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Abstract. The objective of this study is to understand the significance of graphene oxide type for the improvement of mechanical properties of carbon fiber reinforced epoxy composites. Modified epoxy systems were prepared by adding two different graphene oxide nanoparticles prepared by the modified Hummers method (GOH) and Laachachi method (GOL). In
the second stage, carbon fiber reinforced epoxy composites were produced using prepreg manufacturing technique. X-ray
Photoelectron Spectroscopy characterizations of the pure graphene and modified graphene nanoparticles (GOH and GOL)
were performed to confirm the oxidation of the nanoparticles. The morphology of the nanocomposite epoxy resin was investigated with scanning electron microscopy. Mechanical tests were conducted with composites to determine the properties
of the final materials. It was observed that the addition of the GOH improved the longitudinal tensile and flexural strength
values by 41 and 33%, respectively. Interlaminar shear strength (ILSS) values of epoxy/carbon fiber significantly increased
up to 58% with GOH addition. Moreover, the results show that nano-enhanced resins could be a key component for many
composites, and it can be a suitable material for long term usage and resistance of sudden failure of composites.
Keywords: nanocomposites, graphene oxide, hummers method, prepreg, mechanical properties

1. Introduction
Carbon fiber-reinforced composites that are widely
used in aerospace, automotive, and other industries
are growing with an exponential rate [1–3]. Carbon
fiber has important advantages because of its high
strength, specific fatigue behavior, and low density
[4, 5]. The interlaminar properties are key factors for
the high performance of carbon fiber composites [6,
7]. The interaction between the fiber and neat epoxy
is always a problem for many composite systems,
including other fibers. The fiber/matrix interaction can
be improved by using physical and chemical treatments to achieve enhanced interfacial and interlaminar properties. One of these treatments is to modify
the matrix material used in the manufacturing of the

composite [8]. Nanoparticles are one of the most
promising solutions to modify the matrix material.
Carbon nanomaterials have been used to improve the
mechanical and thermal properties of composites. In
this context, Garcia et al. [9] used carbon nanotubes
(CNT) to improve the fracture toughness of carbon
fiber epoxy composite. The bridge effect helped to
connect the laminates better and stronger. Furthermore, it was stated that the study could be improved
with surface modification of carbon nanotubes. Similarly, the effect of CNT on the carbon fiber epoxy
composites for mechanical improvement was studied by Yokozeki et al. [10] It was observed that the
mechanical properties were improved to a certain extent. Therefore, CNT materials were successfully
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used for the enhancement of the structural properties
of composites.
Carbon nanomaterials gained more and more importance with the fabrication of a few-layer graphene
by Novoselov et al. [11]. The hybrid composite of
graphene nanoplatelets (GNP) with the long fiber
has been a new era in the composite scientific community and the industries for certain applications.
Some studies based on graphene-based composites
showed that the mechanical properties such as fracture toughness, impact resistance, flexural and tensile strengths had been significantly increased because of the superior properties of the graphene
incorporated composite [12–17]. Moreover, it was
also shown that the thermal stability and conductivity had been significantly enhanced with graphene
nanoparticles [18–20]. The previous studies have
clearly evidenced that the strength of composite materials was improved with the inclusion of carbon
nanomaterials. It has been explained by the enhanced
adhesion of the fibers to the matrix material or improved mechanical properties of the matrix material
due to carbon nanomaterials. As regarding this direction, specific nanostructures can be functionalized
using amine, hydroxyl, carboxyl, and epoxy groups
to improve the adhesion of the carbon nanomaterials
to the carbon fiber composites.
In this study, the effects of oxidation methods of
graphene oxides (GO) for use in the matrix modification on the mechanical properties of carbon fiber
reinforced epoxy prepreg composites were investigated with two different graphene oxides. The first
GO was obtained by using the Modified Hummers
Method [21], while the second GO was obtained
using the Laachachi Method [22]. In the preliminary
study conducted by our research group [23], ILSS
performances of GO modified prepregs were studied. In the present study, the investigations were expanded: (i) characterizations of GO particles and GO
modified carbon fiber prepregs were performed, and
(ii) mechanical analyses were detailed. In this context, GO particles were characterized by XPS and
SEM. Then, GO reinforced epoxies were prepared,
and the dispersion efficiency was investigated by
SEM observations. Finally, mechanical tests were performed, and longitudinal/transverse tensile strengths,
flexural strength, and interlaminar shear strength
(ILSS) results were evaluated.

