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Abstract 

In this work, the effect of co-carbon fillers on the electrical and mechanical properties of epoxy nanocomposites was

investigated. The graphite nanosheets (GNs) and multi-walled carbon nanotubes (MWNTs) were used as co-carbon fillers.

The results showed that the electrical conductivity of the epoxy nanocomposites showed a considerable increase upon an

addition of MWNTs when GNs were fixed at 2 wt.%. This indicated that low content GNs formed the bulk conductive

network and then MWNTs added were intercalated between the GN layers, resulted in the formation of additional conductive

pathway. Furthermore, the flexural strength of the epoxy nanocomposites was enhanced with increasing the MWNT content.

It was probably attributed to the flexible MWNTs compared with rigid GNs, resulted in the enhancement of the mechanical

properties.
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1. Introduction

Recently, polymer nanocomposites reinforced with

conductive fillers have attracted much attention due to their

various application areas, such as electronic devices,

polymer electrolyte membranes, anti-static devices, and gas

sensors [1,2]. As fillers for conductive composites, carbon-

based fillers, i.e., carbon black, graphite or carbon nanotubes

are one type of commonly used materials capable of

improving the physical, thermal, and electrical properties of

polymers [3,4].

Among the carbon fillers, the natural graphites are

composed of hexagonal carbon layers having a thickness in

the range of 30~80 nm with excellent electrical conductivity

of about 104 S/cm. Therefore, graphites have received a

considerable amount of attention in the graphites/polymer

nanocomposites [5,6]. Also, expanded graphites (EGs)

having a high aspect ratio can easily be obtained through an

acid treatment and rapid heat treatment of natural graphites;

polymer nanocomposites containing a low quantity of EGs

have excellent electrical conductivity [7,8]. 

Despite their many advantages, EGs are difficult to use in

the preparation of polymer nanocomposites in a direct

intercalation method, and nanocomposites based on EGs

have a high degree of porosity because many micropores in

EGs interrupt the filling polymer. Therefore, the nanoscale

dispersion of EGs in a polymer matrix is very important to

achieve EG/polymer nanocomposites [9,10].

Recently, graphite nanosheets (GNs) created by powdering

EGs have garnered much attention as nanoscale conductive

fillers because they has a higher aspect ratio compared to

that of EGs and tend to disperse easily in a polymer matrix.

Polymer nanocomposites based on GNs have been reported;

however, the inherently limited conductivity and rigidity of

GNs restricts higher electrical and mechanical properties of

conductive polymer composites [11,12].

Therefore, in the present study, GNs and MWNTs are used

as the co-carbon fillers and epoxy nanocomposites are

prepared using a melt mixing method. The effect of co-

carbon fillers on the electrical and physical properties of

epoxy nanocomposites is discussed.

2. Experimental

2.1. Materials

The natural graphites were supplied from Aldrich. Multi-

walled carbon nanotubes (MWNTs) produced by chemical

vapor deposition (CVD) process were obtained from

Nanosolution Co. (Korea). The properties of MWNTs were:

purity > 95 wt% and average diameter 10~25 nm. The epoxy

resins (YD-128) were supplied from Kukdo Chemical Co.

(Korea). The epoxide equivalent weight and a density of

DGEBA were 185~190 g/eq and 1.16 g/cm3 at 25oC. The

curing agent, 4,4’-diaminodiphenyl methane (DDM), was
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obtained from TCI. The 3-glycidoxypropyltrimethosysilane

(GPTS) was supplied from Shin Etsu. 

2.2. Preparation of GNs and MWNTs

EGs were produced by chemical oxidation using a sulfuric

and nitric acid solution (4:1, v/v) and a rapid heat-treatment

at 1000oC for 90 s. GNs were easily obtained by the

powdering via ultrasonic treatment of EGs in acetone for

6 h. 

MWNTs were acid-treated using a 3:1 mixture of sulfuric

acid and nitric acid at 60oC for 12 h. After the filtering of the

sample, MWNTs were washed with water until their pH was

7.0, and the washed samples were dried at 100oC.

2.3. Preparation of the nanocomposites

The epoxy nanocomposites were prepared by a melt

mixing method. The fixed 1 wt% GPTS and 2 wt.% GNs

were dispersed in epoxy resins for 1 h with sonication and

were then mixed for 3 h while stirring at 80oC. After then,

MWNTs were added from 0.25 to 1.0 wt.% in the GN/epoxy

mixture with sonication for 1 h and melt-mixing at 80oC for

3 h. The stoichiometric amount of curing agent was added to

the MWNTs/GNs/epoxy mixtures. The mixtures were

poured into a mold and cured at 120oC for 1 h and at 150oC

for 2 h. Finally, they were then postcured at 180 for 1 h in a

convection oven.

2.4. Characterization and measurements

The morphologies of the EGs, GNs, MWNTs, and

nanocomposites were observed via scanning electron

microscopy (SEM, JEOL S-4200) and transmission electron

microscopy (TEM, JEOL FE-TEM 2006). 

Electrical conductivity of the nanocomposites was

measured at room temperature using a four probe digital

multimeter (MCP-T610, Mitsubishi Chem.).

The flexural properties (for the specimen size of 2 mm×

25 mm×50 mm) were measured by universal test machine

(UTM, LLOYD, LR5K) according to ASTM D-790 and the

span-to-depth ratio was 16:1.

