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ABSTRACT: Polymer composites filled with conductive fillers
can demonstrate ultrahigh effective dielectric permittivity, which is
generally attributed to an enhanced Maxwell−Wagner−Sillars
interfacial polarization associated with the formation of micro-
capacitor networks. Here, we explore a composite of the ethylene−
propylene−diene elastomer with carbon-black (CB) nanofillers
and investigate its dielectric response over wide ranges of
temperature and frequency. The dielectric relaxation exhibits
atypical (counter-Arrhenius) temperature dependence, contra-
dicting the widely assumed interfacial polarization mechanisms.
It is shown that the relaxation/polarization is actually determined
by electron displacementprimarily via e-conduction and
tunneling within CB clustersand that the composites’ dielectric
response can be quantitatively correlated with the CB cluster morphology via a set of scaling laws. Considering the selected
composite as a paradigmatic system, the physical origins of the dielectric relaxation and the associated scaling relations seem to be
generally applicable and expected to also pertain to other dielectric polymer/conductive-filler composites near percolation.

■ INTRODUCTION

Ever-increasing challenges in excessive burning of fossil fuels
and global climate changes call for solutions to improve energy
storage and conversion efficiency, where high-k dielectric
materials play a critical role. Polymer composites filled with
conductive fillers exhibit a dramatic change in dielectric and
electrical properties when filler clusters increase in size and,
even more so, when the filler concentration is approaching, but
remains below, the percolation threshold.1−3 Such materials
possess considerable potential for applications as dielectrics
including in charge storage capacitors, high-k gate dielectrics,
electromagnetic interference shielding, and electroactive
materialscapitalizing on the high dielectric permittivity that
can be achieved (ε′ up to 103 to 104).4−7 It is typically assumed
that the substantial increase in dielectric permittivity is
associated with the formation of microcapacitor networks,
with each microcapacitor consisting of conductive fillers as
electrodes separated by polymers in between as dielectric.1,8−12

Near percolation, the conductive fillers come very close to but
not yet in direct (electrical) contact with each other;
consequently, the local electric fields in the filler gaps
(occupied by the polymer) become significantly intensified
through the charge carriers’ migration to and accumulation at
the filler−polymer interfaces (cf. microcapacitor charges). This
interfacial polarization, typically modeled as a Maxwell−
Wagner−Sillars (MWS) relaxation, is generally suggested as
responsible for the high values of effective dielectric

permittivity in such dielectric composites with conductive
(nano)fillers.
Despite the success of this approach in describing certain

behaviors of multiple materials, there are many instances where
there exist discrepancies. One characteristic example is
observed in research efforts aiming to mitigate dielectric loss
by employing core−shell structured fillers:13−16 In the case of
self-passivated aluminum particles, for example, the formation
of an insulating Al2O3 shell around the conductive Al core can
substantially reduce the dielectric loss of the corresponding
polymer composites, but it does so at the expense of the
dielectric permittivity.15 This ε′ reduction is at odds with the
microcapacitor model, which would advocate the same or
slightly higher ε′ values: considering that the surface-
passivation did not affect the filler/capacitor distribution and
the Al2O3 shells were nanometer-thin, the microcapacitor
network remained largely unaltered (the conductive Al cores
still serving as electrodes while the polymer plus the thin Al2O3

shell, both with a similar low dielectric constant, as dielectrics).
Another example where the microcapacitor model seems
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problematic relates to dual-filler polymer composites, whose
dielectric response (ε′ and tan δ) is found to depend on
whether the mesoscopic conductive network is interrup-
ted17−20 but is independent of the microcapacitor network.
This behavior is contrary to the MWS expectation of larger
domain polarization, originating from an increase in space
charge populations (e.g., additional surfactants and ions
associated with the co-fillers) within a given microcapacitor
network geometry.
These experimental results emphasize the importance of

