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Abstract

The conductive properties of CNT/polymer composites have been extensively studied.
However, the impact of CNT distribution in the matrix on the composite polarization remains
underexplored and poorly understood. Since it is difficult to achieve a uniform distribution of
CNTs in polymers, most researchers have focused only on indiscriminately aggregated states.
In this article, a new blending method was suggested to prepare a series of epoxy resin-based
composite samples with varying levels of CNT uniformity/aggregation and the same filling
fractions. Notably, the permittivity values turned out to be inversely related to the composite
uniformity: the lowest permittivity values were obtained in the most uniform formulation, and
vice versa. With 0.1% CNT, the real part values of the most uniform and aggregated samples
were 6.6 and 16.2 at 107 Hz and 11.6 and 370.5 at 10' Hz, respectively. For the filler content
of 0.1-0.5%, the conductive properties were largely determined by the distribution of CNTs
and not their content. Within the entire frequency range, the uniform sample with 0.2% CNT
exhibited significantly lower permittivity than the aggregated sample with 0.1% CNT. These
findings emphasize the importance of the aggregation factor and underscore the non-universality
and limitations of the percolation theory and power laws. The observed phenomenon is best
explained by the micro-capacitor model, or the Maxwell-Wagner polarization, and suggests
that a significant portion of the literature in the field needs to be reconsidered.

Keywords: epoxy resin composites, carbon nanotubes, interfacial polarization,
permittivity, aggregation, microcapacitor model

Introduction

The permittivity of dielectric materials is their ability to interact with electromag-
netic radiation, which must be controlled and adjusted for various applications, such
as electromagnetic shielding, remote sensing, antennas, high-density energy storage,
antistatic protection, self-heating, etc. Introducing conductive inclusions into the oth-
erwise nonconductive polymer host is one of the simplest ways to enhance the per-
mittivity of dielectric materials [1]. Among various types of conductive fillers, carbon
nanostructures stand out for their unique properties and thus have gained a great deal
of attention from the research community [2—4]. This is especially true for carbon
nanotubes (CNTs) and graphene nanoribbons (GNRs) distinguished by high electrical
conductivity and aspect ratio [5—13]. The latter property is the main reason for rela-
tively low filling fractions needed to reach high permittivity values. However, despite
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all advantages, CNTs have one inherent limitation when used as a filler: characterized
by a very low affinity for most known polymers, they tend to aggregate in the polymer
matrix [14], and, as a result, the properties of carbon/polymer composites become
degraded. There is a strong consensus in the field that a more uniform distribution of
CNTs yields better mechanical and conductive properties [14—16].

The underlying physics behind the electromagnetic behavior of dielectric com-
posites remains elusive. Researchers have been trying to interpret their conductive
properties through multiple theories and models. The percolation theory and power
laws, which explain the macroscopic parameters of composites based on the statis-
tical distribution of inclusions and predict a sharp increase in the tested property
near the percolation threshold, are among the most widely employed ones [17-20].
They have proven to be a valuable tool in understanding the conductivity and per-
mittivity of complex systems [17, 20, 21]. Although the power laws are popular and
relatively accurate in describing certain complex materials, experiments have failed
to verify their universality. Hence, the percolation threshold values for CNTs in com-
posites are still a matter of debate. The reported values range from 0.002% to over
4% depending on CNT type, matrix composition, and processing techniques [22].
The problem is that the percolation theory ignores the chemical nature of the two
phases, i.e., the cohesive forces between the host material and inclusions. In actual
systems, when a liquid resin has a strong affinity for the inclusion material, it al-
ways wets the surface of the inclusion particles, creating a thin polymer layer be-
tween the neighboring particles, even at high filling fractions. Formally, the system
will never reach true percolation in terms of DC conductivity. In modern literature,
the term “percolation threshold” refers to the filling fractions at which the AC con-
ductivity and/or permittivity exhibit a non-monotonous behavior with respect to the
filler fraction [5, 23-27].

Alongside the percolation theory, the “microcapacitor model” has been recently
introduced to explain the dielectric behavior of composites [9, 26—28]. This model
considers composites as a network of microcapacitors distributed randomly in the di-
electric host. In its essence this model is another wording for the interfacial polariza-
tion, often referred to as the Maxwell-Wagner polarization. Unlike the power laws,
it provides a physical explanation for the observed phenomena with experimental sup-
port. For example, in our earlier study [29], we fabricated an anisotropic graphene/
epoxy composite with the graphene layers arranged parallel to each other, resembling
a battery of microcapacitors within the entire macroscopic sample. The permittivity
values were significantly higher when measured in the direction where the 2D micro-
capacitor plates were arranged perpendicular to the applied electromagnetic field, i.e.,
similarly to the classical capacitor, compared to when they were aligned parallel.
In case of the 1D CNTs, such anisotropy is less pronounced but detectable [15].