2. Materials and methods
2.1. Materials
Carbon fiber (CF) was provided by DowAksa Advanced Composites Company (Turkey) with a specific code AKSACA-42. The carbon fibers were
12K, which is a standard type for carbon fibers with
4200 MPa tensile strength. Huntsman Araldite® LY
1564 SP and Aradur® XB 3486 (USA) were chosen
as the prepreg epoxy system components. GOs were
obtained by two specific methods. One of the GO
types (GOH), produced by Modified Hummers
Method, was obtained from raw graphite material.
The other type of the GO (GOL) was achieved by
the Laachachi Oxidation Method of commercial type
graphene provided by Graphene Laboratories Inc.
(USA) with an 8 nm average length. Additionally,
sulfuric acid (H2SO4, ≥95%), nitric acid (HNO3,
65%), hydrogen peroxide (H2O2, 30%), potassium
persulfate (K2S2O8, ≥99%) hydrochloric acid (HCI,
37%), ethanol (C2H6O, ≥99.8%), phosphorus pentoxide (P2O5, ≥99%), potassium permanganate (KMnO4,
≥99%) and acetone (C3H6O, ≥99.9%) were used in
the process of graphene oxidation.

2.2. Oxidation methods of graphene
nanoplatelets
Commercial type graphene nanoplatelets were oxidized by the Laachachi method to create functional
groups on the surface [22]. The same procedure as
ref. [22] was followed for the oxidation of commercial graphene nanoplatelets in this study. Briefly, the
commercial graphene (0.75 g) was stirred in ethanol
(200 ml) in order to prevent an agglomeration and
obtain separated sheets. Then, the graphene was
added to an acidic solution that includes H2SO4 and
HNO3 (250 ml, 3:1 by volume, respectively), and the
mixture was sonicated in an ultrasonic bath for 7 h
at 60 °C. Afterward, the mixture was diluted by a
vacuum filtration method using deionized water and
a filter paper. Finally, the treated graphene was dried
in an oven.
The other type of GOs was achieved by means of reduction of graphite oxide. Graphite powder was used
in order to synthesize GO by a modified Hummers
Method, including the peroxidation step. Thus, oxidation treatment was carried out to improve the whole
oxidation of graphite material, as presented by
Sreeprasad et al. [21]. In brief, the graphite powder
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(3 g) was added to the H2SO4 solution that consists
of H2SO4 (12.5 ml, K2S2O8 (2.5 g), and P2O5 (2.5 g)
for peroxidation of the graphite. After a while, the solution was diluted using a vacuum filtration method
with distilled water (500 ml). Then, the preoxidized
graphite was added to the H2SO4 solution (115 ml),
and KMnO4 (15 g) was added slowly into the solution. After that, 250 ml of distilled water was added,
and the mixture was stirred. Thereafter, 30% H2O2
(12.5 ml) and distilled water (750 ml) were added,
and the mixture was kept for a day (24 h). Then, the
solution was centrifuged and washed with HCl solution and distilled water. Afterward, the obtained
solid material was dried, and the dilution and dialyzing treatments were conducted as presented by
Sreeprasad et al. [21].

2.3. Matrix modifications with the graphene
oxides
The dispersion of nanoplatelets in epoxy resin was
the same for both the graphene oxides. The modification treatment consisted of two parts, adding a certain amount of graphene oxide into the resin and dispersing the graphene oxide in the resin. The amount
of GO was determined as 0.1 wt% to prepare the
modified resin. Therefore, that amount of GO was
sonicated in acetone, which is a useful tool for the
graphene dispersion in the resin, using an ultrasonic
homogenizer (Hielscher UP400s, Germany) in order
to prevent an agglomeration of GO sheets. Subsequently, the mixture was placed in an oven at 80°C
to remove acetone. Afterward, the predetermined
amount of epoxy resin was added into the beaker for
the preparation of GO/epoxy composites. The GO/
epoxy mixture was sonicated using the ultrasonic homogenizer at 90 W for 15 minutes in an iced water
bath and then, mechanically stirred with the hardener
in the weight ratio (percent by weight) of 100:34 as
specified by the manufacturer’s suggestion of the
ratio of the epoxy resin to the hardener [24]. Finally,
GO/epoxy modified matrix materials were prepared
to use in the prepreg manufacturing process with carbon fiber for the two different graphene oxides (GOL
and GOH).
2.4. Preparation of GO – epoxy/carbon fiber
prepregs
It is known that the word ‘prepreg’ comes from ‘preimpregnated’ and it is a composite material manufacturing method. In this technique, continuous fibers

