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Abstract
This study aimed at investigating the influence of utilizing electrically conductive nanofillers such as
graphene nanoplatelets (GNP) and carbon nanotubes (CNT) as secondary fillers on the electrical-
mechanical behavior of epoxy/synthetic graphite (epoxy/SG) composites where SGwas amicrofiller.
The composites were prepared by an internalmixer and compressionmolding and the electrical-
mechanical behavior of the composites was characterized by themeasurements of the in-plane and
through-plane electrical conductivity as well as theflexural strength andmodulus. Themicrostructure
of the composites was examined by scanning electronmicroscopy (SEM). The results showed that the
addition ofGNP to epoxy/SG composites in the expense of SGhad a negative impact on the electrical
conductivity as theGNP content increased up to 10 wt%.Composites containingM-gradeGNPwith
a particle size of 15 μmshowed higher in-plane and through-plane conductivity values compared to
that having theC-gradeGNPwith particle size less than 2 μm.The incorporation of CNT to the
epoxy/SG/GNP composites had a pronounced improvement to the electrical andflexural properties.
Themaximumvalues of in-plane and through-plane conductivity reportedwere almost equal of
about 41 S cm−1 for composites containing aGNP:CNTweight ratio of 4:6. The effect offillers
morphologies and distribution on the behavior of the composites was also investigated.

1. Introduction

The conductive polymer composites (CPCs)which compose of a polymermatrix and conductive fillermaterial
(s) have gained awide interest inmany engineering applications such as bipolar plates for polymer electrolyte
membrane fuel cells (PEMFC) [1–6]. The properties of CPCs dependmainly on the inherent properties of the
individual constituents of the composites in addition to their processing techniques [7–10]. Graphene
nanoplatelets (GNP) and carbon nanotubes (CNT) are widely used as conductive fillers besides the traditional
filler which is graphite (G) because they have desirable properties such as: excellent thermal and electrical
properties, and low gas permeability [11–14]. A combination ofmicro- and nano-sized conductive fillers in
CPCs has been investigated by researchers who reported a positive impact on the properties of the resulting
composites [15, 16]. However, a problemof the dispersion and distribution offillers throughout the polymer
matrix was usually encountered by the researchers which affecting the final properties of the obtained
composites [17]. The conductive fillers had the tendency to agglomerate and theywere difficult to distribute
throughout thematrix, so that the desired properties were difficult to be achieved . Kakati et al [18] added
graphene in small amounts of about 1 wt% to produce a compositematerial using phenol formaldehyde (resole)
resin as amatrix and the results showed that a compositematerial with improved electrical conductivity and
mechanical properties as well as the I-V performancewas produced for the applications of bipolar plate in
polymer electrolytemembrane (PEM) fuel cells. Liu et al [19] examined themechanical properties of graphene
nanoplatlets (GNP) reinforced alumina ceramic composites prepared by spark plasma sinetring and they found
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thatGNPwas successfully dispersed throughout the ceramic aluminamatrix which contribute to the
improvement in theirflexural strength and fracture toughness. Dweiri et al [20, 21] also utilizedGNP andCNT
in corporationwith synthetic graphite (SG) to produce polypropylene (PP)nanocomposites by compression
molding technique and they noticed aminor improvement in electrical conductivity by usingGNP as a
secondary filler. Al Islam et al [22] investigated themorphology andmechanical properties of graphene/poly
(vinyl alcohol) and found that the properties of CPCs could be enhanced by adding small amounts of GNP.

With the different types of composites which can be produced by different techniques composing different
types of electrically conductive fillers and polymermatrices, the challenge is still existing to further
understanding the relationship between electrical-mechanical-morphological behavior of polymer-based
composites filled specially with the combination ofmicro- and nano-sized fillers. The combination of 3-dfiller
(SG), 2-dfiller (GNP) and 1-dfiller CNT)was also a point of interest. In this study, different grades of GNP (M-
grade andC-grade) andMulti-wall CNTparticles were used as secondary nanofillers in contact with primary
synthetic graphite (SG)microfillerfilled epoxy resin. GNPwas nanoparticles consisting of short stacks of
graphene sheets having a platelet shape. The in-plane and through-plane electrical conductivity, flexural
strength andmodulus,morphology, distribution and dispersion offillers in epoxy resinwere investigated.