electron transport, which is ignored in the microcapacitor and
the interfacial polarization models.21,22 Here, in order to
elucidate the underlying mechanisms in such systems, we
investigate the dielectric response (ε* over a broad temper-
ature and frequency range) for a near-percolation carbon black
(CB) composite, exhibiting substantial filler clustering: We
specifically focus on one particular case [32 wt % CB in an
ethylene−propylene−diene (EPDM) matrix,23 which provides
a relaxation process with a strikingly atypical temperature
dependencewith relaxation time and magnitude initially
increasing and subsequently decreasing with temperatureat
odds with normal thermally activated mechanisms, such as
Arrhenius processes or MWS polarization. EPDM has many
applications due to its excellent resistance to ozone, oxidants,
severe weather conditions, oxidation, chemical and heat
resistance, and mechanical and dielectric qualities. EPDM
composites filled with conductive fillers or high-k ceramic
fillers are commonly employed in high-voltage cable splice and
termination applications as they can provide internal e-field
stress grading, moisture barriers, and mechanical flexibility in
addition to outstanding insulating properties.

■ METHODS

Materials and Sample Preparation. The composite
samples are based on a common thermoset olefin elastomer
(crosslinkable ethylene propylene diene polymer, EPDM) and
CB, with systematically varied CB content (from 15 to 32 wt
%). Composites were prepared by mixing the EPDM matrix
and CB particles [the EPDM matrix consists of crosslinkable
EPDM, a plasticizer (paraffin oil) fixed at a constant relative
concentration (30 phr, parts per hundred EPDM rubber), and
a fixed relative concentration of peroxide curing agent
(dicumilperoxide, DCP, fixed at 5 phr)]. All materials are
introduced in one shot inside a lab-scale twin-head kneader
(Haake Rheocord 9000). The ratios of the plasticizer and the

curing agent to EPDM were kept constant to ensure the same
polymer matrix composition across all composites. Prior to
compounding, all materials were dried overnight at 80 °C
under a low vacuum. The twin-head kneader was operated at
160 °C for 15 min at low shear rates, 70 < rpm < 100. The
mixed composites were subsequently cured (hot-pressed) at
170 °C for 10 min and then further cured at 20 °C for 24 h
toward 3 mm-thick crosslinked plate-specimens (150−200 cm2

in lateral dimensions).
DCP (329541, Sigma-Aldrich) was purchased from Sigma-

Aldrich. Paraffin oil (S894, J.T. Baker) was purchased from
Fisher Scientific. CB (Spheron 6000, Cabot) and EPDM
(Vistalon 5420, ExxonMobil Chemical) were provided by
Eaton-Cooper. Spheron 6000 was a low structure grade CB
with an iodine value of 20 and a DBP value of 92. In each
composite, 5 vol % barium titanate (BT-04, Sakai Chemical
Industries) was added to improve the high-voltage tracking
resistance, stabilize the CB dispersion, and adjust the
mechanical properties.

Characterization. For the TEM measurement, thin
sections were sectioned from epoxy-embedded samples using
a Leica Ultracut UCT Microtome with a cryo-attachment and
imaged using a transmission electron microscope (Jeol JEM-
2010 with LaB6 emitter) operated at an accelerating voltage of
200 kV.
The fractal analysis of CB clusters was performed using the

Image-J software with the FracLac plugin. TEM digital images
were first processed into a grayscale format, and the fractal
dimension was calculated by the pixel-counting algorithm. In
the grayscale analysis, objects exist in a pseudo-3D plane, and a
pixel takes a value between 0 and 255, which scales with the
object volume. Unlike the binary analysis where a pixel is either
on or off, the grayscale analysis provides a way to measure
texture in 3D space by considering the overlapping effect. For
the pixel-counting algorithm, grids with varying numbers of
boxes were overlaid on the image and the average number of
pixels in each box was counted as pixels-per-box (PpB). Data
were plotted as ln(PpB) versus ln(box-size), the slope of which
represented the fractal dimension of the object. The process is
shown in Figure S3.
A small-angle X-ray scattering (SAXS) experiment was done

using a Xenocs Xeuss 2.0 instrument equipped with a Pilatus
2D detector with a sample-to-detector distance of 1.2 m, using
Cu Kα radiation (λ = 0.154 nm) from an X-ray microsource
operating at 50 kV and 0.6 mA. The X-ray beam was directed