Figure 1. The prepreg machine used in the study.

are pre-impregnated with a certain amount of resin.
The composite structure is cured until a point defined ‘B – Stage’ in which entire polymerization is
not completed. Prepregs are stored in cold storage
that keeps the resin in the gel state. Hence, the producer can subsequently continue the curing process
to manufacture composite materials in various conditions, containing angle ply or unidirectional laminated composites.
In the study, a lab-scale prepreg machine, known as
‘drum winder’, was set up in the laboratory. The
prepreg machine can be seen in Figure 1. Prepregs
with neat epoxy (Epoxy/CF) were primarily prepared
and then, GOL-Epoxy/CF and GOH – Epoxy/ CF
prepregs were prepared and stored in a deep freeze,
respectively. The prepreg thickness was measured as
0.140 mm, averagely. The prepreg mold to manufacture laminated composites was designed according
to the ASTM D-3039 standard. Afterward, laminated
composites were manufactured in the mold at 120 °C
and pressure of 5 bar for 30 minutes in a hot press
by pressing seven prepregs to obtain 1 mm of thickness for 0° unidirectional orientation as stated in the
standard. The process chart of the study can be seen
in Figure 2.

2.5. Characterizations
The composition of the elements in the surface region of the deposited layers was investigated by XPS
on a Specs ESCA spectrometer (Germany) equipped
with a non-monochromatic Mg Kα radiation source
at a power of 200 W and EA 200 hemispherical electrostatic energy analyzer. The base pressure in the
sample chamber was controlled in the range of 10–9–
10–10 torr. The pass energies were 96 and 48 eV for
the survey- and high-resolution spectra, respectively.
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Figure 2. The process chart of the study.

The deconvolution of the XPS spectra was conducted by fitting the data with Gaussian-Lorentzian functions. SEM images of samples were taken with FEI
Quanta FEG 250 scanning electron microscope at
accelerating voltages of 5 and 10 kV. ILSS tests were
conducted with ASTM D-2344 on a universal testing
machine (Autograph AG-IS Shimadzu Corp., Japan).
The tests were carried out at least six times. Flexural
tests were carried out according to ASTM D-790 on
the universal testing machine. At least three samples
were measured, and the results were averaged. The
longitudinal and transverse tensile strengths were
tested in accordance with ASTM D-3039. At least
three specimens were tested to ensure the repeatability of the results.

3. Results and discussions
3.1. XPS results
The surface compositions of graphene nanoplatelet,
GOL, and GOH were given in Table 1. C1s content
of graphene nanoplatelet was determined to be
90.15%. After the oxidation process of graphene
nanoplatelet by using the Laachachi Method, the carbon content decreased from 90.15 to 80.65%, and
the oxygen content increased significantly from 9.85
to 19.35%. A similar trend was observed with the
modified Hummers method. While the C content decreased from 90.15 to 71.15%, O content increased
considerably from 9.85 to 28.85%. The Laachachi
Table 1. The surface compositions of graphene (G), graphene
oxide by Laachachi method (GOL) and graphene
oxide by Modified Hummers method (GOH).
Elements
[%]

