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Abstract. A nanostructuring approach was applied to epoxy/carbon fiber (CF) composite laminates to establish a short transport path between the CF of the adjacent laminates. This involved the utilization of carboxylic-plasma-functionalized multiwalled carbon nanotube (COOH-MWCNT) and carboxylic-plasma-functionalized graphene nanoplatelet (COOH-GNP)
hybrids filled epoxy resin at various nanofiller hybrid ratios and concentrations. Novel Raman spectroscopy imaging and
surface potential atomic force microscopy (AFM) mapping were employed to analyze the state of nanofiller dispersion on
the laminate surfaces. The mixture of COOH-GNPs and COOH-MWCNTs in a ratio of 50:50 wt% at 4 phr was identified
to synergetically improve their dispersion and the laminate electrical and mechanical properties. It offered optimal segregation
of nanofiller hybrids. At this composition, the maximum electrical conductivity and the highest flexural strength were
achieved in the composite laminate, which were approximately 75 S/cm and 675 MPa, respectively.
Keywords: polymer composites, graphene nanoplatelet, multiwalled carbon nanotube, nanofiller hybrid, carboxylic-plasma
treatment

1. Introduction

has been explored to improve the through-thickness
properties of CFRP composites by adding nanofillers
to the polymer matrix [3–6]. Among various nanofillers, multiwalled carbon nanotubes (MWCNTs)
and graphene nanoplatelets (GNPs) in CFRP composites have gained considerable attention for improving interlaminar mechanical, electrical, and
thermal properties of the composite laminates [7, 8].
Both MWCNTs and GNPs have hexagonal structures of sp2 hybridized carbon atoms. However,
MWCNTs have a one-dimensional (1-D) cylindrical
shape with a high aspect ratio, and GNPs have a twodimensional (2-D) with multi-graphene layers. They
both have large specific surface areas. These promote stress transfer from the polymer matrix to the

Carbon fiber reinforced polymer (CFRP) composites
have been extensively employed in various high-performance applications such as aerospace, aircraft,
automotive, civil engineering, and sporting goods due
to their low density, high strength-to-weight ratio,
excellent fatigue and corrosion resistance, and flexible design ability [1]. Epoxy resin is commonly selected as a polymer matrix in advanced CFRPs due
to its high mechanical properties, great chemical resistance, ease of processing, and low cost [2]. Nevertheless, a major drawback of epoxy resin is its brittleness, which is unfavorable for interlaminar properties between the matrix and the reinforcement [3].
Therefore, the interlaminar interface nanostructuring
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and final properties of the composites [4, 29, 30].
The presence of two nanofillers, CNTs and GNPs,
in polymer composites, exhibited a co-supporting
network. The platelet-like structure of GNPs shielded the tube-like geometry of CNTs from damages
during applied loads and maintained good dispersion
in the polymer matrix, thus, providing the property
improvement [30]. Yue et al. [29] reported that the
composite with the CNT:GNP mixing ratio of 8:2
exhibited the improvement of flexural properties and
the reduction of the electrical percolation threshold.
It resulted in a better CNT dispersion in the presence
of GNPs, giving the formation of a conductive network. MWCNT/GNP hybrids with MWCNTs grown
on the GNPs using the chemical vapor deposition
(CVD) technique were employed to fabricate epoxy
composites [31]. A synergetic effect between the
MWCNTs and GNPs was observed with a uniform
dispersion of MWCNT/GNP hybrids in the epoxy
matrix. It demonstrated that these nanofiller hybrids
were effective reinforcements for epoxy composites.
Additionally, a simulation model was studied to explain the synergetic effect of CNTs and GNPs on the
electrical and thermal conductivity of CNT/GNPfilled epoxy composites [32].
There have been many techniques such as optical
microscopy (OM), transmission electron microscopy
(TEM), AFM, and scanning electron microscopy
(SEM), used to directly observe and qualitatively determine the nanofiller dispersion state at different
scales. The UV-Visible spectroscopy was utilized to
detect individual or small bundles of CNTs [33, 34]
as well as to quantitatively evaluate CNT dispersion
at the nano scale [35, 36]. The rheological measurement of epoxy-CNT suspensions provided information on their microstructure and dispersion state [37,
38]. It was found that the CNT network became
stronger by improving the CNT dispersion state. A
higher storage modulus (G0) and complex viscosity
(η*) were reported [37].
In previous studies, GNPs and CNTs without surface
modification were mostly used in the nanofiller hybrid system for CFRP composites. To the best of our
knowledge, there is no report on the use of COOHGNPs and COOH-MWCNTs prepared by a plasma
treatment process as nanofiller hybrids for enhancing
the interfacial interaction between nanocarbons and
the epoxy matrix and improving multifunctional
properties of epoxy/CF composites in the throughthickness direction. Moreover, the characterization

