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Introduction

With increasing cost of fuel, energy efficiency has become a
major requirement for new aircraft designs, which has led to
significant efforts for reducing their weight. On the one
hand, composite structures progressively replace aluminum
ones, and on the other hand, more and more electrical
devices are being installed in replacement of their heavier
mechanical counterpart. A well known bottleneck of the
combination of these approaches is that the aluminum
fuselage, which was traditionally used as the current return
network for the electrical devices, is now replaced with
carbon fiber reinforced polymers (CFRPs). However, the
electrical resistivity of these materials is more than six orders
of magnitude higher, and therefore CFRPs cannot be used as
a reliable current return path in day of today.1

The real problem is that, even though carbon fibers are
reasonably conductive and could in principle be used to
some extent in the current return network, their integration

into a polymer resin for forming CFRP panels greatly
increases the overall bulk resistivity of the composite
assembly. The resin also creates undesirable anisotropy of
electrical properties since the resistivity measured through
the thickness of CFRP panels was shown to be 1000 times
higher than that measured in the plane of the fibers.2 As a
consequence, when an electric current is injected in a CFRP
panel, it cannot diffuse through the thickness and stays in
the surface plies, generating heat and thus leading to a
faster degradation of the material.
Carbon nanotubes (CNTs) have demonstrated their

potential for the enhancement of mechanical and electrical
properties of CFRPs to create multiscale composites, which is
defined as the combination of micro-reinforcements (carbon
fibers) and nanoreinforcements (CNTs). A review paper from
Chou et al. demonstrated different approaches to use CNTs
from one-dimensional fiber to three-dimensional dispersion
into a polymer matrix.3 In polymer materials, it has been
demonstrated that CNTs can significantly improve the
electrical properties even at a very low concentrations.4–6

In that case, the resistivity of the nanocomposites is mainly
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related to the formation of a percolation network within the
material. The high aspect ratio of the CNTs and their
appropriate dispersion into the resin are the main factors to
reach a low percolation threshold.6–8

Two main approaches are possible for incorporating CNTs
into a CFRP: (i) CNT deposition on the fibers and (ii) CNT
dispersion into the matrix.9 Different techniques to attach
CNTs on fiber such as chemical vapor deposition (CVD),10

electrophoresis deposition11 or agglomeration of CNTs by
sizing agents12 have shown significant improvements in
the electrical and mechanical properties. For example,
Yamamoto et al.13 have reduced the resistivity of alumina
fiber composite by six orders of magnitude, reaching a
through the thickness (TT) resistivity of 0.077 Vm (13 S m21)
with 3 wt-% of CNTs using the CVD technique to modify the
fibers. Glass fiber multiscale composites modified with a
sizing agent studied by Gao et al.14 have reached a resistivity
ofy10 Vm (1021 S m21), which is four orders of magnitude
lower than multiscale composites made by three-roll milling
(y1025 S m21). However, the CVD and electrophoresis
deposition processes could hardly be adapted to fast
production rates required in the industry and may also
lead to a degradation of the fibers.9 The use of a CNT
modified matrix has the advantage of being more compa-
tible with traditional industrial processes, in addition to
increase the interlaminar shear strength as well as the
electrical conductivity of the composite material.14–17

However, this approach shows moderate performance
because it is limited to low CNT loadings. At high CNT
loading (.1 wt-%), the viscosity of the resin considerably
increases, which leads to an inhomogeneous dispersion of
the particles due to filtration and incomplete impregnation
of the fibers.18