Several recent publications have emphasized the importance of the interface be-
tween CNTs and the matrix. In [9, 30], the CNT/polymer interfacial structure was
modified using the covalent and non-covalent functionalization, resulting in the chang-
es in conductivity/permittivity. The interface structure influences the charge accumu-
lation and transfer through the interface, suggesting the need for more in-depth inves-
tigation. Nevertheless, in the available literature, the debates over this issue often lack
scientific rigor [31, 32] and simply mention some “interface effect”, which does not
help in understanding the physical mechanisms of polarization.
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There is not much research on how the aggregation of CNTs affects the conduc-
tive properties of composites. On the one hand, the aggregation has been actively
discussed, and the common opinion is that a more uniform distribution is necessary
to achieve higher permittivity values [9, 33], often through CNT functionalization.
On the other hand, very few studies, if any, provide a direct comparison between sam-
ples with different levels of CNT aggregation at the same filler content. For example,
Li et al. [22] examined the correlation between the degree of CNT aggregation and
the percolation threshold. They developed a mathematical model for the relationship
between the percolation threshold and the following two distribution parameters:
“localized volume content of CNTs in an agglomerate” and “volume fraction of
agglomerated CNTs.” According to their model, the percolation threshold increas-
es with the second parameter, but no straightforward conclusions were made about
whether CNT aggregation leads to higher or lower permittivity values.

Many publications in the field ignore the impact of CNT aggregation on their
results, and the vast majority of researchers explore materials containing CNTs in an
indiscriminately aggregated state. One reason for this oversight may be the absence
of straightforward methods to precisely control the degree of CNT aggregation while
keeping all other parameters constant. Whereas aggregated samples are relatively easy
to prepare, obtaining a non-aggregated uniform distribution is challenging.

In this study, we develop a method for controlling the distribution of CNTs in the
epoxy resin matrix. Based on this method, we prepare a series of samples with varying
but controlled degrees of uniformity/aggregation of CNTs in the polymer matrix at the
same filler content. The resulting composites demonstrated significant differences in
their permittivity values.

1. Material and Methods

1.1. Material. Tuball CNTs (batch #01RW02.N1.208) with a purity of > 80%
and a catalyst content of < 15% were purchased from OCSiAl. The epoxy resin
(NPEL-128, epoxy value 22.6, epoxide equivalent weight 186.2 g eq.”") from bi-
sphenol-A and epichlorohydrin was obtained from Rus Chemicals Group (Russia).
The hardener, polyethylene polyamine, was provided by Resurs Group (Russia). Iso-
propyl alcohol (IPA), graphite (the GL-1 grade), sulfuric acid, and potassium perman-
ganate were supplied by TatKhimProduct (Russia). All commercial reagents and sol-
vents were used as received without further purification.

1.2. Preparation of modified CNTs/epoxy composites

1.2.1. Oxidative modification of CNTs. CNTs (110.6 mg) were dispersed in
56.3 mL of concentrated sulfuric acid and stirred overnight using a magnetic stir-
rer. Then, 77.42 mg of potassium permanganate were added and stirred for 8 h.
The reaction was quenched with ice made from deionized (DI) water. The mixture was
centrifuged at 4000 rpm for 30 min in order to separate CNTs from the diluted acid.
The precipitated CNTs were redispersed in a new portion of DI water, stirred for 1 h,
and centrifuged again. These steps constituted one purification cycle. Four more pu-
rification cycles were performed consecutively. After the final precipitation, the as-
washed CNTs were dried at ambient conditions. The as-obtained CNTs were denoted
as modified CNTs (mCNTs).