Samples
C1s

O1s

G

90.15

09.85

O/C ratio
0.11

GOL

80.65

19.35

0.24

GOH

71.15

28.85

0.41

method has provided a significant increase in the
O1s content. However, the Hummers method has provided more effective oxidation than the other chemical oxidation. This is the result of better interaction
between graphene oxide layers and epoxy resin. As
the oxidation level increases, the mechanical performance of the composites increases as the interface becomes much stronger as a result of higher O content.
The O/C atomic ratio for G was obtained to be 0.11.
After graphene oxide is fabricated by Laachachi
method and Hummers method, this ratio increased
to 0.24 and 0.41, respectively. It can be reported that
graphene oxide fabricated by a modified Hummers
method is more hydrophilic than that of Laachachi
method. According to a recent study by Jiang et al.
[25], it is stated that the addition of graphene oxide
particles in the polyurethane carbon fiber composites
increased the O/C atomic ratio, which is consistent
with our results. It is known that the higher content
of oxygen functional groups on the surface of the carbon fiber can improve the adhesion properties of carbon fiber composites, probably due to higher electronegativity and polar characteristics at the interface
between the carbon fiber surface and the matrix [26].
This study exhibited that epoxy matrix modification
with graphene oxide prepared by a modified Hummer method may be an option to improve the adhesion properties of carbon fiber and epoxy.
C1s core level spectra of samples were deconvoluted
into three distinct components. Binding energies of
functional groups were presented in Table 2. The
amount of functional groups [%] was presented in
Table 3. As can be seen from Table 3, the amount of
C=O functional groups is almost not present on the
surface of the samples. Graphene has the highest
C–C/C–H group and the lowest –C–OH/–C–OR
group. After oxidation of graphene, while the amount
of C–C/C–H groups decreased, the amount of
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–C–OH/–C–OR groups increased considerably. It is
seen that GOH has the lowest C–C/C–H groups and
the highest –C–OH/–C–OR groups.
Table 2. Binding energies of functional groups.
Binding energy
[eV]

Functional groups

284.7

C–C/C–H

286.5

–C–OH/–C–OR

286.2

–COOH/–COOR

Table 3. The amount of functional groups for samples.
–C–C/–C–H
[%]

–C–OH/–C–OR –COOH/–COOR
[%]
[%]

G

94.12

05.64

0.26

GOL

86.71

13.10

0.19

GOH

73.16

26.67

0.17

3.2. SEM observations
Figure 3a and 3b show the graphene oxide platelets,
GOL, and GOH particles, respectively. It is clearly
seen that the graphene oxide particles have quite
similar shapes in terms of length and width values.
These images show that graphene oxides could be
clearly observed in the study, and graphene oxide
production was supported by the oxygen content obtained via XPS analysis. It was one of the most important parts of this study to understand the reinforcing mechanisms of graphene oxide nanoplatelets for
epoxy-carbon fiber prepreg studies. Figure 3c shows
,and it was inferred from SEM images that there
were agglomerates of graphene oxide sheets in the
epoxy resin, which negatively affects the reinforcing
capability in the composite structures. The agglomeration of nanoparticles in polymer matrices is one

Figure 3. SEM images of a) GOL b) GOH c) GOL dispersed epoxy d) GOH dispersed epoxy.
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of the key problems in the nanotechnology field,
which prevents the rapid commercialization of nanotechnology [27–29]. These aggregates of graphene
platelets behave as micron-sized fillers, which lead
to less increase in the mechanical strength of Epoxy
/CF composite.
Figure 3d shows excellent dispersed GOH platelets
in epoxy resin. The differences in oxygen contents of
the graphene oxides affect the dispersion of the nanomaterials in polymer systems. The surface modification is a common technique that is used for nanocomposite preparation [30, 31]. Based on these previous findings and conducted XPS studies, it is considerably inferred that GOH is preferred over GOL
in the preparation of nanocomposites with epoxy.
This good dispersion does not only affect epoxy nanocomposite structure, but also it is very critical for the
reinforcement of the final carbon fiber/epoxy composites [32]. The detailed mechanical analyses clearly
showed that GOH further improves the mechanical
performance of the composites rather than GOL.

