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Abstract. In the present study, the multi-walled carbon nanotubes (MWCNTs) and graphene nanoparticles were used as
a reinforcement to fabricate glass fibre polymer composite at different orientations (unidirectional glass fibres 0° and 90°;
woven glass fibres 0°/90° and 45°/45°). The composites were developed using hand lay-up-assisted vacuum bagging
method at 1 torr pressure. The concentrations of nanoparticles (*diameter 5–20 nm) were varied in the range of 0.1–0.3
wt% in the matrix. The mechanical properties like impact strength, tensile strength and fatigue strength were carried out
on Izod and Charpy machine, universal testing machine and computer-controlled machine under sinusoidal wave,
respectively. It is observed that the glass fibre/epoxy composite blended with MWCNTs/graphene by 0.2 wt% has shown
higher fatigue life by 56%, higher tensile strength by 36% and higher capability of energy absorption by 927.7% in
notched type and lower capability of energy absorption by 155.43% in un-notched type, as compared to pure composite.
The increment in properties is due to the better bonding between fillers and matrix. However, the increase of MWCNTs
and graphene nanoparticles by wt% in composite laminates have shown lower fatigue strength because of the agglomeration of MWCNTs particles in matrix that caused the propagation of fatigue cracks under cyclic loading. Further, the
damage behaviour of composite materials was analysed using scanning electron microscopy. It is found that a different
damage behaviour in each composite is observed which is attributed to the matrix cracking, fibre rupture, fibre pullout,
fibre split and fibre de-bonding.
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Introduction

The fibre-reinforced polymer nanocomposites have not
only gained noteworthy research, but also attract market
attention among all the existing materials because of their
properties like higher stiffness, higher strength, lower
density, light weight, confrontation to corrosion, better
electrical properties and effortlessness of manufacturing
[1–3]. Due to their excellent properties, it has been
extensively used in numerous applications like defence
industry, automobile industry, aviation industry, sports
goods and architecture structures [4,5]. But every application has varied conditions, such as cyclic loading, impact
condition, stretching and deformation conditions. Hence, it
becomes vital to investigate the behaviour of such types of
composite materials which are exposed to different
circumstances.
Arifin et al [6] studied the behaviour of impact on
developed epoxy fibre-reinforced composites with three

different materials, such as foam-PVC klegecell, woven
roving (WR) fabric and chopped strand mat (CSM). They
found that the impact strength of the composite has widely
influenced by adding reinforcement materials. Feng and
Aymerich [7] carried out numerical and experimental
studies for observing the impact responses on the laminated
samples at various impact energies. They attained a very
good agreement among experimental and numerical data in
relation to orientations, sizes and shapes of distinct
delaminations, prompted by impact on various interfaces.
Moreover, some researchers have added a varying concentration of multiwall carbon-nanotubes (MWCNTs) as a
reinforcement material in epoxy and verified their energy
absorption capacity using Charpy and Izod tests [8–12].
They obtained an increment in energy absorption capacity
in the range of 20–50% from pure epoxy composite.
However, the impact test at low-velocity has directed
researchers [13–15] who have varied either reinforcement
materials or thickness of composite or combination of the
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composite. They reported that the hybrid-reinforced composite has given a better load-carrying capacity from pure
composite.
Due to the wider applications of polymer composites
under cyclic loading, it has also been necessary to analyse
the fatigue strength of composites. Hence, in this series,
Ferreira et al [16] examined the influence of nano-clay
reinforcement on the behaviour of the epoxy matrix under
cyclic loading. Further, graphene nanosheets, CNTs and
MWCNTs have been used as reinforcement materials in
glass fibre epoxy composite [17,18]. These composites have
shown excellent dispensability inside the matrix, higher
thermal stability and enhanced cyclic loading capacity for
lower concentration. Therefore, Knoll et al [19] investigated the effect of MWCNTs and few-layered graphenes
(FLGs) on the destruction mechanisms of carbon fibrereinforced epoxy (CFRP) composite beneath higher cyclic
loading condition. Furthermore, alumina and silica

Figure 1.

