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Abstract Epoxy nanocomposites including multi-wall
carbon nanotubes (MWCNT) and carbon black (CB) were
produced and investigated by means of electrical conduc-
tivity measurements and microscopical analysis. Varying
the weight fraction of the nanoparticles, electrical perco-
lation behaviour was studied. Due to synergistic effects in
network formation and in charge transport the inclusion of
both MWCNT and CB in the epoxy matrix leads to an
identical electrical behaviour of this ternary nanocomposite
system compared to the binary MWCNT-epoxy system.
For both types of nanocomposites an electrical percolation
threshold of around 0.025 wt% and 0.03 wt% was
observed. Conversely, the binary CB nanocomposites
exhibit a three-times higher percolation threshold of about
0.085 wt%. The difference between the binary MWCNT-
epoxy and the ternary CB/MWCNT-epoxy in electrical
conductivity at high filler concentrations (e.g. 0.5 wt%)
turns out to be less than expected. Thus, a considerable
amount of MWCNTs can be replaced by CB without
changing the electrical properties.

Introduction

The excellent conductivity of carbon-based nanoparticles
makes them suitable to impart electrical conductivity to
polymers [1-3]. The most widely used type of carbon
nanoparticle so far is high conductive carbon black (CB),
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already used in numerous industrial applications. Their
electrical behaviour in polymer systems has been exten-
sively studied [4-7]. Although some earlier works [8, 9]
report about the existence of carbon nanotubes (CNT),
Iijima [10] was the first who systematically described CNT
in 1991. Since then, extensive work was done in the field of
CNT-modified polymers [11-23]. Their high aspect ratio as
well as morphological differences compared to CB result in
a reduction in percolation threshold (critical filler concen-
tration for insulator/conductor transition) of up to one order
of magnitude in polymer systems [15]. Additionally, the
maximum electrical conductivity can be increased using
CNT instead of CB [15]. In case of thermoset matrices,
such as the one used in this work, the electrical conduc-
tivity is mainly controlled by the initial dispersion of car-
bon nanoparticles followed by reagglomeration process
during curing [12, 18]. Among others, the parameters
controlling the percolation are the geometrical dimensions
of the particles, their interactions with the constituents of
the epoxy matrix (i.e. zeta-potential), interparticle inter-
actions and, in case of fibrous particles, entanglements.

In this study, we compare the potential of CB and multi-
wall carbon nanotubes (MWCNT) as conductive fillers
in an anhydride cured epoxy system. Additionally, we
describe a new approach for improved electrical properties
in an epoxy matrix by using CB and MWCNT simulta-
neously, leading to a ternary system. The formation of a
hybrid structure between both types of particles leads to
synergistic effects in network formation. In literature, only
few works were done dealing with multiphase nanocom-
posites. For example, it is reported that the combination of
CB and nanoclay in polyamide can cause an altered state of
dispersion, inducing changes in the electrical percolation
behaviour [24]. Liu and Grunlan [25] found a decreasing
percolation threshold with the addition of nanoclay to
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single-wall carbon nanotube epoxy composites. Similar
results were found in previous studies for carbon nanofibre/
nanoclay-epoxy composites [26]. Increased electrical con-
ductivities were also found in epoxy nanocomposites by
using CB and silica [27] or MWCNT and graphite nano-
platelets [28]. In contrast, earlier works of our group report
decreasing electrical conductivities if titania nanoparticles
are added to MWCNT epoxy systems [29].

When blending two conductive fillers in a polymer
matrix, it is likely that co-supporting networks of both
fillers form out leading to improved electrical conductivity
of the polymer systems [28, 30]. In addition to that, Sun
et al. [31] found synergistic effects for mixed CB/MWCNT
filled polymers. They also extended the excluded volume
approach in percolation theory for three phase systems,
which will be used in this study to discuss the synergistic
effects in CB/MWCNT-epoxy systems.

Experimental

The epoxy system consists of a DGEBA-based resin
(LY556), an anhydride curing agent (CH917) and an
amine-based accelerator (DY070), provided by Huntsman,
Switzerland. The resin system provides good mechanical
and thermal properties and is certificated for aeronautic
applications. The carbon black (Printex XE2) consists of
spherical nanoparticles with a primary particle size of
30 nm, provided by Degussa-Evonik, Germany. The multi-
wall carbon nanotubes (Graphistrength C100) exhibit an
outer diameter of about 15 nm with length of up to 10 pum,
and were provided by Arkema, France.

The nanocomposites were produced using a high shear
mixing process including a lab-scale three-roll-mill (Exakt
120E). First, the nanoparticles were manually stirred in the
resin. The pre-dispersed suspension was then given
batchwise onto the rolls with dwell times of 2 min. The
final dispersion takes place between the rolls of the three-
roll-mill. The gap between the rolls of 5-um leads to very
high shear forces throughout the whole volume of the resin
which cause a superior state of dispersion for the nano-
particles. Details about the dispersion technique can be
found in earlier publications [32, 33]. After dispersion of
the nanoparticles in the resin, the hardener and accelerator
are added in a vacuum dissolver in order to avoid trapped
air in the suspension as described in [34]. The filler con-
centration was varied in small steps from very low
(0.0025 wt%) to high (0.6 wt%) weight content. In the
ternary systems, the ratio between CB and MWCNT were
set to 1:1, e.g. 0.2 wt% CB plus 0.2 wt% MWCNT.

The uncured samples were poured into an aluminium
mould (100 x 180 mm?) and cured in an oven following
the recommended curing cycle (4 h at 80 °C plus 8 h at
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140 °C). After curing, samples for impedance spectroscopy
were machined from the middle part of the sample. For
each filler content four samples were cut to a geometry of
10 x 10 x 1 mm’. The surfaces were covered with con-
ductive silver paint. In order to obtain information about
the dispersion in the cured state, the AC electrical con-
ductivity was measured in the frequency range between
20 Hz and 1 MHz with a HP4826 impedance analyzer. The
electrical conductivity values used in the percolation dia-
grams were taken at 1 kHz. According to earlier publica-
tions, AC conductivity at low frequency can be correlated
with DC conductivities. Furthermore, at low frequency the
capacitive part of the AC conductivity can be neglected.
Transmission electron micrographs were taken using a
Philips EM 400 at 120 kV. Ultra thin films of the nano-
composites (w = 50 nm) were obtained by ultramicrotome
cutting. Transmission light micrographs were taken using a
standard light microscope. Samples were prepared from
conductivity samples by grinding down to 0.2 mm with
additional polishing.

Results and discussion

Figure 1 shows the electrical conductivity of the two bin-
ary as well as of the ternary nanoparticles epoxies as a
function of filler content. As expected, the binary CB-
epoxy systems (grey triangles) exhibit a higher percolation
threshold than the binary MWCNT-epoxy systems (open
squares). Additionally, the electrical conductivities at high
filler contents tend to be much higher for the MWCNT
systems, up to two orders of magnitude.
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Fig. 1 Electrical conductivity for the produced nanocomposites
exhibiting percolation behaviour
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The ternary system (CB and MWCNT) exhibits almost
the same electrical behaviour as the binary MWCNT-
epoxy. The percolation threshold seems to be almost
identical and the conductivity at high filler contents is
slightly lower. Since the half amount of the included filler
consists of CB this behaviour is unexpected so far. In order
to point out this phenomenon, the conductivities of the
binary systems were summed up (dashed line). Although
the electrical conductivity is not linearly dependent on the
filler content the sum curve gives an estimation of the
electrical behaviour of the blended ternary system assum-
ing no synergistic effects. Thus, the difference between the
computed sum curve and the experimental curve gives
evidence for the presence of synergistic effects in ternary
systems.

In order to perform a deeper analysis, the data of the
three systems was fitted according to the classical perco-
lation scaling law [35, 36]:

o = 6o(® — @)’ (1)

where O is the filler content and ®. the percolation
threshold, g the conductivity at ®. and ¢ the percolation
exponent.

