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Abstract: Promising comprehensive properties, including high permittivity, low dielectric loss, high
breakdown strength, low electrical conductivity, and high thermal conductivity, are very hard to
simultaneously obtain in high-frequency applicable polymer nanocomposite dielectrics. Instead
of traditional electric percolation, in this work, a novel route based on a synergy between electric
percolation and induced polarization has been raised to prepare 0–3 type nanocomposites with an
enhanced high permittivity (high-k) property and low loss at high frequency. This work aimed at
optimizing that synergy to achieve the favorable properties mentioned above in composite dielectrics
used at high frequencies such as 1 MHz and 1 GHz. Conductive beta-SiC nanoparticles with a particle
size of ~30 nm were employed as filler and both insulating poly(vinyl alcohol) and polyvinyl chloride
were employed as polymer matrices to construct two composite systems. Utilizing polyvinyl chloride
rather than poly(vinyl alcohol) realizes higher comprehensive electrical properties in composites,
ascribed to optimization of that synergy. The optimization was achieved based on a combination of
mild induced polarization and polarization-assisted electric percolation. Therefore, this work might
open the way for large-scale production of high-frequency applicable composite dielectrics with
competitive comprehensive electrical properties.
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1. Introduction

High-permittivity (high-k) materials with low dielectric loss and high electric breakdown strength
have become a focus and incurred much research interest in the field of high-density energy storage
devices used under high frequencies [1]. It has been universally accepted that a high energy storage
density for dielectric materials will be obtained based on a combination of high-k property and a high
electric breakdown strength in those materials [2]. Usually, polymer materials have desirable high
breakdown strength and easy processability, but they have undesirable low dielectric permittivity
and poor heat tolerance [3], caused by their covalent bond structures. Contrary to polymer materials,
high-k ceramic materials have a favorable high permittivity and strong thermal resistance, but they
have an undesirable low breakdown strength and high mechanical brittlement [4], that stems from
their ionic bond structures. Nowadays, the hybridization strategy [5–7] has been widely used to
achieve high-performance materials. Therefore, the composite dielectric materials prepared via
blending polymer and high-k ceramic have been largely developed to combine the advantages of
both components [8]. In these composite dielectrics, adding high-k ceramic with a higher Young’s
modulus compared to the polymer would improve the mechanical strength of the polymer and thus
the electrical breakdown strength of the polymer [9,10]. Furthermore, the processability of composite
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dielectrics would be well retained, attributed to a low Young’s modulus (namely high flexibility) of the
polymer component. Note, that the great development in varied ferroelectric materials [11–15] has
contributed to the design and preparation of the above high-k ceramic/polymer composite dielectrics,
because of the desirable ultrahigh permittivity in ferroelectric ceramics (such as barium titanate) and
relatively high permittivity in ferroelectric polymers (such as polyvinylidene fluoride).

During past decades, the high-k composite dielectrics consisting of polymer and ferroelectric
ceramic have achieved great success [16]. In order to obtain a desirably high permittivity in these
composite dielectrics, the researchers must add a very high volume concentration of ceramic into
the polymer, based on classic series and parallel effective dielectric models [17]. However, that high
concentration of ceramic filler in the polymer matrix results in an inhomogeneous distribution and
aggregation of ceramic filler in the entire composite. In this case, mechanical properties such as
flexibility would be reduced for the composite. If that added ceramic has a nanometer size, mechanical
properties of the composite would be severely damaged because of a rather large specific area and
strong agglomeration of nano-sized ceramic particles. In order to depress the aggregation of the
nanoparticles, the interface compatibility between nanoparticles and polymer should be improved,
by tuning the nanoparticles surface chemistry (namely organic-modifying the surface of inorganic
nanoparticles) [18–21]. Apart from the ferroelectric ceramics and polymer-based high-k composite
dielectrics discussed above, those which are filled with electrically conducting materials have also
gained huge success [22]. Usually, both the interface polarization [23] and electrical percolation [24]
theories are employed to explain the abnormal high-k property obtained in those conductor/polymer
composite dielectrics.

When an external electric field is exerted onto the composite, mobile charge carriers inside that
composite accumulate in the conductor/polymer interface regions. The accumulation of charge carriers
stems from a significant difference between the two components with respect to either permittivity or
conductivity. As the electric conductance mechanism is about to transform from the non-Ohmic
conduction mechanism to the Ohmic one (near the percolation threshold), the permittivity and
conductivity of the entire composite are significantly improved based on a slight increase of volume
concentration of the conducting filler. Aiming at avoiding a completely Ohmic conductance across
the entire composite, the researchers must introduce a low volume concentration of conductor filler
into the polymer matrix. In this case, a relatively high mechanical property would be retained in these
composites [25]. However, these composites as dielectric materials are unable to withstand a higher
applied electric field, ascribed to both the large dielectric loss and leakage conductance.