ANOMALOUS CONDUCTIVE PROPERTIES OF POLYMER COMPOSITES 213

1.2.2. Preparation of mCNT/epoxy formulations. mCNTs were dispersed
in IPA using an ultrasonic bath. The temperature in the bath was maintained at
25-35 °C. It took about 3 h of sonication to achieve homogeneous dispersion
with no particles discernible to the naked eye. The critical factor was the very low
(0.015%) content of mCNTs in [PA. At this concentration, a homogeneous solution
with no visible aggregates was obtained, which was not possible with higher con-
centrations. This solution was used to prepare samples with the “best” and “good”
mCNT distribution. To prepare the formulations with the “bad” mCNT distribu-
tion, the initial diluted homogeneous solution was evaporated to reach the mCNT
content of 0.5%. For the “worst” mCNT distribution, IPA was evaporated to reach
the mCNT content of 3%. Subsequently, the as-prepared mCNT/IPA dispersions
were blended with epoxy resin in certain proportions to reach the mCNT contents
0f 0.1, 0.2, and 0.5%. IPA was removed by evaporation at elevated temperature and
reduced pressure with continuous stirring until constant weight. The formulations
were sonicated in an ultrasonic bath at 80 °C for varying periods of time: 2 h for
the best mCNT distribution, 30 min for the good mCNT distribution, and 5 min for
the bad mCNT distribution. For the sample with the worst mCNT distribution, the
formulation was not sonicated.

1.2.3. Curing the formulations. The curing was performed immediately after the
sonication. First, the still hot formulation was degassed in a desiccator under reduced
pressure for 20 min. Then, the hardener (polyethylene polyamine) was added in a weight
ratio 10 : 1, and the mixture was blended manually and degassed again for 10 min.
The degassed mixture was poured into molds and cured for 1 h at 60 °C followed by
2 h at 80 °C. For each tested formulation, three samples were prepared, and the mea-
sured permittivity values were almost the same for all of them.

1.3. Characterization of mCNTs and mCNT/epoxy formulations. The ther-
mogravimetric analysis (TGA) of CNTs was performed with an STA 449 F5 Jupiter
analyzer (Netzsch, Germany) in the argon atmosphere. Raman spectra of CNTs were
acquired from the compressed powder sample using an ARS-3000 Raman microscope
(Nano Scan Technology, Russia) equipped with the 532 nm excitation laser. The scan-
ning electron microscopy (SEM) images were acquired with a Merlin high-resolution
field-emission scanning electron microscope (Carl Zeiss, Germany) at an accelerating
voltage of incident electrons of 5 kV and a current probe of 300 pA. The transmission
electron microscopy (TEM) images were taken with a Hitachi HT7700 Excellence
transmission electron microscope (Hitachi, Japan) at an accelerating voltage of 100kV
in the TEM mode. The optical microscopy images were acquired from thin layers of
the mCNT/epoxy formulations, sandwiched between a microscope slide and a cover
slip, before adding the curing agent.

1.4. Dielectric measurements. The permittivity values were calculated from
the capacitance measured with a Novocontrol BDS Concept-80 impedance analyzer
(Novocontrol Technologies GmbH & Co. KG, Germany), with the automatic tempera-
ture control provided by the QUATRO cryo-system (temperature uncertainty £0.5 °C).
The samples were placed between two gold-plated electrodes of the capacitor. The
capacitor was attached to the thermostated testing head. The measurements were con-
ducted in the frequency range from 10! to 10’ Hz.
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2. Results and Discussion

Most carbon-based materials, as stated above, have extremely low affinity for
polymer matrices. The graphene oxide (GO)/epoxy resin system is a rare exception
due to the high number of oxygen functional groups in the GO structure. Considering
this property, the method of homogeneous liquid phase transfer (HLPT) of GO into
epoxy resins has been introduced to ensure uniform distribution and fully exfoliated
state of GO in the matrix [34]. The resulting GO distribution in epoxy resin leads to a
significant transformation of the properties of both liquid formulations and solid poly-
mer composites at extremely low filling fractions [35-37]. The strong affinity between
GO and epoxy resin is the factor enabling it. To make carbon-based nanostructured
materials compatible with epoxy resin, one needs to incorporate oxygen atoms into
their structure. This was the strategy adopted in the present study to uniformly disperse
CNTs in epoxy resin.

The oxidative modification of CNTs was performed with a KMnO,/H,SO, mix-
ture, which is utilized in the Hummers graphite oxidation method. Complete oxi-
dation, as outlined in the Hummers recipe, converts CNTs into a non-conductive
material [38]. Hence, only a small amount of the oxidizer was added, i.e., 0.7 wt% eq.
KMnO, relative to CNTs, as compared to 3—4 wt% eq. KMnO, used for the synthesis
of GO and graphene oxide nanoribbons [39—41]. This oxidizer quantity was found to
be optimal for achieving sufficient dispersibility of CNTs in epoxy resin and for simul-
taneously preserving their electrical conductivity. The characteristics of the modified
CNTs (mCNTs) are shown in Fig. 1.
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Fig. 1. Characteristics of mCNTs as compared to the original CNTs. @) TGA curves acquired in
the argon atmosphere, b) Raman spectra acquired with a 533 nm excitation laser