According to [36] the percolation threshold in the fitting
was changed incrementally in small steps (A® =
0.001 wt%) in order to obtain a best fit of the experimental
data, as it can be seen in Fig. 2. The percolation threshold
for the CB-epoxy is at 0.085 wt%. The MWCNT-epoxy
system exhibits a three times lower percolation threshold of
about 0.025 wt%. As mentioned above, the ternary system
provides almost the same percolation threshold as the
binary MWCNT-epoxy (0.03 wt%). The difference
between the CB- and the MWCNT-epoxy is reported to be
much higher (up to one order of magnitude) in other epoxy
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Fig. 2 Fitted percolation curves according to Eq. (1) for the
produced nanocomposites

systems based on an amine hardener [33]. The relative
difference of acitity/basicity for CB and amine groups
leads to a negative surface charge of the CB [37]. In
contrast, the used anhydride system is less basic. This
impedes less negative surface charge due to a different
zeta-potential for the carbon nanoparticles [6]. Thus,
reagglomeration processes are promoted leading to a rather
small change in percolation threshold compared to the
system presented in [33].

The binary MWCNT-epoxy and the ternary CB/
MWCNT-epoxy posses similar percolation exponents with
values of + = 3 and r = 2.85, respectively. A significant
lower exponent was found for the CB-epoxy system with
t = 1.27. From theory, the percolation exponent ¢ reflects
the dimensionality of the system. Values from 1 to 2 reflect
two and three dimensional systems. Values around three
were found for systems based on a Bethe-lattice [11]. It has
to be denoted that Eq. (1) is derived from statistical per-
colation theory and is only valid for filler contents above
the critical filler content @.. Since the percolation in filled
epoxy systems is based on dynamic mechanisms, mostly
taking place during curing, the fitted curve in Fig. 2 can
only be used for a qualitative estimation of the different
percolation behaviours. Thus, the values for the percolation
exponent ¢ cannot be linked to a certain dimension of the
microstructure. The contact resistance and tunnelling dis-
tance between the particles must also be taken into account.
In review, a huge scattering in experimental results for
filled polymer systems was found, leading to values mostly
between 2 and 3 [11]. Nevertheless, in this study the matrix
polymer, as well as the production route, is kept constant
which allows a comparison among these systems. The
percolation exponent ¢ is the slope of the fitted line and
represents the dependence of the electrical conductivity on
the filler concentration above the percolation threshold.
Thus, ¢ is somehow dependent on the number and magni-
tude of the contact resistance between the nanoparticles.
Regarding the ternary system, all three major features of
the percolation curve appear to be almost identical com-
pared to the binary MWCNT-epoxy, e.g. percolation
threshold @, percolation exponent ¢ and the conductivity at
high filler contents.

According to [31] the percolation threshold of ternary
systems can be estimated by using an equation derived
from the “excluded volume” approach [38]:

mcp MCNT

=1 2)

(I)CB Jbinary (I)CN T,binary

where mcp and the mcnr are the mass fractions in the
ternary systems, ®cg pinary and Pent pinary the respective
percolation thresholds in the binary systems. In this study,
mcg equals men since the ratio of CB and MWCNT is set
to 1:1. Using the percolation threshold of the binary
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systems according to Fig. 2 it is possible to obtain the filler
contents of each particle of the ternary system:

MCB = MCNT = % = 0.02 wt% (3)
Thus, the percolation threshold of the ternary system is:

Diernary = 2mep = 2ment = 0.04 wt% 4)
Comparing the experimental percolation threshold

(0.03 wt%) with the theoretical one (0.04 wt%), a difference
can be found. Since this difference is rather small, a state-
ment on the presence of synergistic effects in percolation
dynamics in the ternary system cannot be made. Neverthe-
less, differences between the ternary CB/MWCNT system
and expected behaviour, reflected by the sum curve in Fig. 1,
are more pronounced above the percolation threshold. In
order to obtain evidence of this feature, transmission elec-
tron and light microscopy were conducted on selected filler
concentrations (0.04 and 0.1 wt%). According to Fig. 3, a
dispersion of CB and MWCNT on the primary particle level
can be found leading to co-supporting networks, which were
also found for other combinations of carbon based particles
[28, 31]. Assuming that different types of carbon nanopar-
ticles posses similar surface characteristics, this allows a
good intermixing of both types of particles without a for-
mation of domains or other substructures as reported for
other nanoparticle combinations [27, 39].