Although the desirable dielectric properties at low frequencies have been realized in plenty of
organic-inorganic composite dielectric materials, discovering how to simultaneously achieve high
permittivity and low dielectric loss in these composite dielectrics at high frequencies is still challenging.
Meanwhile, high electric breakdown strength and thermal conductivity have been emphasized for
these composite dielectrics [26]. In our prior work [27], an interface induced polarization between
inorganic low band-gap Si-based ceramics and organic high polarity polymers has been found to
contribute to a greatly elevated high permittivity for composites at low frequencies. For the sake
of simultaneously achieving the favorable high permittivity and low loss in conductor/polymer
composite dielectrics at high frequencies, in this work, we would like to present a novel and facile
strategy for obtaining the desired dielectric performances in two 0–3 type nanocomposite systems
based on physically blending polarity polymers with conductive beta-SiC nanoparticles.

To begin with, neat beta-SiC nanoparticles were used as filler to prepare composites owing to
their low intrinsic band gap (ca. 2.20 eV) and high inborn conductivity (ca. 0.67 S·m−1) [28,29].
Thereby, high induced polarization and strong electric percolation would be expected to occur in
these composites. Furthermore, high polarity poly(vinyl alcohol) and medium polarity polyvinyl
chloride were employed as polymer matrices. Varied inherent polarity in both matrices would expect to
result in varied induced polarization [30] and dielectric properties for two different composite systems
(the varied polymer matrices but the same nanofiller). Ultimately, two different nanocomposite systems
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were fabricated into films through a facile solution cast process, and dielectric, conductive, and electric
breakdown properties of both systems were thoroughly investigated. Desirable dielectric, electrical
conductive, electric breakdown, and thermal conductive properties were successfully obtained in a
beta-SiC filled polyvinyl chloride based nanocomposite system, due to an optimized synergy effect
between filler/matrix interface induced polarization and electrical percolation of the filler. Both mild
induced polarization and polarization-assisted percolation were inferred to be responsible for the
achieved high permittivity, low loss, low conductivity, and high breakdown strength in a polyvinyl
chloride based composite system employed at a high-frequency range. Furthermore, a favorable
high thermal conductivity was gained in that system. Therefore, this work might open the way for
the large-scale preparation of high-performance composite dielectrics that would be used at high
frequencies (such as 1 MHz and 1 GHz).

2. Materials and Methods

Silicon carbide nanoparticles belonging to the beta crystalline form (β-SiC NPs) were bought from
Shanghai Xiangtian Nanomaterials Co., Ltd. (Shanghai, China). β-SiC NPs (real density, ca. 3.2 g cm−3)
were washed with absolute ethanol three times to get rid of impurities, followed by drying at 180 ◦C for
6 h before use. Poly(vinyl alcohol) (PVA, 17-88, polymerization degree ca. 1700, hydrolysis percentage
ca. 88 mol %, molecular weight (Mw) ca. 83300, polydispersity index (PDI) 1.24) was purchased from
Shanxi Sanwei Co., Ltd. (Shanghai, China). Polyvinyl chloride (PVC, 5401T, Mw ca. 93700, PDI 1.22)
was obtained from Shanghai Micro-analysis Technology Co., Ltd. (Shanghai, China). Absolute ethanol
(99.7%, AR grade) and tetrahydrofuran (THF, 99.5%, AR grade) from Aladdin, Shanghai, China were
used as received.

Both nanocomposite systems, namely SiC/PVA and SiC/PVC nanocomposite systems, were
prepared into films through a facile solution cast method [31] from a suspension with several designed
volume concentrations (including 0 vol %, 0.10 vol %, 0.20 vol %, 0.30 vol % and 0.40 vol %) of SiC NPs
in high viscosity polymer solutions on neat glass slide substrates. For the SiC/PVA composites system,
deionized (DI) water was used as polymer solvent and the films were formed at 50 ◦C. For SiC/PVC
composite system, THF acted as the polymer solvent and the films were made at 25 ◦C. Employing high
viscosity polymer solutions aimed at avoiding the sedimentation of high-density SiC NPs (compared
with polymer materials) during the evaporation of solvents, resulting in a more even dispersion of SiC
NPs in the polymer matrices. After a heat treatment in a vacuum oven for 4 h to remove air defects
(100 ◦C for PVA based composites and 80 ◦C for PVC ones), all of the films (an average thickness,
ca. 60 µm) were peeled off from glass slides, followed by sputtering with Au on both surfaces to form
electrodes for following electrical properties measurements.

An X-ray diffraction (XRD) pattern was obtained using a Rigaku D/max 2400 diffractometer
(Rigaku Corporation, Tokyo, