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Abstract

The electrical alignment of multi-walled carbon nanotubes (MWCNT) in an epoxy resin was studied through curing
using electrical measurements and optical microscopy. The epoxy system was composed by diglycidyl ether of bisphe-
nol-A and 4,4’-methylene bis-(3-chloro 2,6-diethylaniline). Long multi-walled carbon nanotubes were ultrasonically
mixed with epoxy resin to form a 0.01 wt% MWCNT mixture. Samples were cured with alternating current electric
fields applying different AC voltages. The electrical conductivity of the composite increased upon applied voltage as
higher alignment of carbon nanotubes was achieved. The enhanced alignment was visualized by optical microscopy.
Improvements in capacitance behaviour were also achieved with the highest value of current field.
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1. Introduction

Many potential applications have been claimed for
carbon nanotubes, including conductive and high-
strength composites [1]. The unique atomic structure,
very high aspect ratio and extraordinary mechanical
properties, as strength and stiffness, make carbon
nanotubes ideal reinforcing fillers [2,3]. On the
other hand, epoxy resins have wide engineering ap-
plications due to their low cost, easy processability,
good thermal, mechanical and electrical isolation
properties, and so on. One of the most important
disadvantages of epoxy resin is their brittleness. The
combination of both materials can lead to enhanced
composite materials with tunable electrical proper-
ties, from insulating to conductive composites [4] or
mechanical properties, from brittle to high impact
strength materials [5].

To take advantage of the attractive directional
properties of carbon nanotubes, aligned composites
are being fabricated by several ways [6]. Some
researchers prepared aligned carbon nanotube com-
posites by infiltrating monomers into chemical vapor
decomposition-grown arrays of aligned multi-walled
carbon nanotubes (MWCNT), followed by in situ
polymerization [7]. Carbon nanotubes can also be
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aligned during or after the composite fabrication by
mechanical stretching [8], solvent casting [9], reactive
spinning [10] and other techniques. Dielectrophoresis
can be one of the most attractive methods for ma-
nipulating carbon nanotubes to obtain anisotropic
conductive composites [11-14]. This technique is
also a useful method for the separation of metallic
and semiconducting nanotubes [15-17] and for the
fabrication of carbon nanotube field effect transis-
tors [18,19]. Carbon nanotubes can be aligned well
using only AC dielectrophoresis. Since the electric
field strength increases by increasing applied voltage,
i.e. the dielectrophoretic force, more CNT can be at-
tracted to the electrodes. Similar effects are obtained
by increasing the frequency of the alternating current
[11,20].

The aim of the present work was to achieve suffi-
cient alignment to enhance the electrical properties of
a carbon nanotube/epoxy matrix composite by apply-
ing AC electrical field through curing. The matrix of
the composite was formed by an epoxy/amine system,
diglycidyl ether of bisphenol-A/4,4’-methylene bis-
(3-chloro 2,6-diethylaniline), and a very low amount
of multi-walled carbon nanotubes was used as filler.
Electrical characterization was performed by I-V
measurements. Optical microscopy (OM) was also
used to characterize the aligned samples.
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2. Experimental

2.1 Materials.

The epoxy resin used was DER-332, a diglycidyl
ether of bisphenol-A, kindly supplied by Dow Chemi-
cal, having an epoxy equivalent of around 175. The
curing agent was an aromatic diamine 4,4’-methylene
bis-(3-chloro 2,6-diethylaniline), MCDEA, with low
reactivity, gifted by Lonza. Long multi-walled carbon
nanotubes, having a mean diameter of 15 nm and
average length of about 10 pm, were produced at 700
°C by chemical vapour deposition (CVD) over Fe-Co
bimetallic catalyst by the Institutional Department of
Chemical Engineering Science (Institute of Chemical
and Process Engineering, University of Pannonia)
using Fe-Co bimetallic catalysts on talc as catalyst
carrier and ethylene as carbon source [21]. Degree
of purity was MWCNT ~ 90 wt%, the remainder
consisting of catalyst and support.

2.2 Sample preparation.

As-received MWCNT were added with the aid of a
surfactant to the reactive sample formed by a stoichio-
metric mixture of epoxy-amine. The non-ionic sur-
factant poly(oxyethylene octyl phenyl ether) (Triton
X-100, Sigma-Aldrich) was added at a concentration
ten times the critical micelle concentration (CMC)
[22]. The low reactive mixture was sonicated (Vibra-
cell VCX 750, Fisher Bioblock Scientific, 750 W, 20
kHz) for 20 min at 60 % amplitude in a controlled
bath at room temperature. A drop of this mixture was
placed in the measurement cell consisting of a glass
microscope slide with two parallel electrodes. The
electrodes were segments of 50 pm-thick aluminium
adhesive tape. The gap between the electrodes was 4
mm. A cover glass slide was placed on the top of the
cell after the mixture was added. An AC power source
was connected to the electrodes to apply the voltage
desirable during the cure of epoxy resin. Curing cy-
cle for all samples was 3 h at 150 °C, controlling the
temperature by a hot plate.

