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a b s t r a c t

The mechanical properties of carbon fiber reinforced polymer composites depend upon fiber-matrix
interfacial properties. In this investigation to improve the mechanical properties of polymer compos-
ites, graphene oxide was used as one of the filler for the development of carbon fiber/graphene oxide-
epoxy hybrid composites. Initially, epoxy resin was modified by incorporating different weight% of
graphene oxide from 0.1 to 0.6 wt%. The desired size of carbon fiber fabric was impregnated with
modified epoxy resin to develop hybrid composites by compression molding technique. The graphene
oxide synthesized was characterized by various techniques such as FTIR, XPS, NMR, XRD and Raman
Spectroscopy. It is observed that graphene oxide synthesized possesses different type of functional
groups which are responsible for making interactions with epoxy resin and Carbon fibers. The hybrid
composite flexural strength increases by 66%, flexural modulus by 72%, while interlaminar shear strength
(ILSS) increases by 25% at 0.3 wt% of graphene oxide included in the carbon fiber reinforced polymer
hybrid composites. The enhancement in the properties of composites at the percolation threshold of
graphene oxide is due to hydrogen type bonding and mechanical interlocking of graphene oxide with
carbon fibers and epoxy resin. The graphene oxide utilization is one of the approaches for improving the
properties of carbon fiber polymer composites.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon fiber reinforced polymer composites have been exten-
sively used in a wide range of applications such as aerospace,
automotive, wind energy, marine turbine blades and sports sector
because of their superior strength to weight, high thermal stability
and excellent corrosion resistance [1,2]. Their low fabrication cost,
ease of handling and fatigue damage resistance owe to metal
counterpart in various applications [3e5]. In the composites, fiber
plays an important role as load bearing component and polymer
matrix provides back support to fiber bymaintaining its orientation
into the composites. The fiber volume content is essentially
Section, Advanced Materials
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hakate).
dominated themechanical properties of unidirectional carbon fiber
polymer matrix composite. In the laminated composites, carbon
fiber is mainly responsible for high in-plane mechanical properties,
whereas polymer matrix is mainly for out of plane properties.

The carbon fiber laminated composites are extremely capable to
crack initiation and propagation through various modes of failure
[6,7]. The delamination is one of the major crack growth mode,
which causes critical depression in in-plane strength and stiffness
[8,9]. Another problem is the surface inertness of carbon fiber
which exhibits poor interfacial interactions with polymer matrix
[10]. All above drawbacks are potentially led to catastrophic failure
of the whole composite structure. In this direction several tech-
niques have been introduced to improve mechanical properties (in-
plane and out of plane) such as Z pinning [11], stitching of fiber [12],
designing 3D fabric design [13], fiber surface modification [14e16]
and matrix modifications [17e19] etc. These modification methods
have been reported with improved inter-laminar mechanical
properties at high complexity and cost. Traditionally, matrix
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modification is relatively easy and cost effective procedure without
compromising other mechanical and structural properties of
composite.

It is reported that improvement in mechanical properties of
composites using matrix modification depends largely on the
interface to volume ratio and filler size [20,21]. So in this direction
nanofillers are playing important role for the modification in
polymermatrix. Some of thework has been already reported on the
modifications of composite interface by reinforcing mechanism.
The modification combines effect was explained from a variety of
interface theories such as chemical bonding [22], wetting, me-
chanical interlock [23] and local stiffness of polymer matrix [24]. In
this area, enhancement in mechanical properties of composites has
been reported by incorporating nanoscale fillers such as CNT
[25e27], fullerenes [28,29] and nanoclay [30,31]. Ogasawara et al.
has reported 60% enhancement in interleminar fracture toughness
by incorporating fullerene (0.1e1 wt%) in the matrix resin [28]. On
the other hand Vaganov et al. examined the enhancement of 40% in
fracture toughness by incorporating 1.0 wt% CNT in epoxy/carbon
fiber composites [32]. Also, Xua et al. [31] have reported significant
improvement of flexural properties using clay-reinforced epoxy/
carbon fiber composite.

