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The dielectric constants, and electrical and thermal con-

ductivities of epoxy composites containing 0.2–0.5 wt.%

of reactive graphitic nanofibers (r-GNFs) have been stud-

ied. In each case, epoxy composite with 0.3 wt.% r-GNFs

showed the highest enhancement. Addition of more

r-GNFs to the epoxy matrix degraded the properties.

Incremental rates of dielectric constants at high frequency

(from 10 KHz to 1 MHz), is higher compared to that at low

frequency (less than 10 KHz).

For various engineering applications, epoxy resins are

widely used as matrices for composite materials due to

their low density compared to metals, high specific

mechanical properties and good processability [1, 2]. In

addition, both anhydride and amide curing agents can be

used for curing without emission [3]. However, low elec-

trical and thermal conductivities of epoxy resins make

them unusable in some applications. One approach to this

class of problems is to incorporate nano-scale fillers which

have inherently high electrical and thermal properties into

the epoxy matrix [4, 5]. For electronic applications,

dielectric properties are also important.

Among various conductive nanofillers such as graphitic

nanofibers (GNFs), carbon nanotubes (CNTs), etc., GNFs

have relatively low cost and high performance [6, 7]. In

addition, the edges of GNFs may be utilized for generation

of covalent bond between GNFs and polymer resin mole-

cules [8, 9]. In our previous studies, reactive graphitic

nanofibers (r-GNFs) from functionalized herringbone gra-

phitic nanofibers with 3,40-oxydianiline (GNF-ODA)

[9, 10] were produced, which resulted in enhancing

mechanical properties. The reactive hydrogen in the –OH–

group of the r-GNF takes part in curing reaction of an

epoxy resin. Therefore, r-GNFs and epoxy matrix can form

a unified resin system, which were named ‘‘nano-epoxy’’

because it is not a ‘‘simple physical nanocomposite’’

(physical mixing). Based on the r-GNFs, series of nano-

epoxy matrices with different concentrations of r-GNFs

were developed and the various mechanical properties

were characterized in our previous studies. The results

showed that among all concentrations of r-GNFs (up to

1.3 wt.%), the nano-epoxy with 0.3 wt.% concentration

showed the highest interfacial adhesion properties between

UHMWPE fiber and matrix, mechanical properties (flex-

ural strength and modulus), ageing resistance, dynamic

mechanical properties and other properties compared to the

pure epoxy specimens [10–14]. In this study, our main

objective is to find out whether r-GNFs could facilitate the

improvement in certain physical properties. For this pur-

pose, dielectric properties, thermal conductivity and

electrical conductivity tests were conducted.

A mixture of GNF-ODA nanofibers (from Vanderbilt

University) and diluent butyl glycidyl ether (BEG)

(Sigma–Aldrich Co.) (1:50 by weight) was sonicated by a

sonifier (Branson1 450) with power level 70 W for 3 h at

room temperature and the length of the GNF-ODA

nanofibers was reduced to 400–800 nm. The mixture left

for 36 h for reaction and r-GNFs were obtained [12]. The

ratio of solution r-GNF/BGE to 1:6 was obtained by vac-

uuming (125 �C) the solution in a vacuum oven. The

curing agent, EpikureTM W (Miller-Stephenson Chemical

Inc.) was added to the epoxy resin, Epon 828 (Miller-

Stephenson Chemical Inc.) in a ratio of 24:100 by weight

to produce pure epoxy matrix. Exact amounts of r-GNF/

diluent solutions were added to the pure epoxy matrix to

fabricate nano-epoxy matrices having 0.2, 0.3, and 0.5%

S. Jana � W.-H. Zhong (&)

School of Mechanical and Materials Engineering, Washington

State University, Pullman, WA 99164, USA

e-mail: katie_zhong@wsu.edu

123

J Mater Sci (2008) 43:413–416

DOI 10.1007/s10853-007-2169-6



r-GNFs loadings by weight. Low-level sonication was

conducted for each mixture for an hour at room tempera-

ture to disperse the r-GNFs into the pure-epoxy matrix.

Pure epoxy and nano-epoxy matrices with different r-GNF

concentrations were degassed, cured for 4 h at temperature

150 �C and then cooled naturally to room temperature.

Detailed information about preparation of the specimens

can be found in Ref. [10]. A Keithley Instrument Model

6517A with 8009 fixture was used to measure the surface

conductivity by applying a voltage of 500 V DC at ambient

temperature (298 K). A Novocontrol GmBH Concept 40

broadband dielectric spectrometer was used to measure the

real (e0) of complex dielectric permittivity (e�) at ambient

temperature. Thermal conductivities were measured at

room temperature using a TC-30 (Mathis Inc.).