Figure 1. (a) Low magnification TEM image of the CB polymer composite. (b) High mag TEM images of three typical CB clusters and the
corresponding derivation of their fractal dimension using the pixel-counting algorithm.
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perpendicular to the surface of a thin layer cut from the bulk
sample, and the data acquisition time was 10 min. The one-
dimensional SAXS curve was obtained by radial integration of
the corresponding 2D pattern using the Foxtrot software.
Dielectric spectroscopy measurement was conducted with a

Solartron Modulab MTS test system and a temperature-
controlled chamber Delta 9023. The measurement was
performed over broad frequency (0.1 to 106 Hz) and
temperature (−100 to 100 °C) ranges. Before the measure-
ment, 4 cm2 colloidal silver electrodes (4 × 1 cm) were painted
on both sides of the ca. 3 mm thick samples.

■ RESULTS AND DISCUSSION
The dielectric properties of the series of EPDM/CB
composites (with systematically varied CB concentrations)
are shown in Figure S1. The composite containing 32 wt % CB
is located well within the sharp transition region where an
abrupt increase in the dielectric permittivity is accompanied by
enhanced dielectric loss. Figure 1a demonstrates the composite
structure. Individual CB particles with an average size of 100
nm are clustered into CB aggregates, which are well-distributed
across the entire composite sample. CB particles in the
aggregates are separated by nanometer-thin immobilized
bound polymer layers,24 and the arrangement of CB can be
described by a fractal dimension (df)

2,25

N r r( ) df∼ (1)

where r is the size of the cluster containing N(r) number of CB
nanoparticles. For the EPDM/CB composites in question, the
fractal dimension of the CB clusters could not be measured by
SAXS due to the low angle limit of our instruments (Figure

S2),26,27 and instead, the fractal-box method (pixel-counting
algorithm) from direct imaging was applied to estimate its
value (Figure S3).28−30 Specifically, grids with varying mesh
sizes are overlaid on TEM images containing single CB
clusters, the average number of PpB is enumerated, and the
fractal dimension of each CB cluster is calculated from the
ln(PpB) versus ln(box size) plot, as shown in Figure 1b. As
expected, the various CB clusters in the same composite all
show a very similar fractal dimension, namely, df ≅ 2.5. The
large df value indicates a compact cluster structure (the higher
the df, the denser the structure), which is consistent with the
low structure grade of the CB used in this study and is also
consistent with the classical lattice theory for randomly
dispersed occupied sites.31,32 The small deviations from the
average df = 2.5 denote a high shape similarity between
clusters, suggesting good melt-blending processing (steady-
state dispersion) of the CB particles in the largely apolar
EPDM matrix.
The temperature- and frequency-dependent dielectric

properties of the 32 wt % EPDM/CB composite are shown
in Figure 2a,b (with individual frequency scans at each
temperature in Figure S4). The dielectric spectra were
analyzed within the framework of Cole−Cole plus a
conductivity contribution33−35 by concurrent fitting of the
permittivity and the dielectric loss spectra by

w
iw iw

( )
1 ( )

0 1
R

1
dc

0
ε ε

τ
σ

ε
α* = + Δε

+
+ ≪ <α∞ −

(2)

where w = 2πf is the angular frequency; Δε = εs−ε∞ is the
dielectric relaxation strength, with εs and ε∞ being the low- and
high-frequency limits of ε′, respectively; τR is the relaxation

Figure 2. (a,b) Measured dielectric response as a function of temperature and frequency. (c) Conductivity term, assuming the normal w−1 scaling
for dc conduction. (d) Conduction-corrected dielectric loss, highlighting the dielectric relaxation peak. Arrhenius-temperature plots of (e)
conductivity, and (f) relaxation frequency, revealing an atypical, non-thermally activated, non-Arrhenius polarization mechanism.
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time related to the loss peak frequency (fmax), that is, τR = 1/
2πfmax; α is the shape parameter characterizing the slopes of
the loss curve at the low- and high-frequency limits with
respect to fmax; σdc is the DC conductivity; and ε0 is the vacuum
permittivity. Assuming a normal diffusion for charge transport
at low frequencies,36 that is, conductivity scaling with w−1,
Figure 2c, the conduction loss can be subtracted from Figure
2b, and a definitive dielectric relaxation can be quantified
through the ε″ loss peak and the associated step-change in the
ε′ dielectric permittivity, Figure 2a,d.
At the outset, it becomes clear that the measured dielectric

and electrical behaviors do not follow the typical temperature
dependence of thermally activated processes: The dc-
conductivity plotted versus temperature, Figure 2e, shows the
conductivity decreasing with temperature throughout, whereas
the relaxation frequency shows a marked and atypical decrease
with temperature in the lower-temperature region, Figure 2f.
Both observations challenge the widely assumed MWS
polarization mechanism as the application of an Arrhenius
equation to these data would have yielded a negative activation
energy; but are consistent with e-tunneling between adjacent
CB particles.37,38 Surprisingly, few prior studies have discussed
this atypical (non-thermally activated) mechanism, although
reporting quantitatively similar dielectric spectra as the ones
shown in Figure 2: In some cases, analyses are limited to
composites with lower filler concentrations where the typical
Arrhenius-type dielectric responses manifest;a,36,39−42 whereas,
other studies have reported the ultrahigh permittivity behavior
for near-percolated composites but were carried out over
narrower temperature ranges where the abnormal behavior is
not observed in dielectric relaxation spectroscopy (DRS)43−45

(i.e., in the present study, e.g., if the dielectric study were
limited to T > 273 K, only the Arrhenius-like part of the
response would have been recorded, Figure 2f).

The best-fit Cole−Cole parameters are shown in Figure 3a−
c. Two different temperature dependences can be identified: in
the lower-T region, the relaxation strength and relaxation time
increase with temperature; whereas in the higher-T region,
both parameters decrease with T, Figure 3a,b; the shape
parameter remains nearly constant at α = 0.6 throughout,
Figure 3c. These non-monotonic temperature trends indicate a
rather complex nature for the dielectric relaxation, at odds with
common thermally activated processes.
The relaxation strength of the composite has a magnitude of

103 to 104 for this 32 wt % composite (orders of magnitude
higher than the Δε measured for the respective unfilled
polymer and for the same composites with less than ca. 25 wt
% CB, Figure S1). This clearly indicates a domain polarization
process substantially greater than the polarization of the
corresponding polymer matrix and of the corresponding CB
fillers and polymer/filler interfaces and so on (which do
manifest in the lower CB content composites).46−48 This
excess domain polarization can be attributed to electron
displacements, e.g. e-tunneling between adjacent CB particles,
within the CB clusters (also amplified by limited electron
transport between clusters, when such transport occurs).
For conductive filler clusters under electric fields, electrons

will migrate to and accumulate at one end, leaving the other
end with more positive charges. This process would establish
an effective dipole moment across the fillers. When the electric
field is reversed, the opposite occurs. This charging and
discharging of conductive fillers is in many respects similar to
dipolar orientations as observed in polar materials. Therefore,
the electron displacement in conductive fillers underlies the
polarization of the conductive fillers.46 For individual well-
separated CB particles, electrons predominately form dipoles
across a single CB particle. With increasing filler concentration,
CB particles start to aggregate into clusters, and electrons can