It is important to control well the dispersion of the
particles into the polymer in order to maximize the
improvement in electrical performances for a given CNT
loading. This is achieved by creating electrically conductive
pathways, which can be either percolation paths (when very
low concentrations of CNTs are used), or direct conduction
paths, requiring that the CNTs touch each other all along the
path, which is possible only at higher concentrations of
particles.
It is known from the literature that an electric field enables

the movement of the CNTs to form percolation networks. For
example, Khan et al.19 have used an electric field to lower
the percolation threshold to 0.0048 wt-%, which is one order
of magnitude less than the case of randomly dispersed CNTs.
According to Oliva-Aviles et al. and Monti et al.,20,21 the
reduction of the resistivity is the result of dielectrophoretic
forces that contribute to align the particle in the direction
of the electric field. Other studies improve the electrical
properties of polymers in a preferential direction with CNT
loadings as low as 0.01 wt-%.22–25 Park et al.22 have reduced
the resistivity of a polymer containing 0.03 wt-% of CNTs by
six order of magnitude by applying an electric field of
200 Vpp at a frequency of 1 kHz. The optimal parameters for
the alignment were empirically found and the alignment
mechanisms are still not completely understood. The use
of CNTs aligned with an electric field to reduce the
electrical resistivity of glass fiber composites has been

reported,26,27 but to the best of our knowledge, no study
were performed on carbon fiber composites.
In this contribution, the objective is to reduce the

electrical resistivity through the thickness of CFRPs in order
to improve current diffusion through composite panels, and
eventually make them reliable as current carrying parts in
an aircraft or other applications. In order to achieve this
goal, multiwalled carbon nanotubes (MWCNTs) dispersed
into an epoxy matrix were aligned with an electric field
during the curing stage. In the first part of the paper,
we investigate the influence of the electric field intensity on
the time required for obtaining full alignment of the particles
in epoxy nanocomposites. This was a necessary step in order
to tailor the process parameters. Next, we introduce a
modified hand layup technique that allows applying an
electric field during the manufacturing of the composite.
Then, we describe in detail the fabrication process of
multiscale composite samples for two different MWCNT
loadings and processed with and without electric field (four
cases overall). Finally, we present the results of electrical
properties of each case, in terms of their (1) longitudinal
resistivity (i.e. parallel to the orientation of the carbon fibers)
and (2) TT resistivity (i.e. perpendicular to the orientation of
the carbon fibers).

Numerical simulations of current
injection in composite panels

The high anisotropy of the electrical resistivity of CFRPs
prevents their use in the current return network in aircrafts
due to poor current diffusion across their thickness, which
leads to undesirable heat generation. Figure 1 shows the
comparison between a realistic anisotropic CFRP and an ideal
isotropic material based on a 2D finite element simulation
performed using Comsol 4.3 Multiphysics. In this simulation,
two different cases were analyzed. First, an anisotropic
material with a resistivity ratio (rtransverse/rlongitudinal) of 1000
was simulated, representing a traditional CFRP.2 In the second
simulation, the TT resistivity (or rtransverse) was reduced to
match rlongitudinal to obtain an isotropic material (resistivity
ratio of 1). In both cases, a current density of 6.4 A cm22 (i.e.
10 A injected on a surface of 12.5612.5 mm) was injected
in the composite panel using a copper electrode place at the
top left extremity of the material, while the other end was set
to 0 V (ground potential). The simulation outputs are the
current density (A cm22), schematically shown by the red
arrows, and the power density (W mm23), corresponding
to the Joule losses, and represented by the gray scale
shaded plot.
The simulation results for the anisotropic material showed

that the current (arrows) hardly diffuse through the
thickness, but rather stay at the surface. This leads to heat
generation by Joule effect, corresponding to the highly
dissipative zone located below the electrode. When the
resistivity is taken as isotropic (i.e. rtransverse5rlongitudinal), the
current is able to diffuse through the whole thickness of the
material, as shown by the uniform arrows in Fig. 1b. The
effective area for conduction is then significantly larger as
compared with the anisotropic case, and the high power
dissipation mentioned above is not present anymore.
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Experimental methods

Alignment in polymer
Nanocomposite preparation

MWCNTs (NC7000; Nanocyl) have been incorporated into a
one-part UV curable epoxy (OG115; Epoxy Technology) to
create nanocomposites at 0.01 and 0.1 wt-% concentrations.
This epoxy has a low viscosity and is able to cure with
365 nm wavelength UV light. The MWCNTs and epoxy
mixture was placed in a sonication bath (Model 8891; Cole-
Parmer) for 1 h to disperse the nanotubes. The mixture was
then degassed under a vacuum (Model MZ 2C NT;
Vacuubrand) for y30 min, until all bubbles entrapped in
the mixture disappeared. Finally, the mixture was poured
into a UV protected syringe (3cc barrel; EFD) in order to
protect the epoxy from ambient light.