Recently, graphene filled composites have been widely investi-
gated due to the outstanding electrical, thermal and mechanical
properties of graphene. Over the past few years, incorporation of
graphene or graphene oxide (GO) sheets has been reported on a
wide range of polymer matrix [33e38]. In pursuance of achieving
optimum enhancement in mechanical properties of polymer ma-
trix composites, there are many key issues should be fixed, i.e.,
dispersion and alignment of graphene in the polymer and surface
modification of graphene for favorable interaction. It is well known,
synthesis of graphene produced in entangled structure and inter-
laminar van der Waal forces promote agglomeration of the gra-
phene sheet. Consequently, the dispersion and exfoliation of
graphene in media is great obstacle when it mixed with polymer.
The poor dispersion and agglomeration of graphene sheet created
nano defects in laminated composites which causes only minimal
enhancement mechanical properties. To control the above
shortage, excellent approaches have been tackled to covalent
functionalization of graphite sheet from oxidation method to
improve their affinity with polymer matrix. The oxidative form of
graphite sheet, i.e., graphene oxide plays a very important role as
nano filler for matrix modification. Its surface and edge oxygen
functional groups provide an ambient path for strong binding with
polymer matrix. Its high dispersion ability and strong interlocking
with polymer matrix commits potentially effective reinforcement
in polymer composites. In this respect Zhang et al. reported the
70.9% and 36.9% improvement in interfacial shear strength (IFSS) of
virgin carbon fiber and commercial sizing carbon fiber composites
by incorporating 5.0 wt% GO [39].

In the present studies, we have introduced graphene oxide into
the polymer matrix using very conventional method i.e., wet
transfer process. The GO-epoxy resin was used for development of
carbon fiber hybrid composites and effect of GO content on bending
properties of composites was investigated. We are reporting
improvement in bending strength and ILSS by including different
weight of GO into the epoxy/carbon fiber hybrid composites.

2. Materials and experimental section

2.1. Materials

Natural Graphite procured from Pure Carbon, Pune, India. So-
dium nitrate (99.98% pure) and potassium permanganate (99%
pure) were all from Thermo Fisher Scientific India Pvt. Ltd.,
Mumbai. H2SO4 (98% v/v), HCl (35% v/v) and H2O2 (30% v/v) were
obtained from Thomas Baker Pvt. Ltd. Mumbai, Merck Specialties
Pvt. Ltd. Mumbai and RFCL limited Gujarat respectively. All the
chemicals were used without further purifications. T-300 carbon
fiber fabric procured from Ram Composite Products, Hyderabad.
Epoxy resin LY556 and hardener Triethylenetetramine (TETA)
procured from Huntsman, USA and central drug house, India
respectively.

2.2. Synthesis of graphene oxide

Graphene oxide was synthesized by the Hummer's method
followed by an appropriate washing process for better purity
[40,41]. Water free solution of graphite flakes (5 g) and sodium
nitrate (2.5 g) in sulfuric acid (150 ml) was prepared. Potassium
permanganate (15 g) slowly added to the water free mixture while
stirring and maintained temperature 10e15 �C by keeping reaction
system in ice bath. The mixture was stirred slowly for 24 h at 40 �C
and to achieve a uniform oxidation reaction. Later on the temper-
ature increased to 100 �C for high rate of oxidation for 1 h and then
added 250 ml of distilled water in the reaction mixture and stirred
for 1 h. Finally 15 ml 30% hydrogen peroxide mixed to reaction
mixture to stop the reaction and diluted with 500 ml distilled
water. Solution was filtered and washed with distilled water until
the pH value of supernatant reached to 5e6. To obtain pure GO,
resulting GO suspension were washed with 5% HCl solution to
remove unreacted potassium permanganate and metal impurities,
followed by washing with distilled water to separate chloride ions
and acid. GO flakes were obtained by drying washed GO in oven at
60 �C for 24 h.

2.3. Preparation of GO reinforced carbon fiber/epoxy composites

The epoxy resin was modified by introducing GO via wet
transfer. The GOwas dispersed in ethanol solution by ultrasonically
for 2 h and then mixed with epoxy resin. The excess ethanol from a
GO-epoxy mixture was removed by keeping mixture in oven at
temperature 60 �C. Later on mixture was stirred for 24 h at 50 �C to
get a homogeneous mixture. The epoxy resin was modified by
incorporating different wt% of GO from 0.1 to 0.6 wt%. The desired
size of carbon fiber fabric was impregnatedwith epoxy-GOmixture
to get prepreg. The prepreg was kept in a vacuum oven to remove
entrap air. The desired number of prepreg was arranged on a
metallic plate and then kept on the hot plate of hydraulic press. The
pressure was applied at temperature 90 �C to get desired hybrid
composites. The processing of hybrid composite schematically
depicted in Fig. 1.

2.4. Characterization of the GO and GO/epoxy carbon fiber hybrid
composites

The surface morphology of GO flakes, dispersed GO and frac-
tured surface of GO reinforced hybrid composite was recorded by
Scanning Electron Microscopy (Vi-EVO, MA-10, Carl-Zeiss, UK).
Samples were coated with gold using sputtering coater before
observing the morphology. The prepared GO was characterized by
Transmission Electron Microscope (JEOL model JEM 2100, Japan).
Sample for TEM study was prepared by dispersing a requisite
amount of GO in a known quantity of Milli-Q water by ultra-
sonication for 1 h. A drop of the sample was placed on a lacey
carbon film on a copper grid and was allowed to dry at room
temperature for 24 h. The surface chemical analysis, relative
elemental composition and electronic state of GO was recorded
using Multi Lab 2000 spectrometer (Thermo Electron Corporation,
England) with Al Ka as an X-ray source with radiation energy
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1485.6 eV. All the measurements were run through 14.9 keV anode
voltages, a 4.6 Å filament current and a 20 mA emission current.
The XPS survey spectra were obtained with 50 eV pass energy with
1.0 eV step size. Core level spectra were obtained at 50 eV pass
energy with a 0.10 eV step size.