2. Experimental

2.1.Materials
Three types of electrically conductivematerials with different particle sizes and shapeswere used asfillers in this
study. Synthetic graphite (SG) supplied byAsburyCarbons Inc., fromUSAwithflake shapeswas used as a
primary fillingmaterial. Exfoliated graphene nanoplatelets (GNP) supplied byXGScience, Inc., fromUSA and
multi-wall carbon nanotubes (CNT) supplied byNanocyl SA, fromBelgiumwas utilized as secondary
nanofillers. Themorphologies of the fillers were examined by scanning electronmicroscopy (SEM) and shown
infigure 1. A 635 thin epoxy resinwas used as amatrix with a viscosity of 6 poise and the hardener supplied from
USComposites.More details about the properties of the conductive fillers are provided in table 1.

2.2. Processing of composites
Different types of composites were prepared: epoxy/SG/GNP and epoxy/SG/GNP/CNT. The fabrication
process starts by ballmilling the conductive fillers at a rotating speed of 200 rpm for 1 h to homogensize the

Figure 1. SEM images of different types of electrically conductive fillers.
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constituents. On the other hand, the epoxy and the hardener weremixed at a rotational speed of 1200 rpm for
40 s using amechanicalmixer (RW20-KIKA-WERK). Thematrix and conductive fillers were thenmixed at
different weight ratios for 10 min at 30 °Cusing an internalmixer (Haake Reomix) at a rotational speed of
25 rpm. Themixtures were thereaftermolded in a square steelmold at a pressure of 30MPa and a temperature
of 150 °C for 90 min. The compositions of the different types of composites are shown in table 2.

2.3. Characterization of composites
In-plane electrical conductivity of the composites wasmeasured using a JandelMulti Height Four-point probe
combinedwith RM3TestUnit which had a constant current source and a digital voltmeter designed especially
for the four point probemeasurement. The through-plane electrical conductivity wasmeasured by a through-
plane electrical conductivity testermanufactured at ZBT inDuisburg, Germany. Flexural properties of the
composites were examined using universal testingmachineModel Instron 5567 according toASTMD790-03
standard. Scanning electronmicroscopy (FESEM,Model Supra 55/55VP)was used to observe the surface of the
fractured samples and the distribution and dispersion of the conductive fillers throughout the epoxy resin.

3. Results and discussion

3.1. Electrical conductivitymeasurements
The influence of the addition of two different grades of GNP (M-grade andC-grade) in the expense of SG
particles on the in-plane and through-plane electrical conductivity of epoxy/SG composites is shown in
figures 2(a) and (b). In a previouswork by Suherman et al [7], the values of in-plane and through-plane electrical
conductivity of epoxy/70 wt%SG composites without the addition ofGNPwere investigated and reported as
28 S cm−1 and 23 S cm−1 respectively. In general, a decrease in both types of electrical conductivities was
observed infigure 2 by incorporatingGNP to epoxy/SG composites which further decreased as the content of
GNP increased in the epoxy by 1, 4, 7, and 10 wt% except for some composites containing low content of
M-gradeGNP. Composites of epoxy/SG/GNP showed higher values of in-plane and through-plane electrical
conductivity whenM-grade ofGNPwas used compared to that of their counterparts which containingC-grade
ofGNP. The highest value of the in-plane conductivity was 31 S cm−1 for composites containing 4 wt%GNP
and the highest value of the through-plane conductivity was about 42 and 35 S cm−1 for composites containing 1
and 4 wt%M-gradeGNP respectively. A comparison between the electrical andmechanical properties of
graphite-polymer composites and graphene-polymer composites has been conducted bymany researchers in
previous studies. Onyu et al [23] reported an enhancement in both electrical conductivity andmechanical
performance of PP/graphene nanocomposites compared to that of PP/graphite composites. Bastiurea et al [24]
evaluated the three-point bending properties of graphene-polyester and graphite-polyester composites and
better results were observed in case of graphene-polyester composites. However,most of the previous studies
investigated on single-filler composites (i.e. either graphite-polymer or graphene-polymer composites) and very
few investigated on hybrid-fillers polymer composites combining specifically both graphene and graphite. Levy

Table 1.Characteristics of the conductive fillers.