The TGA of mCNTs revealed a weight loss of 16.3% at 800 °C (Fig. 1, a), which
is much less than that for GO or oxidized graphene nanoribbons losing up to 55-60%
of their original weight under similar conditions [38—42]. Notably, the TGA curve for
mCNTs does not show a weight loss in the temperature range of 160—200 °C, which
is characteristic of GO [43, 44]. The weight loss observed at the temperature above
300 °C is most likely associated with the removal of residual sulfuric acid trapped in
the CNT bundles [38, 45], as well as with the decomposition of the catalyst-derived
impurities, rather than with the decomposition of the oxygen groups. The Raman spec-
trum of mCNTs is very similar to that of the original CNTs (Fig. 1, ). The D-band is
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only slightly enhanced, suggesting that the quantity of the introduced oxygen groups,
serving as defects, was relatively low [46—48].

The Tuball CNTs analyzed in this study are very long and bundle with one
another [49-52]. In the raw CNTs powder, there were CNT bundles with a diameter
of 10-50 nm, consisting of tens of individual CNTs. The bundles could further twist
to form secondary belt-like structures with a width up to 1 pm (Fig. 2, a). After the
sonication in IPA, the secondary structures were easily untwisted to the primary bun-
dles (Fig. 2, b). The primary CNT bundles are stable enough to resist isolation into
individual CNTs until prolonged sonication of the dispersions with a low CNT content
in aqueous surfactant solutions [51, 52]. Following the simple sonication in [PA, CNTs
remained bundled (Fig. 2, b). After the oxidative modification, mCNTs retained their
bundled state as well (Fig. 2, ¢). Thus, the smallest structural unit of CNTs in epoxy
resin is a bundle with a diameter of 10-30 nm.

Fig. 2. Electron microscopy images of the original CNTs (a, ) and mCNTs (¢). SEM image (@)
and TEM images (b, c¢).

To incorporate mCNTs into epoxy resin, the HLPT method [34] was used.
The degree of mCNT aggregation was controlled through the concentration of the
mCNT/IPA dispersion and the time of sonication of the dispersion in hot epoxy res-
in after the blending. Overall, composites with three different mCNT contents in the
matrix were obtained: 0.1, 0.2, and 0.5%, respectively. The mCNT content is here-
inafter expressed as a weight percentage. For 0.1% mCNT, four types of composites
with varying degrees of mCNT aggregation, from the most uniform distribution to the
most aggregated state, were prepared. The respective samples were labeled as 0.1-best,
0.1-good, 0.1-bad, and 0.1-worst, in ascending order of the aggregation degree.

In Fig. 3, the optical microscopy images of the four uncured liquid CNT/epoxy
formulations are given. The 0.1-best sample looks like clear epoxy resin (Fig. 3, a).
However, even in this sample, mCNTs were thin bundles, as they appear in Fig. 2, c.
These bundles were < 30 nm thick and thus undetectable by optical microscopy.
Despite being invisible, mCNTs were still present in the resin. When the liquid formu-
lation was left to stay for 30 min at 80 °C, mCNTs began to gradually agglomerate in
the resin in the form of foggy patches (Fig. 4). The 0.1-good sample (Fig. 3, b) looked
similar to 0.1-best sample after standing for 30 min at 80 °C. In addition to foggy ag-
glomerates, the 0.1-bad sample contained large aggregates (up to 200 um) comprising
multiple CNT bundles (Fig. 3, ¢). The 0.1-worst sample prepared without sonication
had numerous large aggregates (Fig. 3, d).



216 T. KHAMIDULLIN et al.

Fig. 3. Optical microphotographs of the four liquid mCNT/epoxy resin formulations with
0.1% CNT: for the best mCNT distribution (a), for the good CNT distribution (b), for the
bad CNT distribution (c), and for the worst CNT distribution (d). The images were acquired
in transmitted light mode from thin layers of the liquid formulations sandwiched between

a microscope slide and a cover slip

Fig. 4. Optical microphotographs of the liquid mCNT/epoxy resin formulation with
0.1% CNT (with the best CNT distribution): a — the as-prepared formulation immediately after
the sonication; b — the same formulation after standing for 30 min at 80 °C. The images were
acquired in transmitted light from thin layers of the liquid formulations sandwiched between
a microscope slide and a cover slip

The optical microscopy findings are confirmed by the SEM images taken from the
fracture surfaces of the solid polymer composites (Fig. 5). The 0.1-best sample had single
CNT bundles (Fig. 5, a) protruding from the polymer matrix. The bundles did not split
into individual CNTs. These observations further validate that a mCNT bundle is the
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fundamental unit of the conductive inclusions in the composite. Besides single bundles
(Fig. 4, a), many small-sized aggregates consisting of 3—5 bundles were detected.
The 0.1-worst sample had numerous large aggregates, each comprising numerous bun-
dles (Fig. 5, b). The bundles were located at different angles and distances from each
other. Some of them merged with each other at certain points and diverged at others,
thus constituting a percolated network. The aggregate visible in Fig. 4, b is most likely
only the tip of the iceberg, with the main part lying under the fracture surface.