nanofiller during applied forces [9–11]. The use of
both nanocarbons are limited in some polymer composites since MWCNTs trend to entangle and agglomerate and GNPs aggregate and restack due to
their large van der Waals forces and strong - interactions between the planar nanosheets. These lead
to poor interfacial interactions with polymers and
low formation of networking structures for load,
electrical, and thermal transfers in the composite materials [9–12].
Aside from dispersion procedures [13] and the addition of dispersing agents [14], a number of functionalization methods on nanofiller surfaces [15–18]
were mainly investigated to create stronger interfacial interaction between nanofillers and organic polymers. The functional groups on the surface of nanofillers were usually chemically compatible with the
host resin. However, the chemical functionalization
caused some severe damages to the outer shell of
MWCNTs, which obstructed the extension of  conjugation and subsequently worsen their electrical
conductivity [19, 20]. Highly wrinkled sheets and defects on the graphene surface after oxidation and during thermal exfoliation were also found and resulted
in low mechanical properties [21]. The current challenge associated with the chemical functionalization
is the scalability since it is a tedious, dangerous, timeconsuming process, and environmental and human
health hazard. Alternatively, plasma technology has
been utilized to uniformly modify the top few nanometers of the material surface without destruction of
its bulk compositions and properties. The process is
favorably applied to enhance the interfacial affinity
of composites [22–24]. This technology is an effective method, offering a variety of advantages such
as shorter reaction time, an environmentally friendly
process, and providing a broad range of functional
groups based on the plasma parameters.
Various nanofiller hybrid combinations gained much
attention, including GNPs with nanocarbon aerogels
[4], few-layer graphenes with single-walled CNTs
(SWCNTs), and nanodiamonds [25], CNTs with
GNPs [26], and graphene oxide-CNT hybrids [27].
Moreover, the synergetic effect of the GNP/CNT hybrids used to reinforce epoxy/CF laminates was also
investigated [28]. Even though the mechanism of the
synergetic effect was not completely understood, the
geometric shapes and the ratio of fillers in the mixture were found to be significant parameters, influencing nanofiller dispersion in the polymer matrix
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COOH-nanofiller hybrid filled epoxy:CF weight
ratio of 1:1 were kept constant for the preparation of
composite laminates at various COOH-nanofiller
hybrid loadings of 0, 1, 4, 7, and 10 phr.
In the polymer-nanofiller mixing process, the fillers
were primarily dispersed in the epoxy resin by ultrasonication in a water bath (DTH Digital control, Branson Ultrasonics, Danbury, CT, USA) at room temperature for 1 h and then subsequently stirred using
a high-speed mixer (RW 20 digital, IKA Works
GmbH & Co., Staufen, Germany) at 1000 rpm at
room temperature for 30 min. After that, the curing
agent was immediately added in the mixture before
continuous mixing using a high-speed mixer at
1000 rpm at room temperature for 5 min. The COOHnanocarbon/epoxy mixture was applied on a CF mat
(13 cm × 13 cm) using a hand-lay-up process. The
nanocarbon filled epoxy-CF laminate was laid up one
by one until the 15 layers of CF was obtained prior
to compression molding using a hot plate (Lab-tech,
Labtech Engineering Co., Ltd., Samut Prakan, Thailand) at 140 °C under the pressure of 150 bar for
60 min. The neat epoxy-CF composite laminate was
also prepared and used as a reference sample for further comparison.