The crystallographic analysis of GO was analyzed using X-ray
diffractometer (De8 Advanced Bruker powder X-ray diffractom-
eter) using CuKa radiation (l ¼ 1.5418 Å) at a scanning rate of 1�/
min with voltage 40 kV with a current of 40 mA within range of
2q ¼ 5�e60�. Functional groups present on GO prepared by the
Hummer's method were confirmed by Fourier Transform Infrared
Spectrometer (Perkin Elmer, Model: Spectrum GX FT-IR system).
The sample was mixed with KBr powder (Sigma Aldrich) and the
resultant mixture was pressed to form a palette (circular disk). The
spectrum was recorded within the range of 4000 cm�1- 400 cm�1

averaging 10 scans with 1 cm�1 interval and at a resolution of
4 cm�1. GO was characterized by 13C- Solid State Nuclear Magnetic
Resonance (NMR) spectroscopy to get information of carbon states
in prepared GO (ECX-400 JEOL-400 MHz high resolution multinu-
clear FT-NMR spectrometer for solid). Spectrumwas recorded with
single pulse experiment at full range peak picking and noise factor
5. The Raman spectrum of GO was recorded using Reninshaw
Raman Spectrometer (Micro Raman model-Invia reflex) with
514 nm laser excitation. For Raman Spectra 50� objective lens was
used with laser power 5 mW (laser spot size -0.8 mm).

The mechanical properties of composite were measured using
Instron Universal Testing machine model 5967. Samples for testing
were prepared according to ASTM D 790 standards. The bending
strength measured on a sample of length 80.00 mm, width
Fig. 1. Schematic diagram of introduction of GO into epoxy matrix
15.00mmand thickness 2.00mmby three point bending technique
at the cross head speed 1 mm/min. The density (r) of GO based
carbon fiber/epoxy composite was calculated using the equation:
r ¼ m/v, where, m is the weight of the composite and v is the
volume of the composite. The interleminar shear strength (ILSS) of
composite samples was calculated using the relationship:

F ¼ 0.75 * P/b * h (1)

Where F is the short-beam strength (MPa), P is the maximum load
(N) experienced by specimen, b is measured width (mm) and h is
the measured thickness (mm) of composite specimen. Samples for
ILSS were prepared according to ASTM D2344 standard.
3. Results and discussion

3.1. Characterizations of the GO

Functional groups present on the surface of GOwas evaluated by
FTIR and it is depicted in Fig. 2. The peak at 1735.59 cm�1 is
attributed to stretching vibration of carbonyl group part of a car-
boxylic acid. Peaks at 1639.41 cm�1, 1463.32 cm�1 and
1127.45 cm�1 corresponds to the stretching vibration of C]C,
CeOH and CeO respectively.1264.27 cm�1 and 1028.22 cm�1 peaks
indicating symmetric and asymmetric stretching vibrations of
epoxy ring (CeOeC) respectively [42,43].

13C NMR or Carbon-NMR is very important tool for structure
elucidation of the organic compounds. This technique allows the
identification of different state of carbon atom in organic
to form GO reinforced epoxy-carbon fiber hybrid composites.
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molecules. The single pulse 13C NMR spectrum of graphene oxide
has shown in Fig. 3. The 13C- Solid NMR of GO resulted in four major
peaks with chemical shift at 60.07 ppm, 70.42 ppm, 135.01 ppm
and 169.66 ppm confirming the function group CeOeC (epoxy),
CeOH (hydroxyl), C]C (conjugated sp2) and HOeC]O (carboxylic)
respectively [42e45]. Peak intensities of all functional groups
attributed to the concentration of that nucleus in samples. So the
epoxy group has high intensity among other functional groups,
indicating maximum number of carbon nucleus with that group.
Additionally, carbon attached to hydroxyl group has recorded with
second highest peak. Also the C]C bond intensity is lower because
of a breakdown in conjugation due to oxygen based functional
group. Lower number of carboxylic acid group attributing lowest
intensity of it in GO.