Fig. 5. SEM images of the fracture surfaces in the mCNT/epoxy composites: the samples with
the best 0.1% CNT (a) and worst 0.1% CNT () distributions

The permittivity of the solid composites prepared from the four liquid formulations
(Fig. 6) differs dramatically, even though they had the same content (0.1%) of the con-
ductive filler. The obtained permittivity vales were contrary to what one might expect:
the samples with better CNT distribution had a lower permittivity, and vice versa. For the
0.1-best sample, the real part of the complex permittivity (Fig. 6, @) changed from 6.5 Hz
at the high-frequency end through 17 Hz at the low-frequency end, i.e., it was only slight-
ly higher than the permittivity of the neat epoxy polymer, which is ~3 in the full tested
frequency range. At the same time, the permittivity of the 0.1% worst sample with large
aggregates varied from 15.6 through 482 Hz. The curves for the 0.1-good and 0.1-bad
samples are positioned between the curves of the two extreme samples.
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Fig. 6. Real (@) and imaginary (b) parts of the complex permittivity for the four samples with
different level of CNT aggregation (CNT content 0.1%)
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It is important that the differences between the samples are more pronounced in
the low-frequency part of the tested region. In the high-frequency end, the differences
are not that distinct: the real part values for the samples with the best and worst
mCNT distributions were 6.5 and 15.6, respectively (Fig. 6, a). Nevertheless, at a
frequency of 10° Hz, the respective values were 9.2 and 194, with a 21-fold difference
between the two samples. Finally, at a frequency of 10' Hz, the permittivity values
for the 0.1-best, 0.1-good, 0.1-bad, and 0.1-worst samples were 11.6, 27.3, 179.5,
and 370.5, respectively.

The real part curve for the 0.1-best sample is almost flat, with only a slight in-
crease towards frequencies lower than 10 Hz. In contrast, the 0.1-good sample has
a more pronounced increase. The 0.1-bad sample exhibits an additional permittivi-
ty dispersion within the frequencies of 103-10? Hz. For the 0.1-worst sample, there
are two permittivity dispersion ranges in the middle of the tested frequency interval.
Therefore, the permittivity dispersion range gradually shifts toward higher frequencies
in the 0.1-best to 0.1-worst samples.

The imaginary part of complex permittivity (Fig. 6, b) increases notably toward
the low-frequency end of the spectra, which is especially evident in the aggregated
samples. For these samples at frequencies < 10° Hz, the imaginary part surpasses the
real part. The loss peaks are distinguishable, but they are partially obscured by the
strong contribution of DC conductivity.

At higher mCNT loadings, it becomes more difficult to precisely control the
mCNTs distribution in the matrix, if compared with 0.1% mCNT. Even at 0.2%
mCNT, a sample completely free from aggregates cannot be obtained. As mCNT
loadings increase, the difficulties scale up. Thus, for 0.2% and 0.5% mCNT, only
two (not four) types of samples, with more and less uniform distribution, were
prepared: the ones with “good” and “bad” mCNT distribution. At 0.5% mCNT, the
uniform non-aggregated state cannot be achieved. Here, “0.5-good” means “intend-
ed good,” i.e., prepared according to the procedures for uniform samples. The mea-
sured permittivity values for the two 0.2% mCNT and two 0.5% mCNT samples
are shown in Fig. 7.
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Fig. 7. Real (@) and imaginary (b) parts of the complex permittivity for the samples with 0.2%
and 0.5% CNT content with two different levels of aggregation for each
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For the samples with 0.2% mCNT, the same trend was observed as for 0.1%
mCNT. In the 0.2-good samples, the real part of permittivity gradually changes from
10.2 to 21.4 (Fig. 7, a), which is similar to what was observed in the 0.1-best sample.
The permittivity values of the 0.2-bad sample lie in the range of 23-286. Thus, at 0.2%
loading, the two samples with different aggregation degree still differ significantly.
However, at 0.5% mCNT, the difference between the two samples is minimal. In the
frequency range of 10>-10° Hz, the two curves almost overlap (Fig. 7, a). This is be-
cause mCNTs inevitably aggregate at 0.5% loading. This is why the samples with the
filler content higher than 0.5% were not considered.