2.3 Morphological characterization.

Morphological characterization of nanotubes was
carried out by atomic force microscopy (AFM) in
tapping mode at room temperature using a Multimode
microscope and Nanoscope Illa controller, from
Veeco, Digital Instruments. Phosphorus (n) doped Si
probe RTESP, from Veeco, was used to perform the
characterization, with nominal spring constant and
resonant frequency of 40 N/m and 300 kHz, respec-
tively. A Nikon Eclipse E600W microscope was used
for optical characterization of MWCNT alignment
in cured samples. The optical images were obtained
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under transmission conditions.

2.4 Electrical measurements.

An equipment Keithley, model 4200-SCS, was used
to characterize electrical behaviour of samples using
two-point electrical measurement technique. Manual
micropositioners were used to connect sample elec-
trodes with the analyzer and generate I-V curves. In
order to determine the resistance, Ohm’s law was
used.

3. Results and Discussion
Atomic force microscopy images of the MWCNT
were performed to evaluate their quality. Fig. 1 shows
AFM images of MWCNT, where long nanotubes and
poor purity are noticeable. Dark zones in nanotubes
and small dots in phase image can indicate the pres-
ence of other type of material apart from carbon
nanotubes belonging to the catalyst and support
remainder. Besides the great length of nanotubes, a
broad dispersion on size and large diameter can be
observed.

Neat epoxy-amine system and the composite
containing 0.01 wt% MWCNT were cured under
different voltage conditions as follows: first sample

Fig. 1: AFM images of MWCNT. (Left) topography and
(right) phase images of 10x10 pm.

Fig. 2: Optical microscopy pictures for the composite
cured under several electrical fields: a) without voltage,
b) 100 V of AC RMS voltage, and c¢) 200 V of AC RMS
voltage.
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was epoxy-amine without nanotubes and AC voltage;
second sample was composite without AC voltage;
third sample was composite and AC RMS voltage
of 100 V at a frequency of 50 Hz; and fourth sample
was composite and AC RMS voltage of 200 V at a
frequency of 50 Hz. Optical microscopy images of the
composites after curing are shown in Fig. 2. There is
no preferential orientation of nanotubes in the sample
cured without voltage (Fig. 2a). However, in Fig. 2b
a preferential orientation can be observed. In this
case, when AC RMS voltage of 100 V was applied,
carbon nanotubes were aligned mostly along the
direction of the electrical field. Similar result can be
observed in Fig. 2¢, when AC RMS voltage of 200 V
was applied. Indeed, higher alignment was obtained
for increasing voltage in despite of distance between
electrodes was higher (3.9 mm for 200 V and 2.3
mm for 0 and 100 V). Images also show the lateral
agglomeration perpendicular to the field in the case
of curing with voltage.

The formation and evolution of the aligned
nanotubes-epoxy networks could be governed by
two separated processes: the longitudinal alignment
(parallel to the field), and the lateral agglomeration
(perpendicular to the field) [14]. The formation of the
longitudinal alignment of nanotubes can be explained
using the theory of dielectrophoresis [23]. Carbon
nanotubes, suspended in a dielectric medium, can be
modeled as cylinder particles and will be polarized
under the effect of a non-uniform external electric
field. Thus, electric charge will locate at the two ends
of the nanotubes. The interaction of induced electric
dipole moments of nanotubes with the external elec-
tric field generates a torque that leads to the alignment
of nanotubes along the direction of the electric field
[14,20,24]. This polarization leads to an additional
attractive interaction (dielectrophoresis) between
dispersed individual nanotubes. The magnitude of the
rotational force is strongly dependent on the magni-
tude and frequency of the electric field. Increasing the
electric field, the particles form chains faster due to in-
creased interactions. Nanotube alignment is expected
to occur immediately after the electric field is exerted
and favoured by the low viscosity of the system at
high temperature before the gelation thereof. At the
early stages of the epoxy-amine curing reactions the
growing chains do not yet generate three-dimensional
network and the viscosity remains at low values.
Once gelation occurs no more nanotubes movements
can take place due to the physical hindrance of the
network. It should be pointed out that the increase
in voltage would lead to an increase in sample tem-
perature due to the Joule heating effect. This rise in

temperature could vary gelation time, shortening the
time available for nanotubes alignment. Therefore, a
deeper study on the kinetics of both, curing reaction
and nanotubes alignment should be carried out with
the aim of optimizing the time-temperature-voltage
parameters of curing.