of nanofiller dispersion state on the composite surfaces, which is important information, relating to the
final properties of CFRP composites, is also rarely
investigated. Therefore, we proposed new methods
to determine the dispersion of nanofillers on the surface of composite laminates using Raman imaging
and AFM surface potential mapping techniques.
More importantly, correlations between the state of
nanofiller hybrid dispersion on the surface of composite laminates and the synergetic properties of
COOH-nanofiller hybrid filled epoxy/CF composite
laminates, particularly in the through-thickness direction, e.g., electrical conductivity and flexural
strength, were investigated as well. Effects of different COOH-GNP:COOH-MWCNT ratios and COOHnanocarbon hybrid concentrations on the state of
nanofiller dispersion, were systematically studied.
With the proper combination of nanofiller hybrids,
the improvement of nanofiller dispersion and composite laminate properties was obtained in this work.

2. Experimental procedure
2.1. Materials
Epoxy resin (Modified bisphenol-A type, Epotec YD
535 LV) and curing agent (Modified polyamines, TH
7257) supplied by Aditya Birla Chemicals (Thailand) Ltd., Rayong, Thailand were utilized as the
polymer matrix. The CF (Pyrofil™) was produced
by Mitsubishi Rayon Co., Tokyo, Japan, containing
a filament count of 3000 and a yield of 200 g/m.
COOH-MWCNTs (HDPlas MWCNT-COOH) and
COOH-GNPs (HDPlas GNP-COOH) were received
from Haydale Technologies (Thailand) Co., Ltd.,
Pathum Thani, Thailand. The specification of COOHMWCNTs is as follows: diameter of ~20 nm, length
of 10–100 µm, and density of 0.04–0.06 g/cm3.
Properties of COOH-GNPs are as follows: the planar
size of 0.3–5.0 µm, thickness <50 nm, and density
of 2.15 g/cm3.

2.3. Characterization
The absolute viscosity of the epoxy resin with and
without COOH-nanocarbons was measured at room
temperature using a digital rotary viscometer (NDJ9S, Jedto Instruments, Changping, People’s Republic of China). The rotor type and rotor velocity were
3# and 60 rpm, respectively. The dispersion of
COOH-nanocarbons on the surface of composite laminates was analyzed using an atomic force microscope (AFM5500M, Hitachi, Tokyo, Japan) with
Kelvin probe force mode (KFM) to create a surface
potential map. The silicon cantilever coated with gold
on both sides was dragged on the sample surface
(10 μm × 10 μm), except for the neat epoxy/CF composite laminate (5 μm × 5 μm). In addition, the dispersion of COOH-nanocarbons on the surface of
composite laminates was also investigated using a
high-resolution Raman spectrometer (L26Ram HR
Evolution, Horiba Jobin Yvon, Villeneuve d’Ascq,
France) equipped with microscope capabilities. The
Raman 2D intensity mapping technique at the G band
was used to make Raman mapping images. The
532 nm laser source was selected for characterization. The electrical conductivity of the composite