The XRD spectrum of the natural graphite and graphite oxide
were recorded in the study of crystalline nature along with phase
purity in the natural graphite to graphite oxide during the chemical
oxidation reaction. The XRD pattern of natural graphite shows a
diffraction peak at 2q ¼ 26.59� for its (002) plane and this peak
disappeared after oxidation of graphite into graphene oxide (Fig. 4).
The appearance of new diffraction peak at 2q ¼ 10.18� which is
corresponding to (002) plane of GO [46]. The interlayer spacing of
natural graphite and GOwere calculated according to Bragg's law of
diffraction:

Nl ¼ 2d sin q (2)

Where l is the wavelength of X-ray used, N is diffraction order and
d is interlayer space.

The calculated value of interlayer spacing of GO is d002 ¼ 8.71 Å
whereas in case of natural graphite it is d002 ¼ 3.35 Å which is less
and it is half of d-spacing of GO. The larger d-spacing of GO sug-
gested that the level of oxidation in graphite lattice. Various oxygen
based functional groups onto the surface are responsible for many
defects or nanoholes in GO and consequent lattice distortion of
graphite lattice. GO peak intensity is lower than graphite which
demonstrating the disorder structure of GO also a sharp peak of
graphite indicating that graphite is composed from well-ordered
graphene sheets [43,47]. Also, it is observed that peak at 20.6� is
the second order peak of GO which is absent in case of graphite.

The reinforcing filler or additive material used in the develop-
ment of fiber reinforced polymer composites possesses functional
groups on their surface. These groups generally are responsible for
Fig. 2. FT-IR plot of graphene oxide (GO).
interaction or bonding between reinforcing and the polymeric
matrix. The XPS is an excellent tool to identify the functional groups
present on the surface reinforcing additives in the quantitative
amount. Fig. 5(a) and (b) are showing the de-convolution of XPS
spectra of GO for carbon and oxygen respectively.

The C1s and O1s spectra involve the electron transition from
carboneoxygen atoms of different atomic configurations; and their
shape depends upon atomic densities. The evaluation of bonding
content consists of spectra background subtraction, followed by the
fitting of GaussianeLorentzian asymmetric functions to the
measured spectra, selecting the relevant binding energy values
from literature [48,49]. In both the cases, asymmetric peaks are
observed centered at different binding energies with long tail
extended to the higher energy region. The deconvolution of Cls
spectra is splitting into four peaks, (1) carbon in graphitic type
(CeC/C]C), (2) carbon singly bound to oxygen (CeO) in phenols
and epoxy (CeOH/CeOeC), (3) carbon doubly bound to oxygen
(C]O) in ketones and quinines and (4) carbon bound to two oxygen
(eCOO) carboxylic acid. The deconvolution of the O1s spectrum
results in two peaks (Fig. 5(b)), (1) oxygen single bound to carbon
(CeOH/CeOeC) in the form of hydroxyl/epoxy and (2) oxygen
doubly bound to carbon (C]O) in the form (C]O/HOeC]O)
carbonyl group or carboxylic. The integrated area involves under
peak designate the bond intensity of assigned bond. Greater area
under curve possesses higher bond intensity of that bond which is
directly linked with its number of bond present in that molecule.
Table 1 is comparing the binding energies of C1s and O1s de-
convoluted peak of different functional group present on the sur-
face of graphene oxide.

Raman spectroscopy is an important non-destructive technique
for structure elucidation of carbon based materials [50]. Highly
ordered graphite sheet has only couples of high intense Raman-
active bands, the vibration because of in-phase graphite lattice (G
band) appeared at 1579.53 cm�1 due to 1st order scattering of the
E2g mode [51] and small band (D band) appeared at 1350.96 cm�1

(in Fig. 6(a)), this is due to the presence of defects. This occurs due
to the surface modification by oxidation reaction in the graphite
material such as bond length, bond angle, edge and vacancy defects
etc. Also the presence of a 2D band (or G0 band) at 2720.24 cm�1 is
the result of overtone of D-band and this band is used to elucidate
structure in c-axis orientation [52].

In case of Raman spectra of GO, G-band shifted at higher fre-
quency 1598.83 cm�1 because of oxidation of graphite and D-band
Fig. 3. 13C NMR plot of graphene oxide (GO).



Fig. 4. XRD plot of Graphene oxide (GO) relative to natural graphite flakes.

Table 1
Functional groups present on surface of GO evaluated by XPS curve fitting.

Assignment BE [eV] Integrated area

Peak 1 (C1s) CeC/C]C 283.74 10797.10
Peak 2(C1s) CeOH/CeOeC 286.14 28093.20
Peak 3(C1s) C]O 288.24 17403.70
Peak 4 (C1s) O]CeOH 289.38 11208.20
Peak 1(O1s) CeOH/CeOeC 530.17 16753.77
Peak 2(O1s) C]O/HOeC]O 533.73 39443.80
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appeared at 1351.01 cm�1 with higher intensity. The shift in G-band
arises because of the increase in the number of sp3 carbons due to
oxidation whereas the intense D-peak is a result of imperfection
created as a consequence of in plane hetero-atom oxygen based
functional group on the graphitic basal plane.