nanoparticles in different weight percentages were used as
reinforcement in glass-epoxy composite rod, fabricated by
using a pultrusion technique [20]. The results revealed that
increasing the concentration of alumina nanoparticles,
increased the fatigue life of composite rod, but insignificant
change has been observed using silica nanoparticles. Thus,
Jagannathan et al [21] developed silica nanoparticles reinforced glass-fibre plastic nanocomposite and tested for
fatigue strength using an arbitrary sequence of loading.
Bourchak et al [22] developed the axisymmetric glass fibrereinforced plastic laminates and reported a significant
improvement in the cyclic strength coefficient and exponent
by 51 and 24%, respectively, for single-walled CNTs
(SWCNTs)-reinforced composite, and by 33 and 25%,
respectively, for GNPs-reinforced composite.
More literatures are available on the investigation of
mechanical properties by blending of monotype reinforcement, but no literature has revealed about the hybrid type

Raman spectra of (a) MWCNTs and (b) graphene.
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reinforcement and its optimum concentration [23–26].
Hence, the optimum concentration of these reinforcements
is anticipated to investigate for impact, fatigue and tensile
strength of composites. Therefore, in this work, the
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unidirectional (UD) and WR glass fabric (bi-directional)
reinforced epoxy-hybrid nanocomposites have been taken
which are incorporated with 0.1–0.3 wt% of MWCNTs,
graphene and MWCNTs/graphene. The nanocomposites

Table 1.

Properties of matrix and reinforced materials.

Material

Tensile strength (MPa)

Young’s modulus, E (GPa)

Poisson’s ratio

Density (kg m-3)

2700
3420
88
63000
130000

76
73
2.7
970
500

0.31
0.37
0.4
0.35
0.19

2540
2580
1200
50
100

Unidirectional fabric (UD)
Woven-roving fabric (WR)
Epoxy resin (LY556)
MWCNTs
Graphene

Figure 2. Fabrication steps of nanocomposites, specimens made from
nanoparticles reinforced glass/epoxy polymer.
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Schematics of various nanocomposites laminates.

have been developed using hand lay-up-assisted vacuum
bagging method at 1 torr pressure. Furthermore, the
developed nanocomposites were investigated by using Izod
and Charpy impact tests, fatigue tests under high cyclic
loading, tensile strength tests. Moreover, the fracture surfaces were characterized using high resolution scanning
electron microscopy (HRSEM).

2.
2.1

Materials and methods
Materials

In the present work, unidirectional and bi-directional 200
gsm WR E-glass fabric (manufacturer: Arun Fabrics Pvt.
Ltd., Bangalore) is taken as the discontinuous phase and
thermosetting epoxy resin (manufacturer: Sree Industrial
Composite Products, Hyderabad; product: Araldite LY-556)
is taken as the continuous phase. The epoxy resin is mixed
with the hardener (manufacturer: Sree Industrial Composite
Products, Hyderabad; product: Aradur HY951) in the ratio
of 10:1 by weight for its proper curing. Further, the

reinforcement materials, such as MWCNTs and graphene
nanopowders were blended in the matrix. The diameter of
the nanoparticles is in the range of *5–20 nm (United
Nanotech Innovations Pvt. Ltd., Bangalore). The thermal
and electrical conductivities of MWCNTs are 3000 W
m-1 K-1 and 106 S m-1, respectively, and the thermal and
electrical conductivities of graphene are 5000 W m-1 K-1
and 108 S m-1, respectively. The Raman spectra of
MWCNTs (figure 1a) showed two important bands, such as
D and G bands at around 1330–1370 and 1570–1660 cm-1,
respectively. The D band relates to the vacancy kind of
defects and existence of some carbonaceous impurities that
would influence the G band graphitic symmetry. In contrast,
the G band corresponds to the scattering of the E2g
stretching optical mode. Also, the absence of radial
breathing mode in the Raman spectra shows the ruling out
of SWCNTs, and thus, ruled over by MWCNTs. The
Raman spectra of graphene nanoparticles (figure 1b) show a
broad G-band around 1575–1580 cm-1 related to the firstorder Raman scattering of the E2g optical mode and the
spectra also exhibit important D-band at 1350–1360 cm-1
which is attributed to the breakdown of the solid-state
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Raman selection rules. Therefore, the presence of G and D
bands confirms the presence of MWCNTs and graphene
with crystalline structure.
The reinforcement materials were dispersed uniformly in
the epoxy matrix with the help of ultrasonicator. The
properties of each material used in this investigation are
shown in table 1.