These co-supporting networks of CB and MWCNT (see
Fig. 3b) can also be found at lower magnifications in
transmission light microscopy revealing differences in the
distribution of nanoparticles and their different formation
of networks. In Fig. 4 images of nanocomposites contain-
ing 0.04 wt% are shown. The binary MWCNT as well as
the ternary CB/MWCNT systems show a formation of
networks which lead to conductivities above the percola-
tion threshold. Although the ternary system contains of
0.02 wt% of each of the nanoparticles (0.04 wt% in total),
the network structure appears to be much denser than the
binary MWCNT system. The CB system does not show a
comparable network structure, thus leading to conductivi-
ties below percolation.

An analogue behaviour was also found for a higher filler
content of 0.1 wt%. Here, the binary MWCNT system
shows a denser structure than the ternary CB/MWCNT
system which can be explained in terms of a lower filler
content of MWCNT in the ternary system. This is also
reflected in the corresponding conductivity values which
are slightly lower than the binary MWCNT system.
Regarding the 0.1 wt% CB system, again a low pro-
nounced network was found. From the findings in electrical
percolation behaviour as well as the revealed microstruc-
tures it can be concluded that synergistic effects must have
occurred. These effects are more reflected in the electrical
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Fig. 3 TEM-images of a ternary CB/MWCNT (0.2/0.2 wt%) nano-
composite showing a primary particle dispersion and CB/MWCNT
contacts (mag. 60,000 ), b co-continuous network formation of CB
and MWCNT (mag. 28,000x)

conductivities at high filler contents rather than in the
percolation threshold.

It is obvious that CB itself can also reagglomerate,
which causes the presence of a dynamic percolation
threshold in binary CB systems. This feature can be used to
explain the similar reagglomeration mechanisms of the
binary MWCNT-epoxy and the ternary CB/MWCNT-
epoxy. Since the differences between the experimental
(0.03 wt%) and the theoretical percolation threshold
(0.04 wt%) is rather small, it can be concluded that syn-
ergistic effects based on reagglomeration are negligible in
case of an CB/MWCNT ratio of 1:1. Therefore it is likely
that the proposed synergistic effects are mostly based on
the network structure leading to identical conductivities
even if half of the MWCNT content is substituted by CB.
In order to understand these synergistic effects two theo-
retical cases are discussed in Fig. 6.
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Fig. 4 TLM-image of
nanocomposites containing
0.04 wt% of nanoparticles
showing the spatial distribution
of agglomerates and their
network formation

Fig. 5 TLM-image of
nanocomposites containing

0.1 wt% of nanoparticles
showing the spatial distribution
of agglomerates and their
network formation

Case 1 regards CB as a filler, which changes the
MWCNT network structure. It is known that MWCNT
form a fractal type of structure which is multiple redun-
dant, featuring branches in the network which do not
contribute to the actual conductive pathway, so called
“dead” branches (see Fig. 6 Casel). Thus, only a certain
amount of MWCNT contributes to the charge transport.
Considering now CB aggregates shortcutting some of these
“dead” MWCNT branches new conductive pathways are
formed. Thus, the electrical conductivity of a ternary CB/
MWCNT system is higher than a binary MWCNT system.