Figure 3. (a−c) Best-fit parameters of the Cole−Cole with experimental temperature; there exist two distinct temperature trends for Δε and τR,
which are highlighted with different colors across the fitted Δε(T) max. (d) Schematic depiction of the change in cluster “size” with temperature in
the two respective regions. The orange circle represents clusters, the size of which increases with reducing temperature until percolation and then
decreases afterward. Red CBs are the particles that can form electrically connected pathways across the sample, while blue CBs are those that
cannot form the throughgoing network.
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now form dipoles over the whole cluster, with dipole moments
determined by the cluster size/length-scale and the electron
population from multiple/all CB particles of the cluster
(assuming a long enough time for electrons to cross over to
neighboring CB particles within the cluster). If this is the case,
the composite dielectric properties (Figures 2e,f and 3a,b) are
reasonable.
Reducing temperature is equivalent to shrinkage of the

EPDM matrix and closer proximity between CB particles or
also equivalent to an increasing effective CB concentration. As
a result, as schematically shown in Figure 3d, for near-
percolated composites, the cluster size (orange circle) will
increase with decreasing temperature (c.f., increasing filler
concentration) until a percolated filler structure is established
(i.e., cluster size reaches the maximum); further reducing the
temperature will decrease the cluster size. The divergence of
the cluster size across percolation is commonly reported for
percolating composites.2,21

The relaxation strength and relaxation time are both
expected to scale with cluster size (vide infra eqs 5 and 6),
which would also diverge across the percolation. Meanwhile,
conductivity will always increase with reducing temperature as
more throughgoing conduction pathways are formed (repre-
sented by the red CB in Figure 3d).
If the electron displacement within CB were the dominant

polarization mechanism responsible for the observed dielectric
response, one should also be able to derive scaling relations for
the dielectric functions with the composite/cluster morphol-
ogy sizes and with time and subsequently compare the
corresponding scalings against the experimentally measured
data. While the detailed derivation is provided in the
Supporting Information, the most critical correlations are
summarized below.
Starting with the conductivity: As depicted in Scheme 1, at

high frequencies, electrons only have enough time to move
within the CB cluster (where CB particles are arranged into a
heterogeneous fractal structure), and these electron move-
ments manifest as an ac conductivity (anomalous diffusion); at
low frequencies, sufficiently long times are allowed for
electrons to escape the cluster and move within the
macroscopic filler network, resulting in a dc conductivity
(normal diffusion for a uniform random network of fillers/
clusters). Thus, the transition from ac to dc conductivity would
occur as the mean electron displacement becomes greater than
the cluster size (r > ξ) and would correspond to a transition
from anomalous diffusion to normal diffusion for the electron
transport;22,49 the crossover frequency identifies the time scale
over which electrons can explore an entire CB cluster. With
this understanding, the scaling of conductivity with measure-
ment time can be quantified based on the cluster size and the
arrangements of CB inside the clusters, as detailed in the
derivation of eq S5

w w
w r

w r
( )

,

,
d d d( 1)/

0.605

0
w f w

l
m
ooo
n
ooo

σ
ξ

ξ
∼ ∼

<

>
− +

(3)

σ(w) is the conductivity measured at the frequency w; df and
dw are determined by the morphology of the filler arrangement
perceived by electrons during the measurement duration.
Namely, df is the fractal dimension of the CB network (for
length scales smaller than the cluster size ξ, df is the cluster’s
fractal dimension of 2.5, Figure 1b, and for longer length scales
df is simply 3, a homogenous three-dimensional filler network);

dw is the diffusion exponent describing the scaling between
mean-square electron displacement and time, which assumes a
value of 2 for normal diffusion (electron transport between
clusters) and 3.8 for anomalous diffusion (electron transport
within a cluster).25,32