2.2

Specimen fabrication

Laminated nanocomposite samples at different orientations of glass fibre (UD glass fibres 0° and 90°; woven
glass fibres 0°/90° and 45°/45°) incorporated with
MWCNTs and graphene nanoparticles were fabricated
using conventional method under vacuum at 1 torr pressure. The 10 layers of glass fibre and resins were piled up
in alternate ways followed by mould preservation in a
vacuum bag at room temperature for 8 h and post-curing

A
B
C
D
E

is carried out in an oven. The post-curing was carried out
in three steps: (1) 55°C for 16 h, (2) 75°C for 3 h, and
(3) 120°C for 12 h. The weight fraction of fibre achieved
was 0.64 by using a 3 mm average plate thickness. The
quality control of the plate was attained through visual
inspection method. Then, the samples were aligned with
one of the fibre direction and cut the fabricated plates for
impact, tensile and fatigue strength tests as per ASTM
standard. Figures 2 and 3 show the fabrication steps and
schematic of laminated configurations, respectively. Further, the description of laminated configuration is presented in table 2.

2.3

Impact characterization

The pure epoxy composite, UD glass fibres and woven
glass fibre-reinforced epoxy composites with different
nanophased structures samples were prepared as per the

Groups and characteristics of composite lamination structures.

Table 2.
Type
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Type of
resin

Fibre
direction

Wt%
nanofiller

Type of nano
reinforcement

Material combination

Epoxy
Epoxy
Epoxy
Epoxy
Epoxy

Glass
UD 0°
UD 90°
WR 0°/90°
WR 45°/45°

—
0.1–0.3
0.1–0.3
0.1–0.3
0.1–0.3

Neat
MWCNTs/graphene
MWCNTs/graphene
MWCNTs/graphene
MWCNTs/graphene

Neat glass epoxy composite
MWCNTs/graphene/UD fabric at 0° epoxy composite
MWCNTs/graphene/UD fabric at 90° epoxy composite
MWCNTs/graphene/WR fabric at 0°/90° epoxy composite
MWCNTs/graphene/WR at 45°/45° epoxy composite

Figure 4.

Experimental setup (a) Charpy test, (b) Izod test, (c) and (d) sample position on the machine during impact test.
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The shape and size of specimens for fatigue tests with R[0; H2 = 25 mm; L1 = 250 mm and L2 = 56 mm.

ASTM D256 for the investigation of energy absorption
capacity using Charpy/Izod impact test. The experimental setup for impact characterization is shown in
figure 4. The pendulum mass, swing length and impact
speed used were 2.0 kg, 390 mm and 3.85 m s-1,
respectively, to analyse the energy absorption capacity
of each sample. The five specimens were used with size
80 mm 9 12.7 mm 9 3 mm each for evaluation of
impact strength.
2.4

Fatigue test

Fatigue tests were accomplished on nanomaterials-reinforced glass fibre polymer composites under numerous
stress levels ranging from 75–750 MPa. The cyclic load
sequence with a specific mention stress was frequently
exerted on test samples till the failure occurred. The life of
each nanocomposite in terms of number of cycles is
obtained from the test. The size of test specimens with endtabs was kept at 250 mm 9 25 mm 9 3.0 mm, as shown in
figure 5. All the tests were carried out at 25 kN servohydraulic computer-controlled machine under a sinusoidal
wave load with constant amplitude and 10 Hz frequency.

The five specimens were investigated for each type of
sample configuration for evaluation of fatigue strength.
2.5

Tensile test

The specimens for tensile test were developed as per ASTM
D3039 standard. The specimens’ dimensions were kept at
250 mm 9 25 mm 9 3 mm and the shapes were kept planar
rectangular as shown in figure 6. The longitudinal and
transverse Young’s modulus, tensile strain and maximum
tensile strength of test samples were determined using
hydraulic universal testing machine with displacement rate
of 2 mm min-1 at room temperature. The five specimens
were investigated for each type of sample configuration for
evaluation of tensile strength.

3.

Results and discussion

The mechanical properties like impact strength, tensile
strength and fatigue strength of the fabricated nanocomposite laminates were investigated and the obtained results
are discussed in the below subsections.
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Geometry and actual specimens for tensile tests as per ASTM D3039 standard.