Figure 1 shows the enhancement in dielectric constant

with addition of r-GNFs in the epoxy matrix. It can be seen

that the specimen with 0.3 wt.% concentration results in

the highest dielectric constant among all concentration

levels. It is believed that the optimum combination of

r-GNFs, BGE and epoxy molecules occurred in the nano-

epoxy with 0.3 wt.%. Greater amounts of r-GNFs may

increase the r-GNF density in the matrix, and Van der

Waals force among nanofibers will cause their aggregation

which in turn disrupts the formation of an evenly dispersed

network of r-GNFs throughout the matrix. TEM images of

specimens with different r-GNF concentration confirm this

idea (Fig. 2a–c). From the images, it is clear that the

nanofillers dispersed well in the nano-epoxy with 0.3 wt.%

of r-GNFs. In the nano-epoxy with 0.2 wt.% r-GNFs, even

though they were well dispersed, there were insufficient

amounts to establish an effective network of r-GNFs,

whereas in the 0.5 wt.%, agglomeration was clearly

observed. However, various models which demonstrate the

enhancement in dielectric constant with increase of

nanofillers volume fraction, are not valid to these experi-

mental results [15, 16].

It was also found that the increment rate at high fre-

quency (10 K–1 MHz) is greater compared to that at low

frequency (\10 KHz). When an electrical field is applied

to a material, the dipoles in the material have a tendency to

orient themselves in the direction of the applied field.

However, mobility of the dipoles depends on the ductility

of the materials. In our previous experiments, it was

observed that r-GNFs/BGE solution increases the tough-

ness/ductility of the epoxy resin [12]. At low frequency,

dipoles are able to follow an oscillating electric field more

easily than at a high frequency at a given temperature. Near

to 1 MHz frequency, there is a sudden decrease in

dielectric constant and it is thought that this occurred from

field distortion which was caused by a decrease in dipolar

polarization of the matrix and accumulation of charges at

the interface of the nanofibers and epoxy resin.

Figure 3 shows the plot of log of resistivity versus

r-GNF concentration (wt.%) at room temperature. Speci-

mens with 0.3 wt.% concentration showed the lowest

resistivity with a decrease by more than 2 orders of mag-

nitude compared to the pure epoxy. They also showed the

highest thermal conductivity (increased from 0.225 to

0.240 W/mK) compared to the nano-epoxy with other

concentration levels (Fig. 4). The reactive nanofibers,

r-GNFs, were produced from graphitic fibers which have

significantly higher conductivity properties compared to

that of epoxy resins, thus an effective linking of r-GNFs

can improve the thermal/electrical conductivities. In the

case of the 0.3 wt.% samples, the amounts of epoxy, dil-

uent and r-GNFs were proportionate in the nano-epoxy

composite which resulted in a maximum conductivity

enhancement among all samples. In specimens with 0.2

and 0.5 wt.% concentrations, r-GNFs were either not able

to develop sufficient network contiguity due to insufficient

amount of r-GNFs, or their aggregation at the higher

amount had the same effect. In consideration of the error

bars in Figs. 3 and 4, it seems that the network density of

r-GNFs is not uniform throughout the specimen even in the

specimens with 0.3 wt.% concentration.

In considering the above results and discussions it

should be noted that there is a growing desire among

commercial applications of composites, especially in the

aerospace and wind energy sectors, for multi-functional

structures with not only high performances, but lower

costs. This epoxy composite reinforced with r-GNFs has

now been shown to not only have improved mechanical

properties [14], but also significant electrical conductivity

improvements as reported here, and is based on an eco-

nomical form of nano-reinforcement, nanofibers. It is

expected that these results could have value in such

applications.
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Fig. 1 Dielectric constant vs. frequency curves of pure epoxy and

nano-epoxy
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In conclusion, it can be stressed that the addition of very

small amounts r-GNFs, 0.2–0.5 wt.%, can improve the

dielectric constant of the epoxy resin, and reduce the sur-

face resistivity as much as orders of magnitude compared

to the pure epoxy. It was shown that an optimum value

(0.3 wt.%) exists between the insufficient material levels

and the excessive agglomerating levels. This same value

produced an optimum level of thermal conductivity

although that level was too low for many thermal man-

agement applications. More work needs to be done to

comprehend this result.
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Fig. 3 Log of resistivity vs. r-GNF concentration (%) curves of pure

epoxy and nano-epoxy
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