Conductive filler Particle Size Surface area (m2/gr) Density (gr/m3) Purity (%)

GNP(M-grade) 15 μm 120–150 2.2 >99.5

GNP(C-grade) <2 μm 500 2.2 >99.5

CNT 9.5 nm 250–300 2.1 >90

SG 74 μm 1.5 1.8 99.7

Table 2. Formulations of the produced composites.

Composition (wt%)

Sample Epoxy CNT GNP SG

Epoxy/SG/GNP 30 — 10 60

30 — 7 63

30 — 4 66

30 — 1 69

Epoxy/SG/GNP/CNT 30 3 7 60

30 6 4 60

30 9 1 60
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et al [25] studied graphene-graphite hybrid epoxy composites to improve their rheological properties for
thermal applications and they haven’t investigated their electrical-mechanical behavior. In our experiments the
existence ofminor quantities of GNPup to 10 wt%andmajor quantities of SGup to 70 wt% infillers-hybrid
epoxy composites didn’t reflect the expected improvement in the electrical andmechanical properties by the
addition of GNP.No significant improvement in the electrical conductivities orflexural strength by the addition
ofGNP in the expense of SGwas also reported byDweiri et al [21] for PP/SG/GNP composites. Hence the
behavior of hybrid composites by integration of SG andGNPhas to be explained bymicrostructural
observations. For example, Levy and his colleagues observed that GNP in the epoxy composite wasmostly edge-
on, where graphite was thicker and rather bulky [25].

A clear improvement in the electrical properties was observed by incorporating CNT to the epoxy/SG/GNP
composites as shown infigures 3(a) and (b). In a previous work by Suherman et al [7], the values of in-plane and
through-plane conductivity of epoxy/SG/CNTcomposites increased noticeably with the replacement of SG by
CNTup to 5 wt%.Dweiri et al also found a significant improvement in the electrical conductivities by the
addition of CNT to PP/SG/GNP composites up to 7.5 wt% [20]. In this study, the addition of CNT at 3, 6, and
9 wt% to composites containing 30 wt%epoxy/SG/GNPwith an overall weight percentage ofGNP andCNT
equal to 10 wt%has a clear improvement in the electrical properties compared to that of 30 wt%epoxy/SG/
10 wt%GNPwhichwas considered as a control sample. The composites containingGNP:CNTweight ratio of
4:6 represented a good compromise between the in-plane and through-plane conductivity values whichwere
almostmaximuman equal of about 41 S cm−1 forM-Grade composites. The effect of CNTwasmore
pronounced in case of the composites containingC-gradeGNP compared to that containingM-grade. For
example, in composites containingGNP:CNTweight ratio of 4:6, an increment ofmore than 15%and 100% in
the through-plane conductivity forM-grade andC-grade composites respectively compared to that of the
control sample.

Figure 2.Effect of GNP on the (a) in-plane conductivity and (b) through-plane conductvivty of epoxy/SG/GNP composites.

Figure 3.Effect of CNTon the (a) in-plane conductivity and (b) through-plane conductvivty of epoxy/SG/GNP/CNT composites.
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Shtien et al [26] studied the particle size and synergy effect of GNP-filled epoxymatrix hybrid composites
and found that the composites needed to create additional contact between graphene platelets to increase their
packing factor. Herein, the additional contacts between SGbulky particles couldn’t be enhanced by adding
furtherGNP and thefiller-filler or thefiller-matrix contact resistances couldn’t beminimized. They also
mentioned another critical parameter that primarily affects the formation of conductive pathswhichwas the
primary-to-secondary filler ratio. The effect of this parametermight been clearly noticed in ourworkwhere, for
example, the value of the in-plane conductivity shifted to its highest value in composites containingGNP:CNT
weight ratio of 4:6 before it dropped again. Dweiri [27] in his study of the effect of graphite shape and size on the
electrical conductivity found that the small graphite particles (sphere-like) introducedmore point-to-point
contacts which decreased the electrical conductivity, while theflake-like particles resulted in higher conductivity
values due to the introduction ofmore surface-to-surface contacts. The larger size ofM-gradeGNPwhich
displayed higher values of conductivity in this studymight result inmore surface-to-surface contacts.