Impact strength

The five types of composite laminate configurations were
used to exhibit the energy absorption capacity, deflection in
the laminate and damage mechanism of composite laminates. The Charpy and Izod tests were performed to determine the impact strength.
3.1a Charpy test: Figure 7a and b presents the average
absorbed energy data obtained from Charpy test for notched
and unnotched composite samples. It is observed from
figure 7a that the energy absorption capacity is increased by
the addition of 0.2 wt% MWCNTs and 0.2 wt% graphene in
UD (i.e., at 0°) glass/epoxy composite by 12.48 ± 0.4 and
12.03 ± 0.1 J, respectively, from neat glass/epoxy composite (1.44 ± 0.5 J). Further, the energy absorption
capacity is increased by the addition of both nanoparticles
in UD (i.e., at 0°) glass/epoxy composite in varying concentrations (0.1, 0.2 and 0.3 wt%) by 9.2 ± 0.3, 14.8 ± 0.7
and 10.4 ± 0.5 J, respectively. It is also observed that the
orientation angle affects the impact of energy absorption
capability in each configuration of laminates. Due to this
reason, the overall absorption of energy in WR 0°/90° and

WR 45°/45° samples are different. The matrix utilized in
the consideration of each nanocomposite laminate also
plays a vital role. Hence, it needs to be examined. Therefore, from figure 7a, it is observed that the UD 0° sample
and WR 0°/90° sample show the improved absorption
capability in the range of 4–16 J. This is because of the
better bond between fibres and matrix in laminates [27].
Further, figure 7b exposes that for unnotched specimen, due
to the blending of MWCNTs and graphene by 0.2 wt%
reinforcement individually in UD-glass/epoxy composite
laminates, the energy absorption capacity increases by
6.21 ± 0.4 and 6.12 ± 0.1 J, respectively, as compared to
the neat glass epoxy composite sample (0.85 ± 0.2 J).
Further, the combined nanoparticles in UD 0° also show an
increment in the energy absorption capacity by 4.55 ± 0.4,
7.42 ± 0.3 and 5.12 ± 0.2 J, respectively, for 0.1, 0.2 and
0.3 wt%, respectively, as compared to the neat glass epoxy
composite sample.
3.1b Izod test: Figure 8a and b presents the data of average
energy absorption capacity of composite laminates obtained
from Izod impact test. It is observed that the addition of
nano reinforcements in composite laminate increases the
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Charpy impact energy absorbed(Notched),Joules

16

Neat glass epoxy composite

(a)

0.1 wt% MWCNTs/ glass /epoxy composite

14

0.1 wt % GRPN/glass /epoxy composite
0.1 wt% MWCNTs/GRPN/glass/epoxy composite
0.2 wt% MWCNTs/glass/epoxy composite

12

0.2 wt% GRPN /glass/epoxy composite
0.2 wt% MWCNTs/GRPN/glass/epoxy composite

10

0.3 wt% MWCNTs/ glass /epoxy composite
0.3 wt % GRPN/glass /Epoxy composite

8

0.3 wt% MWCNTs/GRPN/glass/epoxy composite

6
4
2
0
0°

90°

0°/90°

45°/45°

Charpy impact energy absorbed (Unnotched),Joules

Type of Specimens

8

Neat glass/epoxy composite

(b)

0.1 wt% MWCNTs/glass/epoxy composite
0.1 wtRPN/glass/epoxy composite

7

0.1 wt% MWCNTs/GRPN/glass/epoxy composite
0.2 wt% MWCNTs/glass/epoxy composite

6

0.2wt% GRPN/glass/epoxy composite
0.2 wt% MWCNTs/GRPN/glass/epoxy composite
0.3 wt% MWCNTs/glass/epoxy composite

5

0.3 wtRPN/glass/epoxy composite
0.3 wt% MWCNTs/GRPN/glass/epoxy composite

4
3
2
1
0
0°

90°
0°/90°
Type of Specimens

45°/45°

Figure 7. Charpy test of different types of composite samples
(a) notched and (b) unnotched.

Figure 8. Energy absorption of different types of nanocomposite
laminates under Izod test (a) notched and (b) unnotched.