3. Results and Discussion

The morphologies of the EGs, GNs, and MWNTs are

shown in Fig. 1. Rapid heating of acid-treated graphites at a

sufficiently high temperature caused an expansion by the

escape of H2SO4 intercalated into the graphite interlayer. The

EGs show a worm-like appearance, with a large interlayer

distance by expansion. They have a loose and porous

vermicular structure (Fig. 1 (a)). The EGs were converted to

GNs (Fig. 1 (b)) by ultrasonication in a solvent, and the GNs

are composed of the thinner sheets having both one layer

and multiple layers. The disentangled MWNTs after the acid

treatment are shown in Fig. 1 (c).

The electrical conductivity is more important to qualify the

nanocomposites for application as electrodes. This is

influenced by the filler content, filler type, and dispersion of

the filler in the polymer matrix. In this work, MWNTs with a

low content of GNs are used as a combination to obtain high

electrical conductivity of the nanocomposites through a

synergic effect between carbon materials. 

The electric conductivity of the nanocomposites at room

temperature is showed in Fig. 2. The electric conductivity of

the GN/epoxy nanocomposites is not measured up to 1 wt.%

GNs (over the limit of equipments), and the percolation

threshold is found to be 2 wt.% GNs, resulting from the

formation of a conductive network above 2 wt.% GNs. After

fixing the 2 wt.% GNs, the electrical conductivity of the

Fig. 1. Morphologies of the EGs (a), GNs (b), and MWNTs (c).

Fig. 2. Electrical conductivity of epoxy nanocomposites as a
function of various GNs/MWNT ratios. 
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epoxy nanocomposites increases with an addition of

MWNTs, showing a remarkable increase at a content up to

1 wt.% MWNTs. It is shown that GNs form the bulk

conductive network and then highly intercalated MWNTs

between the GN layers offer additional conductive pathway,

leading to the combination effect of co-carbon materials. 

In a previously reported study, the low content of 2D-

graphite nnoplates provide relatively high enhancement of

the electrical conductivity compared with 1D-carbon

nanotubes due to the higher dimension and high aspect ratio.

However, the hybrid carbon fillers do not provide high

synergistic effect to the electrical conductivity, which is

attributed to the presence of thin polymer layer between GNs

and MWNTs [13]. As shown in Fig. 2, at low content of

1 wt.% GNs, the epoxy nanocomposites show remarkably

increased electrical conductivity with the addition of

MWNTs due to high electrical conductivity of the MWNTs,

whereas the effect of the addition of MWNTs at over 2 wt.%

GNs is lower compared with the epoxy nanocomposites

containing 1 wt.% GNs [14,15].

Fig. 3 shows the cross-section of the GNs/epoxy and

1 wt.% MWNTs/GNs/epoxy nanocomposites. This SEM

image indicates that GNs are shown to be homogeneously

dispersed in epoxy resins. Also, MWNTs are uniformly

dispersed in the GN/epoxy nanocomposites (Fig. 3 (b)) and

interconnected between GN layers. GNs having large

dimension form the bulk conductive network, resulting in

the low electrical conductivity and then MWNTs which have

large aspect ratio and electrical conductivity are intercalated

into the GN layers. Low MWNT content can effectively offer

the enhanced electrical conductivity of the nanocomposites,

resulting from the densely conductive network by MWNTs

intercalated in bulk GN network. Additionally, the

combinational use of GNs and MWNTs reduces the total

filler loading, which provides the high electrical properties

of the nanocomposites [16,17].

The mechanical properties of the epoxy nanocomposites

are measured to determine the effect of MWNT and GNs on

the flexural strength (σf) and elastic modulus in flexure (Eb).

The flexural strength values of the nanocomposites are

determined with the three-point bending test and are

calculated as follows [18]:

(1)

(2)
 

where P is the applied load, L the span length, b the width of

specimen, d the thickness of the specimen, ∆P the change in

force in the linear portion of the load-deflection curve, and

∆m is the change in deflection corresponding to ∆P.

Fig. 4 shows the result of flexural strength (σf) and elastic

modulus (Eb) values of the nanocomposites. As a result, the

óf and Eb values of the nanocomposites are increased with

increasing the MWNT content up to 0.75 wt.%, whereas

GN/epoxy nanocomposites are brittle. This result means that

the addition of flexible MWNTs compared with rigid GNs

into the epoxy resins increases the ductility of the

nanocomposites. However, the mechanical properties of the

nanocomposites are slightly decreased above 1 wt.%

MWNTs. It is probably attributed to the accumulation of

MWNTs, resulting in weak interaction between the MWNTs

and epoxy resins [19].

4. Conclusion

In this study, the effect of GNs and MWNTs on the

electrical and mechanical properties of the epoxy

nanocomposites was investigated. The co-carbon fillers

dispersed in the epoxy resins were resulted in the formation

of conductive network. The electrical conductivity of the

nanocomposites was remarkably improved with increasing

the MWNT content. This implied that the interconnected

MWNTs between the GN layers provided an additional

σf
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Fig. 3. SEM images of (a) GNs/epoxy and (b) 1 wt.% MWNTs/
GNs/epoxy nanocomposites (2 wt.% GNs was fixed).

Fig. 4. Flexural strength and elastic modulus of the epoxy nano-
composites as a function of the MWNT content (2 wt.% GNs
was fixed).
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conductive pathway. Also, the flexural strength of the

nanocomposites was increased with increasing the MWNT

content, resulted from the addition of flexible MWNTs

compared with rigid GNs.
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