3.2. Flexural properties of the composites
Theflexural properties of the composites were investigated and shown infigures 4 and 5. The values of flexural
strength andflexuralmodulus of epoxy/70 wt%SGwere investigated previously and found to be 33MPa and
6.5 GPa respectively. In general, the replacement of SG byGNPdecreased the flexural strength and the flexural
modulus of epoxy/SG composites. An increase inflexuralmodulus was observedmainly at 4 wt%GNP. There
are some factors which usually controlling themechanical properties offilled-polymer composites: the
interfacial bonding between the filler and thematrix which, when it is good, helps to transmit stress from the
matrix to thefiller and improves the flexural strength [28].Moreover, theflexural properties in hybrid-filled
polymers depend on the size, shape, and dispersion of the filler particles: e.g. largerfiller particles increasemore
the stiffness of thematerial [29]. This was not the case which seen for epoxy/SG/GNP composites since the
stiffness for composites with small size of C-gradeGNPwas higher than that having largerM-grade size.Heo

Figure 4. Flexural strength of (a) epoxy/SG/GNP composites (b) epoxy/SG/GNP/CNT composites.

Figure 5. Flexuralmodulus of (a) epoxy/SG/GNP composites (b) epoxy/SG/GNP/CNT composites.
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et al [30] investigated the effect of particle shape and size on themechanical and electrical behavior of graphite
filled phenol resin.On the one hand, they reported that the smaller the particle size for sphere-like particles, the
larger the specific area, the better the interfacial coherence between particles and resinwhich enhanced flexural
strength. On the other hand, they found that the flake-like particles have higher flexural strength due to their
higher specific area and their ability to form a layered structure. Researchers in the literature [31] found that if
the conductive filler of aflake-like shapewere layered perpendicularly to the compression direction and formed
a layeredmicrostructure; its resistance to theflexural loadingwould be higher than that of sphere-like shape. But
the agglomeration offillers was clearly observed in our composites and it was negatively affecting themechanical
propertiesmainly for smaller size GNPofC-grade composites. However, further study of the effect of size and
shape fromone side and the distribution and dispersion offillers from the other side could explain the
unexpected and complexmechanical and electrical behavior of hybrid systems. The addition of CNT to the
epoxy/SG/GNP composites had a pronounced improvement on their flexural strengthmainly at aGNP:CNT
weight ratio of 4:6whichwasmaximum forM-grade and about 36 MPa. An improvement inflexuralmodulus
was only noticed at aGNP:CNTweight ratio of 7:3mainly for composites containingC-gradeGNP compared to
that of epoxy/SG/10 wt%GNP composites.

3.3.Morphological observations
Aflake-likemorphology of nanoparticles was clearly observed forM-gradeGNP and aggregates of sub-micron
platelets for C-gradeGNP are shown infigure 1. The SEM images of SG showed an acicular,macro-morphology
andCNTappeared in bundles and entanglements. SEM fracture surface images of the epoxy/SG/GNP and
epoxy/SG/GNP/CNTcomposites are shown infigures 6 and 7 respectively. Figures 6(a) and (b) showed the
fracture surface images of epoxy/SG/GNP composites containing 4 wt%ofM-grade andC-gradeGNP
respectively. TheGNPwaswell embedded in the epoxy and agglomeration ofGNPwas noticed in the
microstructure (red circles). The embedment ofGNP in thematrix as well as the presence of small GNP
agglomerates in composites was also observed byWang et al [32]. The presence and distribution ofGNP in the
composites had three possibilities: lying between SGplates which could improve the through-plane