3.2
energy absorption capacity for notched and unnotched type
samples. Further, figure 8a shows that the inclusion of
individual fillers by 0.2 wt% in UD 0° is increased by
491.4% (114.12 ± 0.2 J) and 338.9% (84.5 ± 0.1 J),
respectively, as compared to neat glass fibre-reinforced
polymer (GFRP) (19.28 ± 0.3 J). The similar behaviour is
also observed in the combined inclusion of fillers in GFRP,
which are 408, 535 and 471.1% for 0.1, 0.2 and 0.3 wt%,
respectively, as compared to neat GFRP. Moreover, similar
results are obtained for unnotched samples of UD glass
hybrid composite. The absorbed energy obtained by inclusion of 0.2 wt% MWCNTs and 0.2 wt% graphene in glass/
epoxy composites, are 58.21 ± 0.5 and 46.12 ± 0.2 J,
respectively. It demonstrates an increment of 490.96 and
368.22%, respectively, with respect to neat GFRP composite. The hybrid reinforcement (0.1–0.3 wt%) in glass/
epoxy composite also demonstrates a rise in capacity of
energy absorption in unnotched samples by 431.2, 551.9
and 327.6% with respect to GFRP composite.

Damage behaviour in impact test

The damage behaviour of each specimen based on the compositions are shown in figure 9. The close-up images of each
configuration show different behaviours of fracture in various
laminated samples. The difference in laminate structure
might influence the performance of each composite material.
Therefore, each composite material exhibits the varieties of
damage behaviour, which includes matrix cracking, fibre
rupture, fibre pullout, fibre split and fibre de-bonding
[28–30]. However, fibres relaxation might be responsible to
the failure of the whole structure. Figure 9 shows that the
damage behaviour in impact test largely occurs due to fibre
separation. Moreover, some damage behaviour shows the
fibre pull-out, delamination and fibre debonding.
3.3

Tensile test

Figure 10 shows the typical stress–strain curves of nanoreinforced composite as compared to neat GFRP. It is
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Damage behaviour for each of the specimens.

acquired due to stagnant tensile loading on each
nanocomposite laminate. The graphs show that the
nanocomposite laminates do not fail instantly under
extreme load because of the presence of some residual
stress before failure. Further, it is observed that the hybrid
polymer nanocomposite (0.2 wt% MWCNTs/graphene)
exhibits higher tensile strength and rigidity compared to the
neat GFRP composites and other polymer nanocomposites.
The curves show an almost linear increment in rigidity
below 0.06% of strain until and unless the extreme strength
is grasped. The specific behaviour of nanocomposite might
be enlightened due to the contact lodging of nanocomposite
to the grippers during stagnant tensile experiment, used for
evaluation of tensile strength of each nanocomposite
laminate.
Table 3 summarizes the average measures of the critical strength of each nanocomposite laminate, being
manifest the alteration, attained among the different wt%
of nanophased GFRP composites. However, the static

tensile strength of 0.1, 0.2 and 0.3 wt% of
MWCNTs/graphene–GFRP composites has found to be
increased by 48, 56 and 31%, respectively, as compared
to the neat GFRP composite. MWCNTs and graphene
blended individually in matrix seem to be unsuccessful in
enhancing the static strength as compared to the combined MWCNTs and graphene nanoparticles. The reduction in static strength might be recognized because of the
breakage of axially aligned fibres supplemented by some
longitudinal delamination between layers. Further, under
static tensile loading, the GFRP composites with incorporation of graphene show lower ultimate static tensile
strength as compared to glass/epoxy matrix composite,
but improved by adding of MWCNTs in the matrix.
Moreover, at higher concentration of nanoparticles in
GFRP, the composites strength has found to be inferior
because of the poor dispersion of nanomaterials and
formation of their agglomerates, resulting in the impulsive failure. The behaviour shown by nanocomposites is
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Figure 10. Tensile stress–strain curves of nano-reinforced composite as compared to pure GFRP (a) UD (0°)12
GFRP nanocomposites, (b) UD (90°)12 GFRP nanocomposites, (c) (0°/90°)12 GFRP nanocomposites and
(d) (45°/45°)12 GFRP nanocomposites.

in a decent agreement with the obtained results of
Hufenbach et al [11].