On the other hand, the nanotube translation
process to generate the lateral agglomeration takes
relatively longer time periods. However, this theory
does not explain the lateral agglomeration after the
fast alignment, because the external electric field
should not lead to perpendicular movement of nano-
tubes. A simplified explanation of the perpendicular
movement and chain formation can be provided on
the basis of the conductive nature of the particles,
in this case, nanotubes and electrostatic interac-
tions [14,23]. Since nanotubes are aligned along the
electric field, dipole-dipole interactions can cause
the movement of two nanotubes closer toward each
other and gradually the formation of a larger dipole
leading to the observed bundles. It is possible that
the nanotubes in the bundles are held together by the
mutual electrostatic force of attraction and van der
Waals forces, instead of connecting with one another.
The small lateral agglomeration in the system studied
in this work is possibly related to the low reactivity
of the used epoxy-amine system that leads to a long
gelation time at the selected cure temperature and to
the high aspect ratio of the nanotubes employed that
can generate longer dipoles. Thus, the permanence of
long dipoles in a low viscosity medium for long time
periods at a high voltage seems to be the responsible
for alignment and lateral agglomeration of the carbon
nanotubes.

Electrical measurements were carried out to obtain
I-V curves of the neat matrix and the composites
cured under several electrical fields. Fig. 3a shows
current versus voltage curve for all cured samples.
Measurements were carried out between electrodes
applying a voltage sweep from 0 to 19 V and record-
ing the current intensity. The neat system showed the
lowest intensity at all applied voltages. In the com-
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Fig. 3: I-V curves for neat epoxy matrix, and composites
cured: without voltage; with 100 V AC RMS voltage, and
with 200 V AC RMS voltage. (a) current vs. voltage and
(b) resistivity vs. voltage curves
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posites, for higher nanotube alignment, an increase
in conductivity was observed as the measured current
intensity was higher for the same applied voltage.
This is still better seen in the resistivity-voltage plots
(figure 3b), which are obtained from the normaliza-
tion of the resistance for the section and the distance
between electrodes. Thus, an increase in alignment of
nanotubes leads to a decrease in composite resistiv-
ity. A decrease of 46 % was achieved for 0.01 wt%
unaligned nanotubes, while for nanotubes aligned at
200 V a reduction of nearly one order of magnitude
at 19 V from neat epoxy was obtained.

Fig. 4 shows complete -V cycles. Measure-
ments were carried out between electrodes applying
a voltage sweep from -19 to 19 V and recording the
current intensity. In addition to the increase in the
conductivity by increasing alignment of nanotubes,
wider hysteresis cycles can be also observed for
composites. This fact can be due to the higher po-
larization achieved in the sample aligned with 200
V, indicating that the composite behaves as an im-
proved capacitance when the alignment of nanotubes
increased. Inset graph shows the hysteresis curve for
the composite cured with 200 V. AC RMS voltage
for clarification. Arrows indicate the direction of
cycle measurement. The direct current conductivity
of a capacitor is theoretically zero. Thus, since the
bias is changed the capacitor has to reach the new
equilibrium amount of charge stored. Consequently,
charge will flow in to or out of the device composed
by the composite and the electrodes, generating the
so-called displacement current. This displacement
current versus the applied voltage generate the hys-
teresis cycle of I-V curves.
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Fig. 4: Current vs. voltage cycles for neat epoxy matrix,
and composites cured: without voltage; with 100 V AC
RMS voltage, and with 200 V AC RMS voltage. Inset
graph: current vs. voltage cycles for the composite cured
with 200 V AC RMS voltage.
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4. Conclusions

An alignment study of carbon nanotubes in an epoxy/
MWCNT composite was performed as a function of
the alternating current field level applied through
curing. The increase in the applied alternating cur-
rent field increased the alignment of nanotubes also
increasing the conductivity of the composite. The
increase of alignment was also characterized by opti-
cal microscopy where higher longitudinal and lateral
agglomerations were observed for the composite
cured at higher voltages. In addition, hysteresis results
showed an improvement on capacitance behaviour
of the composite aligned through curing with higher
values of current field.
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