Alignment of nanotubes

The nanocomposite mixture was deposited into a mold
composed of two aluminium electrodes fixed to a glass
substrate, as shown in Fig. 2a. The purpose of this mold was

to perform preliminary experiments of electric field align-
ment of the nanoparticules in order to determine the best
set of experimental parameters. A constant distance of
5 mm between the electrodes was ensured with glass walls
cut from a microscope slide with a precision saw (Isomet low
speed precision saw; Buehler). Finally, a glass substrate was
put on the top of the mold to make sure we have a flat top
surface at all times, which facilitates optical monitoring
during the whole process. To generate an AC electric field,
the mold was connected to a waveform generator (Model
2720; TEGAM), whose output voltage was amplified one
hundred times by the combination of a power amplifier
(Model 7796; AE Techron) and a step-up transformer (Model
MO200J; Marcus).
Before applying the electric field, a release agent was

sprayed on the mold. Then, the nanocomposite mixture was
poured into the mold using the 3 cc syringe and a
microscope slide was placed on the top of the mold while
making sure that no air was trapped inside the mold.
Afterwards, seven different electric field intensities were
generated, namely, 20, 30, 40, 50, 60, 80 and 100 V mm21

Figure 1 Numerical simulation of current density (arrows) and resistive heat generation (gray tones) for a realistic aniso-

tropic composite (rtransverse/rlongitudinal51000) and b ideal isotropic material
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(corresponding to output voltages of 100, 150, 200, 250, 300,
400 and 500 V respectively). A frequency of 1 kHz has been
selected for all samples, based on the observations of Park et
al.22 about the impact of the electric field frequency on the
quality of the alignment. During the experiments, the
current was measured in real time during the whole
alignment process using a custom measurement set-up
based on a data acquisition card (PCI-6052E; National
Instrument) controlled by Labview (Labview 2009; National
Instrument). The waveform generator was turned on to
generate the AC electric field. After 2 h, the nanocomposite
was cured using a UV lamp (Model B 100AP; Blak-Ray) while
keeping the electric field on. The waveform generator was
shut down only when the epoxy was totally cured, i.e. after
half an hour of UV exposure.

Electrical characterization

Figure 3a shows a picture of the sample holder designed for
the electrical characterization of the nanocomposite sam-
ples. The holder is made of two electrodes between which
the sample is placed. Four plastic screws are used to apply
uniform pressure on the sample. A high resistance electro-
meter (Model 6517B; Keithley) was used to measure the
electrical resistivity of the sample.
Before the measurements, each sample was first cut to a

dimension of 562061 mm with the precision saw. A flat
surface finished was obtained with a polisher (Metaserv
2000; Buehler). To reduce the contact resistance between
the sample and the electrodes, a silver ink was prepared,
inspired from an earlier study of Walker and Lewis.28 The
samples were placed between the electrodes and the screws

were tightened by hand. A square wave voltage signal of
100 V peak and frequency of 0.1 Hz was applied for 60 s
while measuring the current flowing through the sample.
These measurements were repeated six times on each
sample in both directions, parallel and perpendicular to the
electric field, by manually rotating the sample inside the
holder.