Figure 6. SEM images of fracture surfaces of epoxy/SG/GNP composites containing (a) 4 wt%GNP (M-grade), (b) 4 wt%GNP (C-
grade), (c) 10 wt%GNP (M-grade), and (d) 10 wt%GNP (C-grade).
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conductivity; at the edges of SGplates which could improve the in-plane conductivity; and the presence of
isolatedGNPs in separate entities which hadminor contribution in improving either in-plane or through-plane
conductivity. On the other hand, therewere two factors affecting negatively the values of the electrical
conductivity: the agglomeration of theGNP and the isolation of conductive particles with epoxywhich can be
exacerbated by using fillers with high surface area such as C-gradeGNP. Both of these factors were observed in
the composites and the agglomeration of GNPwas clearly noticed by increasing theGNP content as shown in
figures 6(c) and (d) at 10 wt%. Scattered sub-microns pores were found on the epoxy phase and its presencewas
clearly verified at highermagnification (figures 7(b) and (d)). The existence of porosity decreases the electrical
conductivity. Other researchers [3, 4, 7] confirmed that the dispersion of conductive filler and the existence of
voids controlled the values of the electrical conductivity and the flexural strength. On the other hand, the
existence of pores inCPCs resulted in the stress concentration regionswhich deteriorated itsmechanical
properties [31].

The smooth and clean fracture surface of composites and the existence of clear gaps or cavities (white arrows
infigures 6(a), (b) between fillers andmatrix indicating poor interfacial adhesion between fillers andmatrix
which leaded to a catastrophic failure and hence degradation of themechanical properties. This was also
observed byWang et al [32] for Polyethersulfone/Epoxy/GNP composites which also affected negatively the
electrical properties of the composites.Moreover, the random located particles resulted in the formation of less
stacking structures and the existence ofmore intra-particle pores whichmeans less level of densification leaded
to no further enhancement in themechanical and electrical properties. The direct inter-particle contacts
betweenGNPmight be interrupted in the hybrid system, therefore, the in-plane conductivitymore decreased.
Oh et al [31] have noticed similar trend in their study of expanded graphite/flake-type graphite Filled phenol
composites.

The SEM images of the fracture surface of epoxy/SG/GNP/CNTcomposites are shown infigure 7. CNT at a
content of 6 wt% infigure 7(a)werewell distributed throughout thematrix, nevertheless therewere still several
agglomerates. The presence and dispersion of CNT in the composites could be similar to that represented by the

Figure 7. SEM images of fracture surface of epoxy/SG/GNP/CNT composites containing 4 wt%of CNTand (a,b) 6 wt%M-grade
GNP, (c,d) 6 wt%C-gradeGNP.
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three dimensional finite element (FE)model whichwas suggested by Sarasvand et al [33] in their investigation on
the effects of GNP andCNTon themechanical properties of epoxy-based nanocomposites.

4. Conclusion

The potential of using a hybrid systemof nanometer- andmicrometer-sized electrically conductive fillers in the
preparation of epoxy-based nanocomposites had been investigated and some conclusions were drawn. The
addition of GNP as a secondary filler to epoxy/SG composites was not effective,mainly at high level of loading,
in enhancing either their electrical ormechanical properties. In general, the decrease in the in-plane and
through-plane electrical conductivity by the replacement of SGwithGNP could be explained by the
agglomeration ofGNP and the embedment, to some extent, of GNP agglomerates in the epoxy. There are other
manufacturing constraints such as the presence of voids in the structure and the difficulty to obtain a layered
structure. On the other hand, the increase in the in-plane and through-plane conductivity, if existed, could be
explained by the improvement in the particle-to-particle contacts in the in-plane and through-plane directions
respectively whichmight be attributed to the presence of nanofillers i.e. GNP and at the edges and between SG
flaky plates. CNThad a significant enhancement in the properties whichwas common in the literature as a
bridgingfiller betweenGNP. The values of electrical conductivity and flexural strengthwere still below the target
ofUSDepartment of Energy (DOE) for bipolar plate of PEMFCof 100 S cm−1 and 59MPa respectively. The
fracture surfaces of composite samples showed a brittle-like behavior. Finally, a study of three-dimensional
model of the hybrid system is recommended in the future to further understand their electrical-mechanical
behavior.
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