2.2. Fabrication
The epoxy:hardener mixing ratio of 70:30 wt% was
used throughout the experiment. Initially, epoxy/CF
composite laminates containing different COOHGNP:COOH-MWCNT ratios (i.e., 0:0, 100:0, 30:70,
50:50, 70:30, and 0:100 wt%) were prepared using
a constant COOH-nanofiller concentration, and a
fixed COOH-nanofiller hybrid filled epoxy:CF mass
ratio of 1 phr and 1:1, respectively. The COOHGNP:COOH-MWCNT ratio of 50:50 wt% and
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shear-thinning behavior and higher shear viscosity
than the epoxy matrix [22]. On the basis of rheological analysis [37], as the state of nanofiller dispersion
improved, the stronger nanofiller network occurred.
This could be determined by a higher storage modulus and complex viscosity. The epoxy resin containing
COOH-MWCNTs alone exhibited higher viscosity
than that containing only COOH-GNPs since COOHMWCNTs had a lower density than COOH-GNPs.
Therefore, a larger amount of COOH-MWCNTs was
filled in the system at the same weight percent. The
viscosity of epoxy/nanofiller suspensions went up approximately from 790 to 1970 cP with increasing
COOH-nanofiller hybrid loading from 0 to 4 phr.
Then, it reached a certain level of about 2000 cP at 7
and 10 phr, which might be referred to as the initial
state of the COOH-nanofiller aggregation.

laminates was determined by a four-point-probe
measurement (Jandel Model 3, Jandel Engineering
Ltd., Leighton Buzzard, United Kingdom), according
to ASTM D4496. The surface resistivity was measured at twenty different locations on both sides of
each specimen and then converted to the surface conductivity. The averaged value was reported as the
electrical conductivity. The three-point bending test
was conducted to measure the flexural strength of the
composite laminates using a Universal Tensile Machine (INSTRON 5500R, Norwood, MA, USA), following ASTM D-790. The specimen dimension was
127 mm (length) × 14 mm (width) × 2.5 mm (thickness). The composite laminate was cut into specimens
using a computer numerical control (CNC) method.
The cross-sectional area of cut samples was examined using an optical microscope (Zeiss Axioskop,
Micro Tech Lab, Graz, Austria) before the flexural
test to ensure that the amount of porosity and voids
was less than 5% of the total area. The punch speed
was set at 4.1 mm/min, and the span length was
80 mm. For each formulation, the flexural strength
was averaged over five measurements.

3.2. Nanofiller dispersion on the surface of
composite laminates
3.2.1. AFM mapping
AFM mapping method based on the surface potential measurement was used for the first time to evaluate the distribution of nanofillers on the surface of
the composite laminates. Principally, the existence
of conductive fillers at a position on the composite
laminate surface would exhibit a surface potential.
On the AFM mapping image, the brightest area corresponded to the highest surface potential, while the
darkest area indicated the lowest potential. The range
of the potential was demonstrated in the color bar.
The larger the varied surface potential, the poorer the
nanofiller dispersion. Moreover, the distribution
curve of surface potential values could be used to explain the nanofiller distribution. For instance, a narrow, smooth, and symmetry curve meant a better
nanofiller distribution than the broad, spiky, and
asymmetric curve. Figure 1 present AFM maps of
the composite laminate surfaces on the basis of the
surface potential mapping at a variety of COOHGNP:COOH-MWCNT ratios. The AFM mapping
image of the unfilled epoxy resin/CF composite laminate as a reference sample showed lower surface potential (~220–240 mV) with less variation (~19 mV)
than those of nanocarbon filled epoxy/CF composite
laminates. Among the five prepared samples of each
filled epoxy/CF composite laminate, the minimum
surface potential difference of about 75 mV (~220–
295 mV) was obtained for the 50:50 wt% COOHGNP:COOH-MWCNT ratio. It was suggested that