3.3. Interlaminar shear strength (ILSS)
For the strength of the composite material, the fibermatrix-adhesion is an important parameter to characterize the quality and strength of the composite. A
parameter allowing the quantification of the fibermatrix-adhesion is the ILSS [33]. As it is not easy to
combine different materials in the composite, the interphase plays a key role in the composite materials
[33]. The interfacial adhesion between fibers and
matrix directly affects the interlaminar mechanics,
and thus ILSS test is the one of the most common tests
used for the composite materials [34–37]. In this
study, two different graphene oxides were used in
order to improve the interlaminar strength of the
composite. ILSS values of prepreg composites are
presented in Figure 4. ILSS value of Epoxy/CF was
determined to be 21.1±2.8 MPa. GOL and GOH addition into the epoxy matrix increased the ILSS
value of Epoxy/CF composite to 24.8±2.6, and
33.3±4.3 MPa, respectively [23]. These values indicate a considerable increase, 17% for GOL addition
and 58% for GOH addition, in ILSS value of Epoxy/
CF, respectively. It is clearly seen that both graphene
oxides improved ILSS values of the carbon fiber
epoxy prepregs. ILSS test results have exhibited that
the bonding between the matrix and fiber was enhanced. Short beam shear test results have clearly
shown that the graphene oxide could be an important

Figure 4. ILSS values of prepreg composites [23].

reinforcement material for long fiber polymer composites. As was presented in XPS and SEM studies,
the high oxygen content in GOH and well dispersion
of GOH in the epoxy have caused more increase in
ILSS of GOH composites rather than GOL composites. Interlaminar forces are strongly associated with
certain covalent bonds and surface chemistry. Therefore, it can be concluded that the oxygen content increases the interaction between the matrix and fibers.
In the study of He et al., [38] GO prepared by a modified Hummers method was used to modify the surface of carbon fiber layers. After introducing GO
flakes on carbon fabric, the ILSS value of carbon fabric-reinforced epoxy resin composite increased by
34%. It was explained by the fact that functional
groups present on the GO-carbon fabric surface favor
the formation of bonds between carbon fibers and
resin matrix [38]. This result is compatible with the
results presented in our study.

3.4. Flexural properties
The flexural strengths of the Epoxy/carbon fiber
prepreg composites are shown in Figure 5a. The
flexural strength of epoxy carbon fiber prepreg composite was obtained to be 751.4±66 MPa. After the
addition of GOL and GOH into epoxy resin, the flexural strength of composite increased to 862.5±70.4
and 998.9±74.8 MPa, respectively. The flexural
strength of epoxy carbon fiber prepreg composite increased by about 15% with GOL and 33% with GOH
additions into the epoxy matrix. It can be clearly
noted that the flexural strength of Epoxy/CF composite was significantly improved through graphene
oxide addition into the epoxy matrix. In the study of
He et al. [38], modification of the surface of carbon
fiber layers with GO increased the flexural strength
of carbon fabric-reinforced epoxy resin composite
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Figure 5. a) Flexural strengths and b) flexural modulus of the prepreg composites.

by 14%. The flexural modulus values of the epoxy/
carbon fiber prepreg composites are given in Figure 5b. The flexural modulus of Epoxy/CF was obtained to be 82.9±1.7 GPa. The addition of GOL and
GOH into the epoxy matrix increased the flexural
modulus of epoxy/CF to 85.7±3.4 and 86.7±3.9 GPa,
respectively. It can be said that GOL and GOH additions into the epoxy matrix increased the flexural
modulus of epoxy/CF composite by 3.3 and 4.6%,
respectively. It is known that ILSS is used to indirectly
evaluate fiber/matrix adhesion and the overall quality of the composite material [39]. Since GOL and
GOH addition into epoxy increased the ILSS of
Epoxy/CF, a better adhesion would be expected between fiber and matrix material. Therefore, the increased flexural strength may be attributed to an increase in epoxy-carbon fiber bonding. This is probably due to increased fiber wettability [40].

3.5. Tensile properties
Longitudinal and transverse tensile strengths of the
prepreg composites are presented in Figure 6a and
6b, respectively. The longitudinal tensile strength
of Epoxy/CF composite was obtained to be

967.5±56.7 MPa. After addition of GOL and GOH
into epoxy, the longitudinal tensile strength of Epoxy/
CF increased to 1157.9±64.5 and 1367.7±82.4 MPa,
respectively. It can be reported that GOH addition
into epoxy matrix led to a greater increase, 41%, in
longitudinal tensile strength of Epoxy/CF than GOL
addition, 20%. Furthermore, similar observations
were observed in the transverse direction. The transverse tensile strength of Epoxy/CF was obtained to
be 76.8±4.8 MPa. GOL and GOH additions increased
the transverse tensile strength of Epoxy/CF by 23%
(94.6±6.8) and 53% (117.8±5.9), respectively. It can
be noted that GOH addition into epoxy led to better
longitudinal and transverse tensile strengths in the
Epoxy/CF prepreg composite. This difference might
result from the oxygen contents of the graphene oxides. O/C ratio for GOH, 0.41, is higher than that of
GOL, 0.24. In order to increase the strength of composites, there are many mechanisms, including chemical interlocking mechanisms and better interface adhesion. The presence of graphene oxide may help to
improve the interlocking mechanism in the interface.
The thin layers of graphene oxide helped to enhance
the interconnection between the fiber and matrix, and