The ID/IG ratio of natural graphite and GO is 0.21 and 0.97
respectively. This increment in ID/IG from natural graphite to GO as
a result of disorder carbon on the surface modification of graphite
and loss of conjugation of carbon-carbon double bond along with
size of sp2 ring on the GO basal plane indicating the increase in
disorder after oxidation. On the other hands, above Fig. 6(b) has two
more low intensity peaks at 2708.30 cm�1 and 2937.26 cm�1 which
is corresponding 2D and (D þ G) peak respectively. The reductions
in intensity of a 2D band of GO associated with the breaking of
stacking order because of oxidation reaction.
Fig. 5. XPS deconvoluted spectra of G
3.2. Morphological and crystallinity analysis of GO

Fig. 7 showing the SEM images of GO and dispersed GO. It is
observed the wrinkled GO or the folded GO sheets in Fig. 7(a). It can
easily conclude by seeing the image 7(a) that GO contain few
number of layers of graphene. In Fig. 7(b), SEM image of GO after
dispersion in organic solvent, the size of GO sheet is calculated
using SEM image and it varies from 2 to 7 mm. The dispersed GO
sheets are introduced in epoxy resin (Fig. 7(c)) and size of dispersed
GO sheets in epoxy composite is almost similar to dispersed GO
depicted in Fig. 7(b) after wet transfer. Also GO have tendency of
agglomeration at higher concentration in epoxy resin (white circle
marked in Fig. 7(d)).

The surface morphological and crystalline behavior of synthe-
sized GO were analyzed using TEM and selected area electron
diffraction (SAED) pattern as represented in Fig. 8. The of GO in
Fig. 8(c) shows semi transparent sheet of few layers of GO along
with wrinkle structures, this confirms few layer GO as shown in
Fig. 8(a) and (b) after ultrasonication. Since these samples pro-
cessed under strong oxidation and as a consequence in high
amounts of oxygenated functional groups on the surface and edge
of sheet, because of it GO flakes are suitable for exfoliation into a
few layers after ultrasonication. Fig. 8(a) confirmed the few layer of
GO and reveals that few layer of GO sheet having interlayer spacing
of 0.35 nm. The selected area diffraction (SEAD) of GO sample is
showing the 6 member ring pattern in an identical manner as ex-
pected for graphitic material.

The SAED pattern is one of the important and efficient tool uses
to analyze the crystalline nature of nano materials. The SEAD
pattern of the synthesized GO sample has shown in Fig. 8(d). It is
revealed that the SAED pattern of a GO sample show distinct
diffraction spot with a six fold pattern that implies with its hex-
agonal lattice [43]. This pattern of our synthesized GO closely
matched with other GO sample recorder by other research groups
[53]. The SAED pattern of GO concluded that GO is not only
composed from fully amorphous regions, but also include
O (a) C1s peak and (b) O1s peak.



Fig. 6. Compares the Raman spectrum of (a) Natural Graphite and GO and (b) zoom image of GO in the range of 2500e3000 cm�1.
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crystalline regions [54].

3.3. Mechanical properties of composites

In the case of carbon fiber-epoxy composite flexural failure is
limited by fibers, in Fig. 11(a) depicted variation in flexural strength
with increasing the GO content in epoxy matrix hybrid polymer
composites. Initially, flexural strength of the carbon fiber polymer
composites with fiber content 45 ± 2 wt% is 425 MPa. While after
GO addition in epoxy resin and composites developed there from
shows upward trend in mechanical properties. At 0.1 wt% of GO
content, flexural strength increases to 509 MPa and it reaches a
maximum up to 710 MPa at 0.3 wt% GO. After 0.3 wt% GO strength
decreases continuously and the resultant value is higher as
compare to composite without GO i.e., 508 MPa. Also, it is
Fig. 7. SEM images of (a) GO flakes (b) dispersed GO sheet (c) disperse GO sh
important to note that the deviation in strength is higher after
0.2 wt% of GO in composites. This clearly brings out the fact that the
addition of GO is helpful in improving the mechanical properties of
carbon fiber epoxy composites. The increase in strength can be
results of interfacial bond created between the fiber and epoxy
matrix via GO. As investigated by various techniques represented in
Figs. 2e5 (FTIR, 13C NMR, XRD and XPS respectively), the GO surface
present functional groups CeOeC (epoxy), CeOH (hydroxyl), C]C
(conjugated sp2) and HOeC]O (carboxylic).

Dhakate et al. reported in earlier study carbon fiber possesses
the phenolic/hydroxyl, carbonyl and carboxylic as well as some
nitrogen containing functional group on the surface fibers [55]. The
functional group present on graphene oxide can form interactions
with both functional groups of carbon fibers and epoxy resin. Thus
the strong interaction attributed to decrease in elongation as
eets in epoxy polymer and (d) agglomeration of GO into the epoxy resin.