3. Results and discussion
3.1. Nanocarbon dispersion in epoxy resin
The plasma functionalization on nanofiller surfaces
was found to be an effective means to enhance the
interaction between polymers and plasma-modified
nanofillers owing to both physical (surface roughness) and chemical treatment (active polar groups)
[22]. There was no observed separation between the
modified nanocarbons and the epoxy resin for all
formulations and periods (0, 1, 2, and 3 h). It could be
attributed to the COOH-groups on nanofiller surfaces,
resulting in strong interfacial interaction between
COOH-nanofillers and the epoxy resin [23, 24].
The viscosity of epoxy/nanofiller suspension was an
important factor that partly affected the dispersion of
nanofillers on the surface and the interface of composite laminates [2]. Low suspension viscosity was
anticipated to facilitate the uniform flowing of nanofiller filled epoxy resin to some degree during handlay-up and compression molding processes. The viscosity of epoxy/nanofiller suspensions was higher than
that of the neat epoxy resin (~790 cP) and continuously increased from 850 to 1960 cP with increasing
COOH-MWCNT portions from 0 to 100 wt%. In the
previous work, it was reported that the plasma-treated
nanofiller filled epoxy composites provided strong
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Figure 1. AFM mapping images of the composite surfaces at various COOH-GNP:COOH-MWCNT ratios [wt%] at 1 phr:
(a) 0:0 (unfilled epoxy resin), (b) 100:0 (all COOH-GNP), (c) 70:30, (d) 50:50, (e) 30:70, and (f) 0:100 (all COOHMWCNT).

containing 100 wt% COOH-MWCNTs possessed
higher surface potential than that having only COOHGNPs owing to higher COOH-MWCNT contents at
the same weight percent, thus, more conducting networks were established. Therefore, the surface potential tended to decrease with increasing COOHGNP portions. The distribution of COOH-GNPs

the distribution of COOH-nanofillers on the composite surface at this ratio was the best. This indicated that both carbon nanomaterials were efficiently
pervaded between each other, resulting in the formation of complementary structures that were beneficial to prevent restacking due to large van der Waals
forces [26]. It was noted that the composite laminate
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seemed to be poorer than that of COOH-MWCNTs
judging from the broader curve obtained from the
composite laminate containing only COOH-GNPs.
This might be due to larger van der Waals attraction
and stronger - interactions between the plane-toplane structure of adjacent nanoplatelets [4].
In order to enhance the nanofiller distribution and
the intercalation between each modified nanofiller,
the increment of filler dosages was suggested [4].
Figure 2 depict AFM maps derived from the surface
potential characterization of the composite laminates
at different nanofiller hybrid concentrations. The composite laminate containing 4 phr nanofiller hybrids
at 50:50 wt% COOH-GNP:COOH-MWCNT ratio
showed the surface potential in the range of 300–
400 mV together with the minimum surface potential
difference of about 100 mV and a good distribution
curve of surface potential values. Even though the surface potential increased at higher nanofiller hybrid
loadings, e.g., 7 and 10 phr, the broad and/or bimodal
distribution curves with a large variation of surface
potential values were also shown as a consequence
of non-uniform segregation and partial agglomeration of nanofillers. These results are in agreement
with the previous report that synergetic effects of
combining GNPs with CNTs in the epoxy resin improved electrical conductivity. It was found that CNTs
were intercalated between the GNP layers and vice
versa, allowing the creation of conductive pathways
within the polymeric matrix [39].
3.2.2. Raman mapping
The Raman spectroscopy is a well-known technique
to examine the graphitic characteristics such as nanocrystalline, crystalline, and amorphous of CFs, GNPs,
and MWCNTs [40]. Two principle peaks are mainly
observed, including the graphitic band (G band,
~1500–1600 cm–1), indicating the tangent vibrations
of sp2 crystalline graphitic and the disorder defect
band (D band, ~1350 cm–1) [41]. These two bands
could be used to create Raman mapping images for
investigating the nanofiller distribution on the surface of the composite laminates. The Raman mapping
images derived from both G and D bands exhibited
similar trends of the nanofiller distribution. This was
a novel method and had not been reported in any literature. Figures 3 show AFM mapping images of the
G band at different COOH-GNP:COOH-MWCNT
ratios of 0:0 (unfilled epoxy resin), 100:0 (all COOHGNP), 50:50, and 0:100 (all COOH-MWCNT),

Figure 2. AFM mapping images of the composite surfaces
containing different COOH-nanocarbon hybrid
(50:50 wt%) concentrations [phr]: (a) 4, (b) 7, and
(c) 10.