Figure 6. a) Longitudinal and b) transverse tensile strengths of the prepreg composites.
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thus, the tensile strength was improved. These results
presented in this study are very critical for many unidirectional composite structures since the carbon
fibers are not strong in the transverse direction. Hence,
this study shows that the graphene oxides help to
strengthen the carbon fiber composites in the transverse direction due to better adhesion of carbon fibers
to the epoxy matrix via graphene oxide particles.
Therefore, the results both in the longitudinal and
transverse directions are considered promising. For
example, in a study of Kim et al. [41], 0.5 wt% of
pristine MWCNTs (pMWCNT) and silane-functionalized MWCNTs (fMWCNT) were mixed with
epoxy. The tensile strengths of p-MWCNTs/epoxy/
CF and f-MWCNTs/epoxy/CF were obtained to be
874.6 and 883.2 MPa, which indicates an increase
of 2 and 3%, respectively. Thus, it can be inferred that
the addition of graphene oxide into Epoxy/CF led to
a greater increase in tensile strength than that of
p-MWCNTs and f-MWCNTs.
The tensile modulus of the composites was also
measured in the longitudinal direction and presented
in Figure 7. The tensile modulus of Epoxy/CF was
obtained to be 76.1±4.6 GPa. GOH and GOL addition into epoxy matrix increased the tensile modulus
of Epoxy/CF to 81.4±4 and 83.1±6 GPa, which indicates an increase of about 7, and 9%, respectively.
With the addition of graphene oxide into the epoxy
matrix, the modulus values of Epoxy/CF increased,
and the composites became stiffer. Thus, the composites can withstand higher loads without any plastic deformation. This situation may be highly important for aerospace applications as aerospace materials
are exposed to certain loads for a long time.

4. Conclusions
In this study, the epoxy resin used in the preparation
of carbon fiber reinforced epoxy prepreg composites
was modified using graphene oxide materials. In the
modification of the epoxy systems, two different
graphene oxides, which synthesized by a modified
Hummers method (GOH) and Laachachi method
(GOL), were added to the polymer system at a ratio
of 0.1 wt%. Subsequently, carbon fiber reinforced
epoxy composites were produced using prepreg manufacturing technique, and the mechanical tests were
carried out on the composites. Experimental results
show that GOH improves the adhesion between the
fiber and matrix better than GOL because of its higher oxygen content. When the ILSS test results were
examined, GOH prepregs exhibited the greatest ILSS
value. The increase in ILSS of GOL prepregs was
17%, while the same increase in GOH prepregs was
58%. According to flexural test results, although the
flexural strengths of GOH and GOL prepregs were
increased by almost 33 and 15%, respectively, the
flexural modulus negligibly changed with the
graphene oxides. As for the longitudinal and transverse tensile strengths, the longitudinal tensile
strengths of GOL and GOH prepregs were enhanced
by 20 and 41%, respectively. Similarly, the transverse
tensile strengths of GOL and GOH prepregs were
enhanced by 23 and 53%, respectively.
Results of all mechanical analyses show that the
Hummer oxidation method is a highly effective chemical treatment for graphene in composite applications. The interface enhancement is one of the core
research areas of composite materials, and nanotechnology brings many effective results for material science. And this enhancement has been remarkably
proven with GOH reinforcement by examination of
mechanical test results; however, the fractured surfaces need to be examined by SEM observations to
understand better the improvements in mechanical
properties for further studies. The important outcome
of this study is to understand that graphene oxide
plays a very critical role in improving the performance of composite materials. Furthermore, the type
of graphene oxide is the key parameter for the mechanical enhancement.

Figure 7. Tensile modulus of the prepreg composites.
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