3.4

Fatigue testing

Fatigue test was carried out under cyclic tensile loading.
Figure 11a–c presents the obtained results between fatigue
strength and number of cycles for UD GFRP composites
incorporated with MWCNTs, graphene and combination of
both, respectively. Figure 11a shows that GFRP composites
with 0.1 wt% MWCNTs/graphene nanomaterials possess
lower fatigue strength by 3 and 12% from 0.1 wt%
MWCNTs and 0.1 wt% graphene GFRP composites for
*106 cycles, respectively. Also, 0.1 wt% MWCNTs/GFRP
composites can withstand fatigue load up to 1.85 9 105
cycles. However, the 0.1 wt% graphene GFRP composites
demonstrate inferior stagnant strength among entirely
examined nanocomposites. This is because of the agglomeration of graphene nanoparticles and poor adhesion

between the nanomaterials and matrix. The agglomerates
possess non-uniform dispersion and porosity in the matrix
which prompts larger concern for the commencement of
cracks because of the localized stress concentration. Thus, it
leads to a reduction in fatigue strength. Figure 11b clearly
displays improved fatigue life of GFRP with 0.2 wt%
MWCNTs/graphene as compared to the neat and other
GFRP composite. It is more noteworthy for the small lives.
The S–N curve acquired for GFRP composites by the
addition of MWCNTs and graphene individually by 0.2 wt%
are comparatively close to the neat GFRP composite. As
fatigue life upsurges, the S–N curve slope tends to become
more, resulting in an inferior enactment under tensile
cyclic loading. Thus, the fatigue strength of 0.2 wt%
MWCNTs/graphene GFRP composite is found to be
increased by 74% as compared to neat GFRP epoxy composite for 106 cycles. Figure 11c shows a smaller amount of
cyclic resistance which is accessible by the nanocomposite
laminates due to the cumulative percentage of nanoparticles
(MWCNTs/graphene) in the epoxy matrix. But 0.2 wt%
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MWCNTs GFRP composite shows a slightly greater tensile
cyclic resistance as compared to neat GFRP composites. It is
quite obvious that in relation to average values, the composites with greater aggregates of nanomaterials show a
slightly inferior cyclic resistance. The individual nanoparticles of MWCNTs and graphene by 0.2 wt% in GFRP
composites has certainly reduced the cyclic strength for 106
cycles from 0.3 wt% MWCNTs/graphene GFRP composites. This is attributed to the large delamination with longitudinal fibre breakage. The advancement in the damage
happened on the tension–tension fatigue samples tested for
750 MPa is shown in figure 12.
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Neat glass/epoxy
MWCNTs
Graphene
MWCNTs/graphene
MWCNTs
Graphene
MWCNTs/graphene
MWCNTs
Graphene
MWCNTs/graphene

Tensile
strain (%)
Tensile
strain
(%)
Tensile
strain
(%)

Tensile
modulus
(GPa)

UTS
(MPa)

(0°/90°)10
(90°)12
(0°)12

Tensile
strain
(%)
UTS
(MPa)
Nano filler

Table 3.

Summarized the tensile strain, ultimate tensile strength and tensile modulus for each nanocomposite laminate.

Tensile
modulus
(GPa)

UTS
(MPa)