respectively. These ratios were selected to obtain
Raman maps based on the previous AFM results (Figure 1). The dark blue areas indicated the absence of
COOH-nanofillers, whereas the dark red areas corresponded to the highest amount of COOH-nanofillers
on the sample surface. The range of distribution was
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ratio of 50:50 wt%. These were in good agreement
with the AFM mapping results.
Raman mapping images of the G band at various
COOH-nanofiller hybrid concentrations are presented in Figure 4. Simultaneously, the Raman maps of
the composite laminates containing nanocarbon hybrids at 4 and 10 phr were chosen to display the distribution state of nanofiller hybrids based on the
aforementioned AFM results. The composite laminate containing 50:50 wt% COOH-GNP:COOHMWCNT ratio at 4 phr exhibited a lower amount of
blue regions for the G band compared to that of 1 phr
(see Figure 3c). This result showed that the improvement of nanofiller distribution on the sample surface
was obtained by adding a high amount of nanofiller
hybrids. The blue area dramatically decreased in the
mixture at 10 phr since a large amount of nanofiller

displayed by the color bar of the Raman maps. The
variation of COOH-nanofillers was identified by different shades on the mapping image. The Raman
mapping image of the unfilled epoxy resin/CF composite laminate as a reference sample mostly showed
the dark red areas due to the presence of CFs. Low
amount of the dark blue areas partially presented on
the image, which might be because of the non-uniformity of epoxy thickness on the composite surface. It
was obvious that the Raman map of the composite
laminate composed of just COOH-GNPs appeared
to have more blue regions than those of 50:50 and
0:100 wt% ratios. This indicated that the sample had
the least nanofiller distribution. Moreover, the blue
space significantly decreased, indicating the improvement of COOH-nanofiller distribution, when
the epoxy resin contained the nanofiller hybrids at a

Figure 3. Raman mapping images of G band regions on the composite surfaces at different COOH-GNP:COOH-MWCNT
ratios [wt%] at 1 phr: (a) 0:0 (unfilled epoxy resin), (b) 100:0 (all COOH-GNP), (c) 50:50, and (d) 0:100 (all
COOH-MWCNT).
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Figure 4. Raman mapping images of G band areas on composite surfaces at different concentrations of COOH-nanofiller
hybrid (50:50 wt%): (a) 4 and (b) 10 phr.

hybrids in the epoxy resin provided a high opportunity for forming expansive networks on some areas
of the composite surface. Nonetheless, the overall
distribution of COOH-nanofiller hybrids at 10 phr
on the sample surfaces was poor in comparison with
COOH-nanofiller hybrids at 4 phr. Again the Raman
and properties of composite laminates results were in
good accordance (see section 3.3. and 3.4.). This
might be possibly resulted from high viscosity of the
epoxy/nanofiller hybrid suspension at high carbon
nanomaterial concentration, causing the difficulty in
spreading uniformity of the suspension during hand
lay-up and compression molding processes.

3.3. Electrical conductivity
The average electrical conductivity of the composite
laminates containing various COOH-GNP:COOHMWCNT ratios and nanofiller hybrid concentrations
are reported in Figure 5, respectively. In Figure 5a,
the electrical conductivity of the single COOH-GNP
filled epoxy/CF composite laminate was about 3%

higher than that of the unfilled epoxy/CF composite
laminate. This was a result of GNP forming electrical bridges to facilitate electron transport throughout
the host matrix. It corresponded to the nanofiller dispersion results. The slight intercalation and distribution degrees of modified GNPs in the polymeric matrix resulted in the reduction of the electrical
conductivity of nanocomposites [24]. For the single
COOH-MWCNT added epoxy resin system, the electrical conductivity increased up to 25% with a large
error bar. This might be because of the partial agglomeration of modified MWCNTs. It was revealed that
the random distribution of rigid 2D-GNPs was not
able to form a conducting network as efficient as the
flexible 1D-MWCNTs [32]. The synergetic effect of
the combination of 1D-MWCNTs and 2D-GNPs on
the electrical conductivity was clearly observed at
the ratio of 50:50 wt% at 1 phr, providing the enhancement of electrical conductivity up to 25% with
a small variation. This was due to improved nanofiller dispersion, facilitating high electrical pathways

Figure 5. The electrical conductivity of composite laminates at different: (a) COOH-GNP:COOH-MWCNT ratios and
(b) nanofiller hybrid concentrations.
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COOH-MWCNTs on enhancing the flexural strength
of composite laminates. A negligible difference
(~1%) with respect to the unfilled epoxy/CF composite laminate was found while that of the single
COOH-MWCNTs added epoxy/CF composite laminate was around 14%. The utilization of nanocarbon
hybrids promoted a significant enhancement of the
flexural strength, particularly for the COOHGNP:COOH-MWCNT ratio of 50:50 wt%. At this
ratio, the flexural strength increased up to 64 and
45% in comparison with that of the composite laminates containing single COOH-GNPs and COOHMWCNTs, respectively. Additionally, the flexural
strength of the composite laminate at this mixing ratio
was also 66% superior to that of the neat epoxy/CF
composite laminate.
Hence, the COOH-GNP:COOH-MWCNT ratio of
50:50 wt% with different filled proportions was employed for fabricating nanofiller hybrid filled epoxy/
CF composite laminates. Figure 6b demonstrates the
influence of adding nanofiller hybrid at various
dosages on the flexural strength of epoxy/CF composite laminates. The flexural strength of composite
laminates drastically increased up to 81% when the
content of nanofiller hybrids was raised from 0 to
4 phr due to more connecting networks for load transfer. The synergetic behavior of nanofiller hybrids
could be explained by the formation of a 3D-structure that inhibited the re-agglomeration of carbon
nanofillers due to their large van der Waals forces
and strong - interactions between the nanoplatelets
[29]. Furthermore, it was reported that the tube-like
structure of MWCNTs in the presence of GNPs
caused an entanglement of MWCNTs around GNPs
and filled spaces between the interlayer of GNPs.
This led to a better interaction between the nanofillers and the matrix [30, 32]. The mechanism of

within the polymeric matrix [39]. Additionally, at
this mixing combination of nanofiller hybrid, the
electrical conductivity was 19% higher than that of
a single COOH-GNPs filled epoxy system.
In order to increase the electrical conductivity of
composite laminates, higher nanofiller hybrid loadings were added in the epoxy resin at COOHGNP:COOH-MWCNT ratio of 50:50 wt%. The electrical conductivity continued to go up to 53%, with
increasing nanofiller contents from 0 to 4 phr. This
result could be attributed to the better formation of
a hybrid 3D-architecture that promoted the electron
transfer throughout the polymer [30, 31, 42], based
on the nanofiller hybrid dispersion results. When the
amount of nanofiller hybrids was increased to 7 and
10 phr, the electrical conductivity began to decline
owing to the presence of agglomerated nanofillers.
This aggregated structure of nanofiller hybrids resulted in the reduction of a highly conducting network formation [32].

3.4. Flexural strength
Using 1D-MWCNT and 2D-GNP combination as
nanofiller hybrids rather than the single filler filled
system, also provided superior mechanical performance. Figure 6a presents the effect of nanofiller hybrid ratios at 1 phr on the flexural strength of epoxy/
CF composite laminates. The results showed that the
flexural strength of CFRP composite laminates increased by adding carbon nanofillers in the system,
compared with the unfilled epoxy resin/CF composite laminate. This improvement could be attributed to
the enhanced load transfer from the epoxy matrix to
the nanofiller reinforcement due to the increased interfacial compatibility between the modified nanofillers and the matrix [29]. However, single COOHGNPs seemed to be less efficient than single

Figure 6. The flexural strength of composite laminates at different: (a) COOH-GNP:COOH-MWCNT ratios and
(b) nanofiller hybrid concentrations.
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