Fig. 8. TEM image in (a) showing fringes and no. of layer, (b) multilayer and folded structure of GO, (c) dispersed GO and (d) SAED pattern.
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compared to conventional carbon fiber epoxy composites
(Fig. 12(a)). This shows that GO addition results in increases in
modulus of composite (Fig. 11(b)). The youngmodulus increases till
0.3 wt% GO and maximum is 35 GPa. Therefore, modulus decreases
continuously with increasing the GO content. At 0.6 wt% of GO,
modulus is 28 GPa which is higher than conventional carbon fiber-
epoxy composites. Fig. 12(a) is depicting the load-displacement
curve of the hybrid composites. It is found that addition of GO up
to 0.3 wt%, mode of failure can help in more energy dissipation as
compared to without GO based composites. In case GO based
hybrid composites, elongation of composite decreases, this is due to
increase in interfacial interaction with surface functional group of
graphene oxide, epoxy resin and carbon fiber. The graphene oxide
Fig. 9. FTIR spectra of (a) carbon fiber, (b) carbon fibe
dispersed in the matrix can be settled with the surface of carbon
fiber, which can lead to the formation of a strong bond at the
interface of fiber-matrix. These bonds and GO are responsible for
stress distribution.

The carbon fiber T-300 used in all composites consist of func-
tional groups on the surface since the fiber only heat heated to
1200 �C during carbon fiber production. So the GO functional
groups are utilized for improving interfacial bonding between CF
and epoxy matrix. The FTIR data of GO based composites has been
used to explain the interaction of GO with epoxy polymer and CF in
the composites.

The FTIR result of carbon fiber confirms the presence of oxy-
geneous functional group on the surface of carbon fiber. In Fig. 9(a),
r/GO-epoxy composite (c) GO-epoxy composite.



Fig. 10. Schematic reaction mechanism between GO and CF resulted in binding with
ether bond.
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the peaks at 3701.2 cm�1 shows the non H-bonded hydroxyl group
and OeH group attached with carboxylic group. The peaks at
2930 cm�1, 1730 cm�1 and 1230 cm�1 of symmetric stretching
CeH, C]O and CeO bond respectively. The position and intensity
peaks notice in CF has been changed in CF/GO-epoxy composite.
The hydroxyl group of CF attached with epoxy of GO-epoxy com-
posite resulted in vinyl ether bond between CF and GO. To confirm
the nature of bond formed between GO and CF in composite, we
have taken the FTIR spectra of CF/GO-epoxy. The ether bond for-
mation is confirmed using FTIR plot of CF/GO-epoxy composite
(Fig. 9(b)). In Fig. 9(b), the peak at 1235.2 cm�1 and 820.4 cm�1 are
confirming the presence of asymmetric stretching mode and
symmetric stretching mode for CeO bond in vinyl ether respec-
tively. Apart from this, we have observed the shifting of carbonyl
peak of GO (Fig. 9(b)) in composite from carbonyl peak of GO (Fig. 2)
to lower frequency because of H-bond formation with hydroxyl
group of epoxy polymer. The carbonyl peak is observed at
1651.7 cm�1 for the GO based CF composites while in case of as such
GO carbonyl peak was notice at 1735.6 cm�1. This shifting of
carbonyl peak is a result of H-bonding between GO and epoxy
polymer which lower the bond strength of carbonyl bond resulted
in shifting in a peak [56].

To observe the bonding between GO and epoxy resin, the FTIR
spectrum of GO-epoxy polymer composite was taken (Fig. 9(c)). It is
observed that asymmetric mode of stretching at 1235.2 cm�1 and
symmetric mode of stretching at 823.6 cm�1 of vinyl ether bond.
The shifting in carbonyl peak of GO in composite as compared with
as such GO is observed. In GO, the carbonyl peak is observed at
1735 cm�1 which has shifted to lower frequency in case of GO-
Fig. 11. Variation in (a) Flexural strength and (b) Mod
epoxy composite i.e., at 1670.1 cm�1. This result attributed to the
H-bonding between GO and epoxy polymer which lowered the
carbonyl bond constant value as observed in Fig. 9(b) [56]. It is also
observed the symmetric stretch of NeH and OeH bond between
the ranges of 3500e3800 cm�1.

In CF/GO-epoxy composite, the surface roughness of carbon fi-
bers are playing very important role in improvement of mechanical
properties of hybrid composites. The OeH groups of CF attack at
epoxy carbon of GO resulted in opening of strain ring. The sche-
matic reactionmechanism between CF and GO has shown in Fig. 10.
The formation of ether bond confirms the chemical bonding be-
tween these two. All the above explanation the conform result of
chemical bond between GO and CF along with H-bonding between
GO and epoxy polymer.

