stress transmission from the matrix phase to fibres. All the
USP hybrid composite experiences lower E’ with increasing
temperature owing to the loss of stiffness of the fibre at higher
temperature. As soon as the glass transition temperature
region approaches, free volume of the composite grows and
mobility of the polymer chain intensifies. Modulus of the
USP hybrid composite decreases dramatically after glass
transition region and following no apparent changes in E’
is noticed as material has entered rubbery region. Similar
observations were reported by the other researchers.

3.2.2. Loss modulus (E”’) property

Composite material’s viscous behavior and heat dissipation
during the increasing of temperature is examined using
loss modulus. The loss modulus (E”) curve of the neat
and NC filler BF/GF USP hybrid composite is shown in
the Figure 7. It is important to note that, all the specimens
have shown the similar trend as indicated in the graph, from
starting increasing to until reaches maximum and before
settling down to lower E” value in rubbery region. This
clearly indicates the polymer chain in the BF/GF hybrid
composite gets intensified during exposure to thermal
energy and thereby temperature acts as a catalyst for the
free mobility of the polymer chain. Of the prepared hybrid
composites, HC4 exhibited high peak loss modulus than
other composites which shows the effect of the NC filler
presence. BF/GF USP hybrid composite with NC filler
exhibited higher E” than neat one this may because NC
filler might have assisted in enhancing the internal friction
that endorses energy dissipation in the hybrid laminates.
Hybridization of the glass fibre and bamboo fibre also affects
the loss modulus property of the composites. Portella et al.?
reported that E” value of the cotton polyester composites
found to be superior when it was reinforced with glass fibre
than unhybridized composite. Because in hybrid composite
internal friction is quite higher as a result of hybridization
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of'the different fibres which eventually promotes the higher
energy dissipation in the composite system

3.2.3. Damping factor (Tand)

Damping factor denoted as Tand and is the ratio of
storage modulus to the loss modulus which conveys the
damping capacity of the composite material. Tand reveals
the material behavior during rubbery region. High value of
damping ratio imply that the material is non-elastic as it
has dissipated lot of energy and on other hand, material is
more elastic if the value is lower. In the Figure 8, the value
of damping factors is the glass transition temperature (Tg)
of the composite which represent the interphase bonding
of the composites. The value of the damping factor and its
corresponding T, values are shown in the Table 3. The Tand
peak values found lower for HC4 and HCS composites which
indicates the composites have strong interface adhesion than
rest of the composites. This might have occurred by the
restriction of the polymer chain owing to the rigidity of the
hybrid composites and thereby causing lesser to dissipate.

3.3. FESEM analysis

For the tensile fractured specimens, stretching and breaking
of GF and BF are noted with matrix damages as shown in
the Figure 9. BF pull outs are predominantly observed as
these fibres are used as core reinforcement member, however
skin layer used GF are found strongly adhering with matrix
phase than BF, may be due to its minimum areal density.
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Figure 7. Loss modulus (E”) of the various BF/GF-USP hybrid
composites.
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Figure 8. Damping factor of the various BF/GF-USP hybrid
composites.
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Table 3. Viscoelastic properties and glass transition temperature (Tg) of the composites.

Neat and NC filler BF/GF USP hybrid composites

Viscoelastic properties

HC1 HC2 HC3 HC4 HCS

E’ (MPa) 1803 2269 2523 2992 2671

E” (MPa) 421 500 555 607 714
Damping factor (Tand) 0.252 0.249 0.223 0.157 0.181
T, (°C) 103.5 109.32 110.11 104.5 101.11

Date: 23 Mar2023
Time: 16:04:33
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Figure 9. FESEM images of the tensile fractured specimens of (a, ¢) HC1 and (b, d) HC4 composites.

Despite, debonding of matrix-GF and severe matrix fracture
before the failure is noted in the Figure 9¢ for HC1 composite
due to the phase change transformation in the matrix as a
result of hybridisation of fibre. In the HCS5 composite at
7 wt. % of NC filler addition, stretching of GF and fracture,
pull outs of BF are not significant as observed in the case of
HCI1 composites, this may be due to the strong interfacial
bonding of matrix-fibre which have restricted the stretching
of'skin layer GF, and avoided it breakage, thus increasing in
tensile strength of the NC filled hybrid composite is found.