Figure 2 Schematic of a mold used for electric field alignment in nanocomposite and b stacking sequence of modified

hand layup process used for manufacturing of multiscale composites in which the nanoparticles were aligned with elec-

tric field during manufacturing

Figure 3 a sample holder used for electrical characteriza-

tion of (i) nanocomposite samples in directions parallel

and perpendicular to electric field and (ii) multiscale com-

posite samples in direction parallel to electric field, i.e.

through thickness (TT) of sample; b sample holder used

for electrical characterization of multiscale composite sam-

ples in longitudinal direction, i.e. along length of samples

(parallel to carbon fibers)

Adv. Manuf.: Polym. Compos. Sci., 2015, 1, 16-25 Arguin et al. Electric field induced alignment of MWCNTs

Advanced Manufacturing: Polymer & Composites Science 2015 VOL 1 NO 1 19



Optical characterization

We performed in situ optical characterization of the electric
field alignment of the MWCNTs in our nanocomposite
samples with the help of a stereomicroscope (SZ61; Olympus).
The electric field was applied at all times during the optical
observations. A camera (Infinity 1; Lumenera) was used to take
pictures every 30 s in order to monitor the displacement of
the MWCNTs. Optical microscopy was also performed on fully
cured sample using a microscope (SZX12; Olympus) con-
nected to a camera (Evolution VF; Media Cybernatics).

Multiscale composite fabrication
Preparation of nanocomposite matrix

For the fabrication of the multiscale composite samples, the
MWCNTs (NC7000; Nanocyl) were first mixed with acetone
and the mixture was placed for 30 min in a sonication bath
(Model 8891; Cole-Parmer). Next, a low viscosity aerospace-
grade epoxy resin (EPON862, Miller Stephenson) without the
hardener was added to the solvent mixture. The nanocom-
posite resin was then stirred at 50uC with a magnetic mixer
(Model SP131825; Barnstead International) for 48 h to make
sure that the solvent had completely evaporated. After that,
themixture was passed twice in a three-roll mixer (Model 80E/
158; EXAKT) at a speed of 250 rev min21 and a distance
between the roll of 15 mm in order to decrease aggregate size.
Then, 45 phr of hardener (Epikure 3274; Momentive), chosen
for its gel time of approximately 5 h at room temperature with
the Epon 862 resin, were added to the epoxy. Finally, the resin
was degassed under vacuum for 45 min.

Composite manufacturing process

We have modified the classical hand layup process by
incorporating metal electrodes into the mold in order to
apply an electric field during the fabrication of the multiscale
composite samples. Figure 2b shows a schematic of the
stacking of the different constituents in the hand layup
process. First, a teflon plate was used as a base. Then, the
lower electrode was stacked, followed by a porous release
fabric (Model 879; West System). The release fabric is very
important in the manufacturing process as it prevents the
panel to stick on the electrodes after curing. It also prevents
direct electrical contact of the electrodes with the laminate
while keeping an electrical contact with the MWCNT
reinforced matrix. Afterward, three plies of a balanced plain
weave carbon fabric (Injectex GF420-E01-100; Hexcel) were
stacked, and a layer of nanocomposite matrix was applied
with a paint brush between each ply. Then, another release
fabric was placed on the impregnated fibers followed by the
upper electrode. Finally, a breather/bleeder fabric was stacked
on the top to absorb the extra resin, followed by the vacuum
port on (one side of the mold) and a vacuum bagging.
A vacuum was established inside the bag with a vacuum

pump (Model MZ 2C NT; Vacuubrand) to compact the fibers.
After complete impregnation of the laminate (y2 h), an AC
voltage of 105 V was applied to generate an electric field of
60V mm21 between the electrodes. The signal was gener-
ated in exactly the same way as for the alignment
characterization inside the UV curable polymer (voltage of
105 V and frequency of 1 kHz). The electric field was applied
for 2 h. Four different cases were tested: two concentrations
of MWCNTs inside the matrix (i.e. 0.01and 0.1 wt-%), with

and without an electric field of 60 V mm21. Three panels
were made for each condition, for a total of 12 samples.
Finally, the volume fiber fraction of each sample panel was
measured based on ASTM D3171.