In eq 3, the derived scaling exponent of the high-frequency
conductivity, 0.605, is very close to the shape parameter (α)
measured from the experimental data (Figure 3c). As defined
in eq 2 and shown in Figure S5, α characterizes the slope of the
loss (ε″) curve of dielectric relaxation and would also equate to
the slope of the conductivity at the high-frequency end, as
σ(w) = wε0ε″. A consistent α value of ∼0.6 measured across
the whole temperature range confirms the electron displace-
ment within CB clusters as the dominant polarization
mechanism in the CB polymer composite.
The same scalings (df, dw) also define the low-frequency

conductivity (σdc), which is proportional to the population of
mobile charges (electrons)that is, the electron density
within CB clusters (n ∼ N(ξ)/ξ3 ∼ξdf /ξ3)and their
mobility Dthat is, electrons exploring the cluster size ξ

Scheme 1. Schematic Illustrating the Electron Transport
(Red Arrows) at Different Time Scales and the
Corresponding Dielectric and Electrical Behaviors (σdc
Contribution Is Subtracted from the ε″ Spectrum for
Clarity): (a) At the High-Frequency End, Electrons Are
Confined within a Filler Cluster and Follow Anomalous
Diffusion, Exhibiting an ac Conductivitya

aWith an increasing measurement time duration, the polarizable
domain (green circle) is growing, accounting for an increase in the
dielectric constant. (b) The growth of the polarizable domain ceases
when it approaches the cluster size (orange circle), manifested as the
leveling off of the dielectric constant. (c) Further increasing the
measurement duration will enable inter-cluster electron transport
(long-range normal diffusion) and give rise to a dc conductivity while
leaving the dielectric constant unaltered.
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over a time interval tξ ∼ξdw (Scheme 1). The corresponding
scaling of σdc with ξ is as detailed in the derivation of eq S9

n D
T T T T

1 d

d

d d

dc 3

2 1 2.3f

w

f wi
k
jjjjj

y
{
zzzzzσ ξ

ξ
ξ
ξ

ξ ξ∼ · ∼ · ∼ =
− − −

(4)

Now considering the dielectric properties: A schematic
representation is also shown in Scheme 1, which illustrates
how the dielectric properties of the composite relate to the
movement of electrons within the polarizable domains (CB
cluster network). Over longer time scales, that is, as the
measurement frequency is reduced, electrons explore increas-
ingly larger volumes, that is, larger polarizable domains, and
yield an associated increase in the dielectric constant (apparent
dielectric permittivity). For long enough times, the polarizable
domain spans the whole CB cluster (reaches a maximum size),
and after that, the electron transport changes from exploring a
single CB cluster to moving between clusters (i.e., from
anomalous to normal diffusion, a transition from ac to dc
conduction, and an associated change from a frequency-
dependent dielectric permittivity to a constant value). This is
commonly reported for systems where space-charge polar-
ization (in which only sub-diffusive charge motion contributes
to the permittivity) changes to normal-diffusive charge motion
as the measurement moves to lower frequencies; this later
charge mobility is associated with dc conductivity and a
constant value dielectric constant.34,46

From the perspective of the above-mentioned cluster
polarization, the DRS relaxation strength (Δε) quantifies the
magnitude of electron displacement within a cluster, whereas
the DRS relaxation time (τR) quantifies the time needed for
electrons to explore the cluster. Both parameters would be

positively correlated with the cluster size (ξ), as detailed in the
derivation of eqs S10 and S13

d
R

3.8wτ ξ ξ∼ = (5)

T T

d 1 1.5fξ ξΔε ∼ =
−

(6)

The electron displacement and cluster polarization mecha-
nism are straightforward and intuitive. However, the
quantitative scaling relations (eqs 3−6) seem rather ad hoc;
fortunately, the direct experimental verification of all scaling
relations is enabled by comparing eqs 3−6 to the dielectric
spectra (measured by DRS) and the filler cluster morphology
(measured by TEM). Namely, by combining eqs 3−6, we can
reduce the variable of the cluster size (ξ) and obtain