In our previous work [53], composites prepared from the raw non-modified Tuball
CNTs and a silicon elastomer as a non-conductive matrix were tested. The CNTs in
these composites were highly aggregated due to the low affinity toward the matrix.
The size and shape of the CNT aggregates were similar to those in Fig. 3, ¢ and d.
The permittivity matched the values registered in this study for the highly aggregated
samples. The following two conclusions were made based on the above results: first,
the oxidative modification of CNTs does not significantly degrade their conductivity;
second, the choice of the polymer matrix is not essential for the conductive proper-
ties of composites. The second conclusion is particularly important. The interfacial
structures in the two systems, mCNT/epoxy and CNT/silicon, must be different. How-
ever, both composites exhibit similar permittivity values, which depend only on the
distribution of nanotubes in the matrix. So, an “interface effect” described by some
researchers has no significant influence on permittivity.

In Fig. 8, the data collected for the samples with uniform and non-uniform mCNT
distribution are presented separately. For the samples (Fig. 8, a, ) with a uniform
mCNT distribution, the permittivity values differ considerably between the 0.2% and
0.5% loadings. In the light of the percolation theory, it could be interpreted as a thresh-
old between the two filling fractions. However, the new findings suggest that this sharp
increase stems from the different uniformity of the two samples: the non-aggregated
state in the 0.2-good sample and the aggregated state in the 0.5-good sample. The dif-
ference between the 0.1% and 0.2% mCNT samples is minimal. With a more or less
uniform dispersion of mCNTs, a 2x increase in the filler content only slightly affects
the permittivity values. The 0.2-good sample demonstrates significantly lower values
in the real part than the 0.1-worst and 0.1-bad samples throughout the entire frequency
range. Thus, the sample with a higher conductive filler content is less conductive than
the samples with a lower filler content.

For the aggregated samples (Fig. 8, ¢, d), the difference between all the three
loadings is not very pronounced, thereby indicating that the number or density of
the aggregates in the matrix does not strongly affect the permittivity in the tested
frequency range. The difference between the three aggregated samples intensifies
toward the high-frequency end of the tested range, demonstrating the role of the
overall filler content.
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Fig. 8. Permittivity values for the samples with good (a, b) and bad (¢, d) mCNT distribution at
three different loadings. (a, ¢) The real and (b, d) the imaginary parts of the complex permittivity

The leading experts in the field admit that the actual physics behind the po-
larization mechanism in composite materials remains poorly understood [1]. This
is especially true for systems where the filler particles are not uniform in size and
shape to be easily modeled mathematically. The problem is even more challenging
for systems like CNT/polymer, in which the values of many geometical parameters
(the size of CNT aggregates, the thickness of the insulator layer between CNT bun-
dles, the shape of the percolative network within CNT aggregates, etc.) vary widely.
This study limits its scope to the most straightforward and obvious observations con-
cerning the polarization mechanism. The loss peaks of the imaginary part curves can
signify an interfacial capacitance in the series with resistance, i.e., the bulk polymer
regions, which constitutes the basis of interfacial polarization, often referred to as
the Maxwell-Wagner polarization [1]. The strong permittivity dispersion observed
in the aggregated composites at frequencies < 10 Hz points to long relaxation times,
which in turn can be interpreted as the hindered charge transfer within a polarizable
conductive inclusion. The difficulty of the charge transfer can be explained by the
presence of a thin polymer layer between the two conductors. In our systems, such a
layer is likely to be present within the CNT aggregates due to the strong adhesion of
epoxy resin to mCNTs. The significant permittivity dispersion in the low-frequency
end of the tested region can be tentatively attributed to the polarization between the
two separated parts of the same large aggregate. This explanation is indirectly con-
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firmed by the notable increase of the imaginary part in the low-frequency end due to
the contribution of DC conductivity.

The dispersion of permittivity at relatively high frequencies in the middle of the
tested frequency range arised from the polarization within the CNT aggregates. How-
ever, the distinction between polarizable units is rather arbitrary. The size of the CNT
aggregates, the distance between the bundles within the CNT aggregate, and the dis-
tance between the neighboring CNT aggregates within the same sample varied in a
broad continuous range. These variations determined the frequencies at which the per-
mittivity dispersion occured.