DC electrical characterization

Before carrying on the electrical measurements, each sample
panel was cut in two samples of 60612.5 mm with a
precision saw (Isomet low speed saw; Buehler). The thickness
of the panels was y1.3 mm. The surfaces of the samples
were then polished (Metaserv 2000; Buehler) with a 420 grit
sand paper in order to expose the carbon fibers.
Figure 3 shows the sample holders used for the electrical

characterization of the samples in both the TT and long-
itudinal directions. In the case of longitudinal measurements,
the sample is positioned under two electrodes (one at each
extremity). Four probes where used to measure the voltage at
different locations along the sample. With this technique, the
contact resistance between the electrodes and the sample
does not influence the measurements. In the TT direction, the
conductivity was measured using the same technique than
for nanocomposite characterization explained before. For
both directions, different currents from 0 to 2 A by steps of
0.25 A were injected in the sample using a DC power supply
(Model GPS-3303; GW Instek) and the voltages between each
pair of probes were measured with an acquisition card (PCI-
6052E; National Instrument) and the Labview software
(Labview 2009; National Instrument). Finally, the electrical
resistance was calculated using a linear regression of the
measured I–V curve (data not shown here).

Results and discussion

Alignment in polymer

In view of selecting the right experimental electric field
parameters (intensity, frequency, duration) for aligning the
MWCNT particles in our multiscale composite samples, we
performed a series of initial alignment tests on nanocompo-
site samples made of UV epoxy and MWCNTs, as described
above. The major results of the electrical characterizations
performed on those nanocomposite samples are summar-
ized in this section.
Figure 4a shows in situ measurements of the resistivity for

one of the sample with a MWCNT loading of 0.01 wt-%, while
an electric field of 80 V mm21 was applied. At the beginning
of the experiment, the resistivity of the sample decreased
until it reached a minimum of 3700 Vm after 90 min. This
decrease was followed by a moderate and gradual increase in
resistivity until the UV light was turned on for curing of the
polymer (end of experiment). Figure 4b–e shows optical
microscopic images of the dispersion of the MWCNTs within
the sample at 0, 30, 60 and 180 min respectively. A complete
video is available in Supplementary Material 1 http://dx.doi.
org/10.1179/2055035914Y.0000000003.s1. We observed that
for the first 60 min, there was formation of vertical filamentary
structures from one electrode to the other due to the motion
of the MWCNTs caused by the electric field. After 90 min,
we noticed a migration of some MWCNTs toward the top
electrode, followed by an overall resistivity increase. This
migration decreased the MWCNT concentration near the top
electrode (i.e., less conductive paths), shown by the lighter
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region in the microstructure in Fig. 4e. Experiments using
different electric field intensities showed a similar behavior.
It is worth mentioning that the rapidity at which the

filaments formed in the matrix was clearly proportional
to the intensity of the electric field. For instance, with
an electric field of 100 V mm21, the alignment process
occurred faster than in the case showed in Fig. 4a, and the
migration also appeared faster. Conversely, for intensities of
60 V mm21 and below, the migration of the MWCNTs was
not observed after 2 h of application of the electric field, and
therefore, no increase of the resistivity was observed during
the in-situ measurements. However, it is expected that the
migration phenomenon might have occurred if the electric
field were applied for a longer time.
In all experiments, the nanocomposite samples were fully

cured with UVs before carrying on with the electrical

resistivity characterization. Figure 5a shows the electrical
resistivity of the UV cured nanocomposite samples with 0.01
and 0.1 wt-% MWCNT loadings processed at seven different
electric field intensities (i.e. 20, 30, 40, 50, 60, 80 and
100 V mm21). Measurements performed on a benchmark
sample processed without electric field is also shown. The
resistivity values measured along the directions parallel to
the electric field (solid symbols) and perpendicular to the
electric field (open symbols) are shown. For samples with
0.01 wt-% MWCNT loading, the effect of the electric field
was clearly visible in the direction parallel to the electric
field. For an intensity of 20V mm21, there was no significant
change in the resistivity (y7.86107 Vm) when compared
with the benchmark sample. This is supported by Fig. 5b and
c, which show no significant alignment of the MWCNT
microstructure in the sample. From 30 V mm21, the