According to Lee et al. [57] graphene modulus is around 1.0 TPa
and intrinsic strength ~130 GPa. However, even though modulus
and tensile strength decreases to some extent of graphene oxide. It
can provide substantial increases in stiffness and strength of the
fiber-matrix interface in hybrid composites. This can offer better
stress distribution around the fiber-matrix surrounding resin
leading to much higher bending strength. On the other hand,
higher concentration of GO is not so much effective. Thus there is a
percolation threshold of 0.3 wt% of GO that of epoxy resin. The
improvement in the properties of composites is due to the crack
deflection and crack branching induced by the presence of GO in
the matrix which having a high surface area, more energy ab-
sorption capacity by the high strength GO. Also, it reveals from SEM
micrographs (Fig. 13) GO adhere with carbon fiber surface and GO
almost fail in one plane with fibers, this result in brittle type load-
displacement behavior.

The mechanical properties of carbon fiber reinforced polymer
composites also depends upon the interfacial interaction of fiber
and epoxy matrix. Interlaminar shear strength (ILSS) is the one of
the best desirable measurement for finding out the interfacial in-
teractions. In Fig. 12(b), depicted the ILSS of hybrid composites with
increasing weight% of GO is in epoxy resin. It is observed that
increasing weight% of GO and reached maximum for 0.3 wt% GO to
epoxy weight. Fig. 12(b) is showing a 23% improvement in the ILSS
of 0.3 wt% GO epoxy/carbon fiber composite to pure epoxy/carbon
fiber composites. This improved ILSS attributes in fact, that GO
contains the oxygeneous function group which exerts polarity onto
the surface and edge of GO because of this it exerts good dispersion
which lead effective bonding between GO and matrix. Epoxy
(Bisphenol A epoxy resin) contains epoxy and hydroxyl as func-
tional group so hydrogen bonding involved among GO molecules
and epoxy as well with carbon fibers. As a result good interfacial
adhesionwith epoxy comes into play resulting in “interlock effect”.
ulus with increasing GO content in epoxy resin.



Fig. 12. (a) Maximum load vs. extension with GO weight % variation and (b) ILSS variation with GO weight % of epoxy.
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This is also due to wrinkled structure GO which induce mechanical
interlocking between GO and epoxy matrix [58].

Dispersion of GO at 0.3 wt% was good, but above its concen-
tration it started aggregating. So the aggregation of GO increases
with increasing the content of GO above 0.3 wt%. The detrimental
effect of GO on shear strength is more after 0.4 wt% GO addition and
its increases as we add more GO content in epoxy. We have
observed decrement of the ILSS from 40.8 MPa to 36.0 MPa in case
0.3 wt% GO to 0.4 wt% GO content respectively. So 11.7% ILSS
reduction from highest ILSS value observed in case of 0.4 wt% GO
content and this ILSS deterioration comes from many factors like
dispersion of GO into epoxy, agglomeration and undesired bonding
of GO with a sizing agent [59]. The agglomeration of GO related to
the extra addition of GO from limited amount. GO involved in
binding with hardener TETA used so more GO content bind with
more TETA molecule resulting in weakness in bonding between
epoxy and TETAmolecules. So a less molecule of TETA remained for
bonding with epoxy. Cross-linking extent between matrix and
hardener weakened interfacial interaction between GO, epoxy and
fiber. As a consequence decreases in ILSS of composites at higher
content of GO. The fracture surfaces of bending tested specimens of
different composites were examined. The present investigation
results are compared with GO incorporated or GO coated glass and
carbon fiber composites available in literature [60e62].

Fei li et al. [60] reported improvement of polyethersulfone (PES)
special engineering thermoplastic by incorporating short carbon
fiber (SCF) and graphene oxide (GO). In this study, composites were
prepared by extrusion compounding and injection molding from
the mixture of 12.5 wt% SCF with varying the GO coating content
from 0 to 1.0 wt%. The pure PES composite have tensile strength
89 MPa and that of SCF-PES composites 106 MPa. After
Fig. 13. SEM images (a) pure epoxy carbon fiber composite (b) 0.3% GO- ep
incorporating GO- in SCF-PES composite, tensile strength increases
to 119 MPa at 0.5 wt% GO content. The flexural strength and
modulus of pure PES is 126 MPa and 2.56 GPawhile that of SCF-PES
composite flexural strength and modulus increases to 157 MPa and
4.93 GPa. On the other hand, on incorporation of GO in SCF-PES
composites, flexural strength and modulus increases to 182.5 MPa
and 6.4 GPa respectively. It is reported that, pure PES in ductile
material with the yield point, while SCF-PES composites showing
the brittle behavior. The brittle behavior of SCF-PES composites is
increases as GO content increases in SCF-PES composites. The
enhancement of mechanical properties due to the fact that, the
interfacial bonding between SCF and PES has been enhanced by the
GO treatment on SCF surface and thus there is better load transfer
from PES to the SCF. This result is associated with the fact that
interfacial bonding between SCFs and PES is enhanced by the GO
treatment on SCF surfaces.