Regardless of the mechanistic explanations, our findings reliably indicate that the
polarization observed in the tested frequency range occurred predominantly due to
the presence of the CNT aggregates. Additionally, the permittivity values, higher than
those for the neat resin, recorded for the 0.1-best sample, are most likely due to the
presence of small CNT aggregates, each comprising 3—5 bundles, which were observed
based on the SEM images of the fracture surfaces. Single CNT bundles separated from
each other by thick insulator layer would not contribute to the permittivity values with-
in the tested frequency range because of the capacitance being inversely proportional
to the distance between the capacitor plates. In other words, when the insulator layer
between the two conductors is thin, an aggregate functions as a microcapacitor. Thus,
our results further validate the microcapacitor model and should be discussed in terms
of the Maxwell-Wagner polarization.

The role played by CNTs aggregates in the polarization process implies that the
size of the dielectric polymer components can be reduced, in theory, to the size of a
few CNTs, i.e., to tens of micrometers. This paves the way for the potential minia-
turization of the components. An ideal microcapacitor would consist of two parallel
CNTs arranged at a properly calculated distance.

The conductive properties of composite materials have been described using var-
ious approaches (see Introduction). Our data prove that the permittivity of CNT/poly-
mer composites (at all the studied frequencies) depends mostly on the distribution
of CNTs in the matrix. The aggregation of CNTs in the matrix should be considered
as the key factor influencing the conductive properties of CNT/polymer composites.
As a short example, in [30], relatively low permittivity values (69.7 for the 4% CNT
content, measured at 1 kHz) were registered for the MWCNT/PVDF composite, while
similar systems normally exhibit much higher permittivity values up to 10 000 [27, 32].
The lower permittivity registered in [30] can be explained by the uniform distribution
of CNTs in the matrix, attained by the non-covalent functionalization, but not via an
“interface effect” as one might suggest.

The perlocation theory is only valid for ideal composites with the filler having
completely uniform particles. Otherwise, models based on the geometrical and sta-
tistical considerations make little sense. In reality, samples with a lower filler content
(such as the 0.1-worst sample) might have higher permittivity values than those with
a larger filler content (such as the 0.2-good sample). Thus, mathematical approaches
like the power laws are of little help here or at least have some critical limitations. The
revealed “aggregation effect” explains the inconsistensies in the available literature
data on the conductive properties of CNT/polymer composites. Many earlier results,
especially those concerning the percolation threshold values, may require a reconsid-
eration in the light of the findings of this study.
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Conclusions

A new method for manufacturing CNT/epoxy resin composites with a completely
uniform distribution of CNTs in the matrix was developed. With the Tuball CNTs used
in this study, this is possible up to the CNT content of 0.2%. The method allows to
control the levels of uniformity/aggregation in a broad range, while the CNT content
of composites remains constant. The conductive properties of the obtained composites
were measured at frequencies from 10! to 107 Hz. Depending on the levels of CNT
aggregation, the permittivity values varied widely, even though the content of the con-
ductive filler did not change. In addition, they were inversely related to the degree
of CNT uniformity in the matrix. The aggregated sample with 0.1% CNT content
was characterized by the highest permittivity (up to 482 at the low-frequency end),
and the sample with CNTs distributed uniformly had a very low permittivity (< 17).
At a frequency of 10' Hz, the permittivity values for the 0.1-best, 0.1-good, 0.1-bad,
and 0.1-worst samples were 11.6, 27.3, 179.5, and 370.5, respectively. The same trend
was observed with 0.2% CNT. At higher loadings, it is impossible to prepare non-ag-
gregated samples, and the difference between the samples with a more or less uniform
CNT distribution is minimal. For the aggregated samples within the 0.1-0.5% filling
fractions, the permittivity is determined more by their aggregation than the overall
CNT content. Thus, the sample with 0.2% CNTs distributed uniformly exhibited a
significantly lower permittivity compared to the aggregated sample with 0.1% CNT
throughout the entire tested frequency range. Our data strongly suggest that the degree
of CNT aggregation is the key factor to be taken into account when interpreting the
conductive properties of CNT/polymer composites. Other factors, such as non-cova-
lent functionalization of CNTs, might only contribute to the uniformity/aggregation
of composites, which in turn affects their permittivity. Therefore, although the power
laws can be effective, using them to study and manufacture CNT/polymer composites
is associated with critical limitations.
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AHoOMAJIbHbBIE nmpoBoasinue cBOiicTBA MOJTUMEPHBIX KOMIIO3UTOB
C yriiepoaHbIMHU HaHOprﬁKaMI/I: HEYHUBEPCAJIBHOCTDb CTCIICHHOI'0 3aKOHA

TJI. Xamuoynnun!, U.B. Jlynes!, C.A. Cammapoé’, A.M. {umues’