Figure 4 a In situ measurement of resistivity evolution with respect to time, while electric field of 80 V mm21 is applied

on nanocomposite containing 0.01 wt-% of MWCNTs. Optical images show dispersion of MWCNTs after b 0 min, c 30 min;

d 60 min and e 180 min (broken line shows zone where pictures were taken)
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resistivity parallel to electric field sharply decreases from
y108 to y104 Vm, and saturates to a plateau for higher
electric field intensities (the solid line shows the general
trend observed for the resistivity parallel to the electric field
orientation). Figure 5d and e shows samples realized with an
electric field intensity of 60 and 80 V mm21 respectively, for
which the alignment of the MWCNT particles was apparent.
In the direction perpendicular to the electric field, there was
a high dispersion of the resistivity and no general trend was
observed. The variation in the measured values is mainly
related to the initial dispersion of the MWCNTs into the
epoxy. The randomly dispersed aggregates that join a given
filament act as bridges to connect the filaments together.
Depending on the initial content of aggregates in the matrix,

the nanocomposite is more or less likely to present
percolation pathways perpendicular to the electric field.
Since this is hardly controllable, resistivity dissimilarities
varying from one to five orders of magnitude were observed
in the direction perpendicular to the electric field (versus
values measured parallel to the field) on samples processed
with electric fields higher than 40 V mm21.
For samples with MWCNT loadings of 0.1 wt-%, the impact

of the electric field during the processing was not as
significant as for the 0.01 wt-% loading. In both directions
(i.e. parallel and perpendicular to the electric field), there was
no difference in the electrical resistivity for all intensities
tested and for the benchmark sample (see dashed line in
Fig. 5a). However, the resistivity was close to 103 Vm, which

Figure 5 a Resistivity of cured nanocomposite as function of electric field intensity after 2 h application, for MWCNT

loadings of 0.01 and 0.1 wt-%. Optical images show dispersion of MWCNTs with electric fields of b 0 V mm21, c

20 V mm21, d 60 V mm21 and e 80 V mm21 applied for 2 h
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is low for epoxies. At 0.1 wt-%, percolation or even conduc-
tion pathways naturally forms in the nanocomposite, which
explains the low resistivity measured even without applying
an electric field. Therefore, the samples act like a resistor, with
no preferential path for the current since the nanoparticles are
randomly connected in all directions. The electric field had no
apparent effect and no reduction of the resistivity was
observed compared to the benchmark sample.
Based on our observations on the UV epoxy and MWCNT

nanocomposites, an electric field intensity of 60 V mm21 was
selected for the alignment process during the fabrication of
the multiscale composite samples. This intensity was the
highest intensity at which no migration of the MWCNTs
toward the electrodes occurred during the alignment period
(2 h), while allowing relatively quick alignment. Microscopic
observations of the microstructure also clearly showed the
formation of filamentary structures that spans through the
sample in the direction parallel to the electric field, as desired.

Alignment in multiscale composites

Multiscale composites with a matrix containing 0.01 and
0.1 wt-% of MWCNTs were fabricated with a 60 V mm21

electric field intensity. We noticed that the addition of
0.1 wt-% MWCNTs into the matrix highly increased the
viscosity of the resin. Table 1 shows the physical properties
for each fabrication condition and the measured electrical
performance. For all conditions, the composite volume fiber
fraction was between 38 and 43 vol-%. The hand layup
process is usually not appropriate to obtain very high fiber
fractions (y60 vol.-%). This process was chosen in order to
avoid alignment of the MWCNT parallel to the fibers during
the impregnation process9 and for its similarities with the
prepreg process generally used in the aerospace industry.
In situ measurements of the current flowing through each