Additionally, the tunnelling distance and the number of
tunnelling contacts, which have to be overcome by charge
carriers, determine the overall conductivity [40, 41]. High
aspect ratio fillers as MWCNT provide a higher electrical
conductivity in polymers than spherical particles as CB
because their contact resistance is lower and the number is
less [16, 41]. This phenomenon is reflected in the perco-
lation exponent ¢, which is almost similar for the binary
MWCNT-epoxy and ternary CB/MWCNT-epoxy. There-
fore it is likely that the electron transport is mainly per-
formed in the MWCNT network in the ternary system. In
other words, the transport through MWCNT branches is
facilitated by means of a lower intrinsic resistance than in
the CB branches. Following this argumentation, CB can be
regarded as a filler which preferable shortcuts parts of the
MWCNT network rather than to build up an own network
in CB/MWCNT ternary composites.

Since Figs. 3, 4 and 5 revealed co-supporting CB/
MWCNT networks in ternary systems, it is more likely that
CB is incorporated in conductive pathways. Our previous

0.04 wt.%
CB+MWCNT cB

5

study showed that similar dispersion with ternary systems,
including MWCNT and non-conductive titania nanoparti-
cles, lead to decreasing conductivities by up to five orders
of magnitude [29]. Conversely, the CB must be incorpo-
rated into the conductive MWCNT pathways, since con-
ductivity is mainly preserved (see Fig. 6 Case 2). In
principle, if a MWCNT is substituted by several spherical
CB particles or CB aggregates increasing resistance over a
certain length should be found which results in a signifi-
cantly lower bulk conductivity. The reason why the
experimental results and the sum curve in Fig. 1 differ
significantly may be explained by the fact that the CB
primary particles or CB aggregates preferably shortcut
small distances of two neighbouring contact resistance
points. It is obvious that the distance between two contact
points in a MWCNT network is not constant and can be
much shorter than an actual nanotube length.

Another reason may be found in the structural imper-
fection and the production process of CVD (chemical
vapour deposition)-MWCNT. They posses a highly
defected structure which results in curved MWCNT. The
production process leads to highly entangled MWCNT.
Thus, it can be assumed that the statistic length of a
MWCNT-MWCNT contact must be in the length scale of
a CB aggregate (few hundred nanometers). At this point we
cannot finally conclude which of the two theoretical
mechanisms in Case 1 and Case 2 is dominant or is present
in the nanocomposite. From the findings in electrical per-
colation behaviour as well as the structural analysis it can
be presumed that the different mechanisms occur simulta-
neously. Here, changing the CB to MWCNT ratio can give
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Mechanisms in ternary
CB/MWCNT composites

Binary MWCNT system
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Fig. 6 Principles of conductive pathway formation in ternary CB/
MWCNT systems

further clarity about the impact of each of the mechanisms
which is an object of ongoing studies in our group.

Conclusions

The potential of CB and MWCNT as conductive fillers in
an epoxy polymer was studied using impedance spectros-
copy and electron microscopy. MWCNT exhibit a higher
potential as functional fillers compared to CB due to their
higher aspect ratio, resulting in a decreased percolation
threshold and higher bulk conductivity for high filler con-
tents. Additionally, ternary systems including CB and
MWCNT were produced resulting in a hybrid structure and
revealed an electrical behaviour similar to the binary
MWCNT system. The percolation threshold as well as the
conductivity is preserved when half of the amount of
MWCNT is substituted by CB. The different behaviours of
the carbon nanoparticles-modified systems were compared
using percolation theory. Since the conductivities at high
filler contents and the percolation exponent of the ternary
CB/MWCNT-epoxy and the binary MWCNT-epoxy are
similar, it is likely that MWCNT dominate the percolation
dynamics and the formation of the network structure in
ternary CB/MWCNT-epoxy. Besides that, CB might
shortcut some parts of the MWCNT network branches.
This work showed that a combination of conductive par-
ticles lead to preserved electrical properties with a
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simultaneous significant reduction of the MWCNT amount.
Thus, MWCNT can be substituted by a considerable
amount of another type of conductive nanoparticle if the
intermixing is sufficiently high and if this second type of
nanoparticles possesses similar reaglomeration tendencies.
As an outlook, the variation of the CB to MWCNT ratio
may lead to even more improved electrical properties by
adjusting an optimum microstructure.
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