T T

T T

; ;

( )
R
0.40

dc R
0.61

dc
1.53

ε τ σ τ

σ

Δ · ∼ · ∼

· ∼ Δε·

−

−
(7)

which provide testable non-trivial inter-relations between
various DRS quantities, as shown in Figure 4a−c. A remarkably
good agreement with the experimental data is observed,
confirming the scaling predictions of eq 7 and of the
underlying mechanism described above (eqs 3−6).
Finally, we can also reduce the temperature variable out

from eqs 3−6, obtaining:

T T
1d d d

d
dc

1 1

R

f w f
wσ ξ ξ ξ

τ
∼ = · ∼ Δε·

− − −
−

(8)

which is an inter-relation between Δε, τR and σdc (also
satisfactorily confirmed by the experimental results, as shown
in Figure 4d). This last relation connects three of the four

Figure 4. Experimental relations between dielectric properties. The number on the graphs represents the slope of the linear regression from the
DRS experimental data, which is in good agreement with the scaling predictions (eqs 7 and 8).
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experimental DRS quantities (the fourth being the shape
parameter, α) and bears similarity to the phenomenological
Barton−Nakajima−Namikawa (BNN) universal law:46,50 σdc =
mε0Δε·wc (m is a constant of order 1, wc is the peak frequency
of dielectric loss, i.e., wc ∼ 1/τR). The derivation of eq 8 from
the scaling eqs 3−6 reveals hints about the physical origins of
the BNN empirical law in the present polymer/CB composites
(i.e., a common length scale underlying both the conductivity
and the dielectric polarization, in these systems, the size of the
fractal filler clusters, suggesting that the same population of
charge carriers responsible for the sub-cluster and cluster
polarization gives rise to conductivity at longer experimental
time scales).

■ CONCLUSIONS
In this paper, we systematically investigate the temperature and
frequency dependence of the dielectric properties for the
EPDM-elastomer/CB composite, for a filler concentration
close to but lower than the conductive percolation threshold;
the primary focus was to understand the physical mechanisms
underlying the substantial increase in (apparent) dielectric
permittivity. A strong, non-monotonic, non-Arrhenius polar-
ization was recorded, at odds with the widely assumed MWS
polarization. It is revealed that this polarization is dominated
by the electron displacement within the CB clusters, including
e- tunneling, rather than by polarizations occurring at the
filler/filler or the filler/polymer interfaces. Scaling relations
between the electron transport and the clusters’ fractal
dimension and size were proposed, and their predictions
were compared favorably against the DRS experimental
findings. From a practical viewpoint, these materials possess
a very promising dielectric response as insulators, if the multi-
filler cluster morphology is properly designed, as this study
indicates, rather than only modifying the fillers’ inherent
properties and interfaces. For instance, an enlarged filler cluster
is a prerequisite to achieving a high dielectric constant, while
blocking electron transport between clusters is the key to
reducing dielectric loss, both of which can be realized by
introducing a high aspect-ratio insulating co-filler (e.g.,
nanoclay or boron nitride) in between the clusters of the
conductive fillers.
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■ ADDITIONAL NOTE
aThe same behavior is also observed for slightly lower filer
concentrations (e.g., the 29 wt % CB composite shows
qualitatively the same response, albeit with a less pronounced
dielectric relaxation, which would introduce more uncertainty
in the curve fitting and is not used here for analysis), whereas
for composites with much lower CB concentrations (e.g., 20 wt
% CB and lower), the dielectric relaxation resumes the usual
thermally activated behavior. Therefore, this study strongly
suggests that the reported atypical dielectric response is
associated with the marked change in dielectric properties, that
is, manifestation of ultrahigh dielectric permittivity, and is
probably related to, or originates from, electron transport
within CB clusters and inter-cluster geometry and separation.
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