sample were also performed on the multiscale composite
samples, while the electric field was applied. Figure 6 shows
representative measurements for each loading during the
application of a 60 V mm21 electric field. In both cases, the
measured current increased until it reached a maximum of
150 mA after 30 min and 360 mA after 10 min for samples
processed with 0.01 and 0.1 wt-% MWCNT loadings respec-
tively. After that, the current peak values decreased and
reached a plateau until the end of the experiment. The time
to reach the maximum current was probably representative
of the rapidity at which the MWCNT alignment occurred. The
evolution of the resistivity was quite similar to that of the UV
epoxy based nanocomposite samples described in the
previous section, which suggests that the alignment of the
MWCNTs with electric field is responsible for the resistivity
change observed. However, it is important to emphasize that

those in situ resistivity measurements do not provide an
accurate measurement of the resistivity of the panel because
of the presence of the release fabric between the laminate
and the electrodes.
During the alignment process, the temperature of the

sample was also monitored in order to evaluate the heat
generation by Joule effect in the sample. Even if the
electrodes and the carbon fibers were not directly in contact,
a relatively high transport current (up to 360 mA) flowed
through the sample when an electric field of 60 V mm21

was applied. Figure 6 shows that the samples temperatures
increased up to 55 and 70uC for MWCNT loadings of 0.01 and
0.1 wt-% respectively. A high temperature is known to
reduce the viscosity of the resin, which would in principle
facilitate the movement of the nanotubes, but it also reduces
the gel time. At this stage of the research, it is not possible to
say if this temperature increase was beneficial or not for the
nanotubes alignment.
Before performing the electrical characterization of the

cured multiscale composite panels, the latter were cut in two
samples of 6061061.25 mm, as shown in Fig 7a. In Fig. 7b,
we show an optical microscopic image of the cross-section
of a representative sample, in which a good fiber wetting is
observed.
Electrical measurements were performed along the long-

itudinal and TT directions for each sample. The average
resistivity for each fabrication condition is shown in Fig. 7c
and d. In Fig. 7c and d, we also plotted the case of a
benchmark sample processed without any MWCNTs nor
electric field and fabricated with the same set-up as the
other samples. The electrical measurements and the
improvements relative to the benchmark sample are also
summarized in Table 1.

Table 1 Electrical properties of multiscale composite samples for each MWCNT loading and electric field intensity used
in experiments

MWCNT
loading/
wt-%

Electric field
intensity/
V mm21

Average fiber
fraction/
vol.-%

Longitudinal
resistivity/
Vm

Longitudinal
improvement/
%

TT
resistivity/
Vm

TT
improvement/
%

Resistive
anisotropy
ratio

0 0 43 3.2661024 N/A 0.645 N/A 1980
0.01 0 40 4.3261024 225 0.634 2 1470
0.01 60 41 3.7161024 212 0.476 36 1280
0.1 0 38 4.2761024 224 0.776 217 1817
0.1 60 42 2.4361024 34 0.323 99 1330

Figure 6 In situ measurements of electrical current and

surface temperature of bagging during alignment process

of multiscale composite samples
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In the longitudinal direction, the addition of 0.01 and
0.1 wt-% of MWCNTs into the matrix without any electric
field showed no significant reduction of the resistivity in
comparison to the benchmark. Nevertheless, comparisons
with multiscale composites containing the same loading of
MWCNTs and processed with and without an electric field
showed a reduction of the average resistivity in the
longitudinal direction by 16% and by 75% for 0.01 and
0.1 wt-% loadings respectively. The 0.1 wt-% panels fabri-
cated with an electric field were the only ones showing a
reduction of the longitudinal resistivity in comparison with
the CFRP benchmark (34% of improvement). This slight
improvement likely comes from a better current diffusion
through the thickness of the material, which results in an
increased effective area for electrical conduction.
In the TT direction, the addition of MWCNTs at 0.01 and at

0.1 wt-% without electric field did not reduce the resistivity in
comparison with the CFRP benchmark. For samples containing
0.01 wt-% MWCNT loading, the TT resistivity decreased from
0.634 to 0.476 Vmwithout and with electric field respectively.
This correspond to an improvement of 33% compared with
the 0.01 wt-% sample without electric field, and an improve-
ment of 36% compared to the benchmark (0.645 Vm). When
theMWCNT loading was increased to 0.1 wt-%, the average TT
resistivity dropped by 140%, passing from 0.776 Vm (without
electric field) to 0.323 Vm (with electric field). This latter value
corresponds to an improvement of 99% of the average TT
resistivity with respect to the benchmark samples.
Globally, as the final result of this experiment, we did

achieve an improvement by a factor of nearly two over the

benchmark for the TT resistivity of the 0.1 wt-% MWCNT
multiscale composites processed with an electric field of
60 V mm21. This improvement is far from our initial goal,
which consisted in achieving a nearly isotropic behavior of
the multiscale composite. Using numerical simulations
similar as those shown in Fig. 1 for evaluating the impact
of this improvement, we obtain that our best multiscale
composite sample showed a reduction in the maximum
power density by going from 4.3 W mm23 (benchmark) to
2.0 W mm23 (best sample). This is a good start, but it is not
yet sufficient. Obtaining a fully electrically isotropic compo-
site panel seems to be hard to achieve and limited by the
high contact resistances within the MWCNT network and
between the MWCNTs and the carbon fibers.29 However,
isotropy is not necessarily needed. Our numerical simula-
tions show that an anisotropy ratio in the range of 20–50
would be already pretty good, and that seems to be a more
reasonable target for the near future and a reasonable
degree of optimization of the fabrication process.

Conclusion

In this paper, we investigated the effectiveness of using an
electric field for aligning MWCNTs in a polymer matrix in order
to fabricate: (i) nanocomposites and (ii) multiscale composites
(made of carbon fiber fabrics) with reduced anisotropic
behavior as compared to their present behavior (anisotropy
ratio in the range of 2000). This anisotropy leads to significant
heating at the electrical current injection points, which prevents
the composite panels to be used as current carrying media.

Figure 7 a representative image of multiscale composite sample used for electrical characterization; b optical micro-

scope image of cross-section of composite sample; c longitudinal and d TT resistivity of CFRPs with MWCNT loadings of

0.01 and 0.1 wt-%, processed with and without electric field of 60 V mm21 (applied for 2 h (0.01 wt-%) when used)
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Our attempt to reduce this anisotropy in nanocomposite
samples showed that it is possible to improve the resistivity
by four orders of magnitude in a direction parallel to the
electric field in samples containing 0.01 wt-% of MWCNTs,
processed under an electric field of 40 V mm21 or higher. In
the case of multiscale composite samples (CFRPs with a
modified matrix), the TT resistivity could be reduced by a
factor of two by using an electric field of 60 V mm21 and an
epoxy matrix with 0.1 wt-% of MWCNTs. In-situ measurement
were performed during the application of the electric field
and showed an increase of the sample temperature that
might have influenced the polymerization of the resin (to be
further explored). These results obtained on multiscale
composites are still far from the ideal isotropic material
initially sought, but it showed at least that the electric field
alignment process is now well mastered. The remaining
bottleneck is likely to be the contact resistances between the
array of MWCNTs and between the MWCNTs and the carbon
fibers, which does not vanish even if the filamentary structure
is well controlled. More investigation needs to be done in
order to reduce these contact resistances. One possibility to
achieve this goal would be to use silver coated MWCNTs.30

The impact of the electric field alignment on the
mechanical properties of the samples has not been
investigated in this contribution. However, an alignment of
the MWCNTs through the thickness of the composite could
be beneficial, for instance, for the interlaminar shear strength
of the composite.
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