(45°/45°)10

Tensile
modulus
(GPa)
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3.5

HRSEM morphology

HRSEM (Siemens XL 30) was used to obtain the morphology of fracture surfaces during fatigue. Samples were
washed properly using ultrasonicator and glazed a thin layer
of gold. Figure 13a–d shows a typical microscopical images
of a surface fracture of specimens reinforced with individual MWCNTs and graphene by 0.2 wt%, combined
nanoparticles by 0.2 wt% and neat glass/epoxy composite,
respectively. From figure 13a, it is observed that a fatigue
crack is initiated at a central region and propagated until a
brittle fracture occurs outside that area. Due to stress
concentration, the cracks are initiated from the periphery
of agglomerated particles. The agglomerated particles
responsible for lowering a fatigue resistance which was
found to be similar in Bellemare et al’s [31] work. The
presence of agglomerated MWCNTs particles reduced the
fatigue strength as well as the tensile strength of composites
laminates. Lam et al [32] has also reported an improvement
in fatigue strength by increasing MWCNTs up to an optimal
concentration. This was due to the increase in the size of
agglomerated MWCNTs particles with their increased
concentration up to an optimal limit and beyond that limit,
its reinforcing function found to be reduced.
In figure 13b, the graphene particles are observed to be
dragged out from its two ends, the middle being surrounded
in the matrix, indicating a synergistic influence of graphene
that bridges propagating cracks. The cracks initiation
broadcast laterally along with the matrix inner intercalated
layers which has been conferred by Srivastava and Koratkar
[33]. Therefore, the unfortunate exfoliation as detected for
0.2 wt% graphene composites adds to a decline in the
fatigue resistance. Figure 13c shows a fracture surface of
composites tested up to 389,500 cycles for a peak stress of
75 MPa. The image discloses a uniform distribution of the
MWCNTs and graphene nanoparticles in the matrix. Further, the neat glass-epoxy composite (figure 13d) displays a
comparatively smoother fracture surface as related to the
surfaces observed in figure 13a–c.
Therefore, the measurable fatigue consequences and
SEM images evidently show that MWCNTs improve
the fatigue performance of epoxy matrix-based
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Figure 11. The influence of nanoparticles on GFRP composites under tensile cyclic loading for: (a) 0.1 wt%,
(b) 0.2 wt% and (c) 0.3 wt%.

Figure 12. Damage happened under tensile cyclic loading at 750 MPa: (a) after 9,825 cycles, (b) after 1,89,720
cycles (74% of total life) and (c) final failure (3,89,500 cycles).
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Figure 13. Fatigue fracture surface of glass/epoxy matrix reinforced by 0.2 wt% (a) MWCNTs, (b) graphene,
(c) MWCNTs/graphene and (d) neat glass/epoxy composite using HRSEM.

nanocomposites. The consequences confirm that MWCNTs
obstruct the mechanism of fatigue failure by foiling the
initiation of catastrophic cracks and reducing damage
growth of existing or newly formed cracks [34]. Due to
these associate cracks, MWCNTs decrease the amount of
plastic deformation practiced by the composite matrix.
4.

Conclusions

In this study, nanocomposite laminates at different orientations of glass fibres incorporated with MWCNTs,
graphene and combination of both nanoparticles (concentration: 0.1–0.3 wt%) were developed using the vacuum
bagging-assisted hand lay-up method. The mechanical
characteristics, such as impact test, fatigue test and tensile
strength were obtained to evaluate the behaviour of
nanocomposite laminates. The following conclusions are
drawn.
(1) The individual nanoparticles like MWCNTs and
graphene-reinforced UD glass-fibre oriented (0°)

notched laminates have shown enhanced energy absorption capacity as compared to un-notched and neat GFRP
laminates. However, the capability of energy absorption
for 0.2 wt% MWCNTs/graphene nanoparticles reinforced nanocomposites with UD glass fibres (0°)
orientation has improved by 927.7% in notched type
and reduced by 155.43% in the un-notched type, as
compared to neat GFRP composites laminates.
(2) The laminated nanocomposite structures have exhibited
expressively dissimilar behaviour under both types of
impact test. The nanocomposite laminate fabricated by
UD glass fabric (0°) has exhibited greater strength from
the nanocomposite laminates using WR glass fabric
(45°/45°).
(3) The combined addition of 0.2 wt% MWCNTs/graphene
nanoparticle has found to be a noteworthy enhancement
in the fatigue resistance of a UD GFRP composite.
However, the combined addition of MWCNTs/graphene
nanoparticles by 0.3 wt% has shown a reduction in fatigue
strength because of the formation of agglomeration of
nanoparticles that promotes fatigue crack initiation.
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(4) A uniform dispersion of MWCNTs/graphene nanoparticles (0.2 wt%) was obtained in the developed
composites, but for 0.3 wt% concentration, the dispersion was found to be apparently ineffective.
(5) The tensile strength and fatigue strength of the GFRP
composites combined with individual nanoparticles
(MWCNTs and graphene by 0.2 wt%) under static
tensile test as well as tension–tension cyclic loading
have found to be higher than neat GFRP composite.
Furthermore, addition of greater concentration of individual nanoparticles, the tensile strength and fatigue
strength have witnessed to be decreased.
Finally, it can be concluded that the fatigue strength,
tensile strength and impact strength of nanocomposites
improved via combined addition of MWCNTs and graphene
nanoparticles by 0.2 wt% in GFRP matrix.
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