FESEM images of the hybrid composites were captured
to analysis the interfacial properties, internal cracks and
internal morphology of the fractured surface. Bending of the
glass fibres and bending with fracture in bamboo fibres were
noteworthy to observe due to the flexural load is shown in
the Figure 10a, which clearly indicates that HC1 composites
possess brittleness property. During the flexural testing, one
surface of the composite specimen experiences strong tensile

force and another surface by compression force. Because of
such mechanism, major failure of the composite embarks
with the matrix cracking following intense fibre fracture
and pull outs. As the HC1 composites are brittle in nature,
it endures more matrix fracture and fibre pull outs than NC
filled composite as indicated in the Figure 10c. Addition of
the NC filler in the hybrid BF/GF hybrid composite reduced
the stretching of glass fibres and cracks in the bamboo fibres
and moreover, matrix cracking is merely seen in the NC
filled composite even at higher magnification as indicated
in the Figure 10b, which clearly implies improvement in the
flexural strength of the composites due to the incorporation
of NC filler.

Impact strength of the unfilled and NC filled BF/GF-USP
hybrid composite reflects the toughness of the material which
depends on the constituents, fibre-matrix interface, and
geometry of the testing. It is clearly indicated from the study
that, impact strength of the HC4 composite exhibited higher
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impact strength than other composites. Though difference
among the NC filled composites is very marginal, it clearly
indicates the improvement in the toughness of the material
after the addition of NC filler, which may be attributed to
the strong absorption of impact energy by the NC filler and
transfers the same by hindering the crack propagation as
indicated in the Figure 11d, where no cracks were found.
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Moreover, HC5 composites have suffered less fibre pull-outs,
fibre breakages, and matrix damages than other composites
clearly convey the strong bonding between fibre and NC filler
which is evident from the Figure 11c, d. Delamination of
GF with matrix phase found higher than BF owing to poor
adhesion is observed from the Figure 11a, which is later
reduced after the inclusion of NC filler.
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Figure 11. FESEM images of the impact fractured specimens of (a, b) HC1 and (¢, d) HC4 composites.
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4. Conclusions

BF/GF USP hybrid composites filled with different

weight fraction of NC filler were successfully fabricated.
Impact of NC filler on mechanical and dynamic mechanical
properties of the hybrid composites were studied and from
which following inferences were drawn:

1. Impregnation of the NC filler in the BF/GF-USP
hybrid composites enhanced the mechanical
performance of the composites. Of the prepared
hybrid-nanocomposites, HC4 (5 wt.% NC filler)
exhibited superior tensile (76.88 MPa), impact
(1.69 J) and hardness (28 BHN) properties than
other composites. Whereas in case of flexural
property, HC5 composite containing (7 wt.%
NC filler) dominated other laminates. However,
between HC4 and HCS composites, only 22.38%
improvement in flexural strength was recorded.

2. Dynamic mechanical analysis results showed that,
E’, E”, and damping factor of the NC filled BF/GF-
USP hybrid composites showed better performance
than the neat composites. This may be because of the
hybridization of the fibres with an inorganic filler
promoted for the highest dissipation of energy in
the composites resulting from the intense internal
friction by the hybridization effect.

3. Highest storage modulus (E’), and loss modulus (E”)
was exhibited by the HC4 composites. Damping
factor (Tand) found decreased with increase in
the NC filler content and better damping property
(0.157) was displayed by the HC4 composite
followed by HC5, HC3, HC2, and HC1 composites.
However, glass transition temperature (Tg) of the
neat hybrid BF/GF-USP composite was found to
be 103.5°C and increased to 110.11°C due to the
addition of the (3 wt.% NC filler) as exhibited by
the HC3 composites. This may be attributed to the
requirement of high thermal energy for inducing
uniform motion of molecules.

4.  Examination of the mechanically fractured specimens
clearly revealed their mode of failure endured
during the testings. Common observations like,
microcracking, matrix fracture, fibres pullouts, fibre
stretching especially skin layer glass fibre, and poor
interfacial adhesion were significantly identified.
However, in hybrid nanocomposites filled with
5 wt.% NC filler (HC4 composite) showed strong
interfacial adhesion especially between NC filler
and USP matrix. This may be the main reason for
the HC4 composite to outperform other laminates
in static and dynamic mechanical tests.
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