The properties of short carbon fiber composites are not that high
as compared to continuous carbon fiber composites and as results
this type of composites cannot be used for structural applications.

Mahmood et al. [61], have reported the effect of surface treat-
ment of GO on unidirectional glass fiber (GF) epoxy composite. In
this GO was deposited on GF through electrophoretic deposition
(EPD) technique, EPDwas carried out at various applied voltages up
to 10 V/cm with constant deposition time so that homogenous
deposition of GO can be achieved on GFs. In case of untreated GF-
epoxy composite, tensile strength and inter laminar shear
strength (ILSS) is 1475 MPa and 5.7 MPa. While this value of tensile
strength and ILSS increases to 1844MPa and 18.2 MPa in case of GO
coated GF-epoxy composite at 10 V/cm applied voltage. There is an
improvement of 25% in tensile strength and 219% in ILSS is regis-
tered. The improvements in the properties are due to the facts that
oxy carbon fiber composite (c) 0.6% GO- epoxy carbon fiber composite.
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GO creates a favorable bond between GFs and epoxy resin which
enhance the effective distribution of load on the GF. Themechanical
interlocking is take place between GF and Epoxy resin due to the
increase in surface roughness of GF by Go coating.

Park et al. [62], focused on improvement interfacial properties of
unidirectional GF- epoxy matrix composites by using novel layer-
by-layer (LbL) assembly for the surface modification of the GF. In
this case initially glass fiber was coated with GO and then aramid
nanofibers (ANF) to improve interfacial properties. The GF-epoxy
matrix composite possess interfacial shear strength (IFSS)
20.74 MPa and surface free energy (SFE) 39.33 mN/m. While after
uniform GO and ANF coated glass fiber-epoxy composite, IFSS and
increases to28.86 MPa and SFE to 44.63 mN/m respectively. The
improvement in interfacial properties of GF- epoxy matrix com-
posite is associated with the LbL assembly which facilitates the
development of the assembly of multidirectional nanomaterials
without significant phase aggregation and controlled architecture
among the layers.

The above quoted [60e62] research work has mainly focused on
surface modification of either unidirectional carbon fiber or glass
fiber using graphene oxide. In our research work, we have used
very simple method of introduction GO into epoxy resin and
improved the interfacial properties between 2D carbon fiber fabric
and epoxy matrix. The introduction of GO into epoxy matrix not
only affecting the epoxy matrix surface using H-bonding but also
binding with carbon fiber with chemical bond during curing pro-
cess. In this we have used simple mixing of GO synthesized in
laboratory, into the epoxy and fabrication on carbon fiber com-
posite, resulting in significant improvement in mechanical prop-
erties of hybrid 2D composites i.e., bending strength, modulus and
ILSS by 66,70 and 25% at only 0.3 wt% incorporation of GO. So all the
our experiments were associated with cost saving, light weight,
minimum used of carbon fibers (45 wt%) and time saving process
along with very conventional method GO incorporation.

Fig. 13 are showing the fracture surface of composites observed
by SEM. It is evident from Fig. 13(a, b and c) that fiber pulls out was
observed in all three types of composites. Among the three, without
GO based composites, it failed predominantly by pull out as a result
of higher displacement take place in this case, while in case of
0.3 wt% GO based composites extent of pull out is less and com-
posites fail almost in a single plane as a result of the decrease in
displacement but the higher load bearing capacity of composites.
The higher extent of GO reduced the interfacial interaction, but pull
out is not that extent while the fiber surface are rough as a result
interactions are quite strong as compared without GO based com-
posites. The fracture behavior is in agreement with load-
displacement curve.
4. Conclusions

The carbon fiber-graphene oxide epoxy resin based composites
demonstrate the excellent mechanical properties on inclusion of
GO in an epoxy matrix. The bending strength increases by 66% and
modulus by - 70% at only 0.3 wt% of GO. The interlaminar shear
strength increases by 25%. The increase in mechanical properties is
due to the improvement in properties of epoxy resin and interfacial
interaction between reinforcement and matrix by hydrogen
bonding and mechanical interlocking of graphene oxide as well.
The high surface area of nanosize GO makes better bonding around
the reinforcements at the very small content of GO and higher
content of GO results in to the agglomeration in the matrix phase
which ultimately around the fibers. The graphene oxide utilization
is one of the approaches for improving the properties of carbon
fiber polymer composites.
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