! Kasanckuii @edepanvuviii Ynusepcumem, 2. Kasano, 420008, Poccust
2 Ibicusakckuti norumexuudeckuti uncmumym, 2. Jorcuzax, 130100, Vzbexucman

AHHOTALIUA

[IpoBoasIme CBONCTBA MOJIUMEPHBIX KOMIIO3UTORB ¢ yriepoaHbiMu HaHOTpyOkamu (YHT) xoporiio
M3BECTHBI M TIOAPOOHO OMKcaHbl B inTeparype. OnHaKo BiIusHUE cTeneHu pacnpeneneHus YHT B marpu-
11e Ha NOJIIPU3ALIMI0 KOMIIO3UTOB JI0 KOHIIA He U3yueHo. JlobuThcst papHOMepHOro pacnpenenenus YHT
B IoJMMEpax MpakKTUYCCKHU HEBO3MOXKHO, IIO3TOMY B GOHLLHI/IHCTBC HMCHOIINXCA HyGHPIKaLlI/Iﬁ paccma-
TpHBAIOTCs ycioBus, pu KoTopbix YHT HenzOupatenbHo arperupoBanbl. B crarbe npecraBieH HOBBIN
metoa cMetienus YHT ¢ anoKCHaHON cMOJION JUIs MOJTy4eHUs] KOMIIO3UTHBIX MaTepHaliOB C Pa3IndHON
onHopoaHocThio/arperameit YHT B MaTpuiie npu OAWHAKOBOM COIEPXKAHUH HaroJgHUTENs. [IpoBeieH-
HBII SKCIIEPUMEHT [10Ka3aJl, YTO 3HAYEHUSI AUJICKTPUUECKOM IIPOHUIIAEMOCTH 0OPaTHO IPOIIOPLIMOHATb-
HbI OTHOPOJAHOCTH KOMIIO3UTA, IIPU 3TOM CaMbI€ HU3KUE IOKA3aTCIIM IPOHULIAEMOCTHU 6bl.]'lld BBISIBJICHBI
B HanOoJiee OHOPOIHBIX 00pasuax, u Hao6opoT. [Ipu 0.1% YHT, 3HadeHuUs] MPOBOAMMOCTH B peaibHON
vactu coctasuiu 6.6 u 16.2 npu 107 T'iy u 11.6 1 370.5 npu 10! T’ auist HauGosiee OHOPOAHBIX U HAH-
Oosiee arperupoBaHHbIX 00pa3loB COOTBETCTBEHHO. [Toka3aHo, 4TO B Anana3oHe KOHIEHTPALMH HaIoI-
aurens 0.1-0.5 % mpoBoasiye CBONCTBA 3aBUCENH IIaBHBIM 00pa3oM ot pacnpenencHus YHT, a He ot
uX copepkanus. Tak, BO BCEM Juarna3oHe 4acToT ofHOpoaHbIid oOpaszen ¢ 0.2% YHT nemoncTpupoan
3HAUUTEIbHO MEHBIIYIO IPOHULIAEMOCTb, YeM arperupoBanublii oopasen ¢ 0.1% YHT. Dtu pesynsrars!
CBUJICTENILCTBYIOT O HEOOXOIMMOCTH yueTa (hakTopa arperaiuy, a TakKe CTaBsT 10 COMHEHHE YHH-
BEPCAJIbHOCTD TCOPUU NEPKOIAIUN U CTCIICHHBIX 3aKOHOB. (DI/ISI/I‘IGCK}/}O CyThb Ha6ﬂl0}13.6MOFO SABJICHUSA
JIydlie BCEro 0ObsCHSET MOJIeNIb MUKPOKOHIGHCATOPOB, WK noJisipu3anus Makcseiuia-Baruepa. [lomy-
YEHHbIC JaHHbBIC, BEPOSATHO, IOTPEOYIOT IEPECMOTPa MHOTUX CYIIECTBYIOIIUX [IPECTAaBICHUN B 00/1aCTH
MCII0JIb30BaHUA YITICPOAHBIX HAHOMATEPUAJIOB.

KuroueBbie ciioBa: OIMOKCHUIHBIC KOMIIO3UTHI, YITIEPOAHBIC HaHOpr6KI/I, Me)Kq)a?,HaH TnoJisipru3anus,
IpoOBOAUMOCTD, arperanus, MOACJIb MUKPOKOHICHCATOPOB

BuaarogaprHocTu. PaGora BhIloJIHEHA IpH noajaepxke Poccuiickoro HayuHoro ¢Gonnaa
(mpoext Ne 21-73-20024).
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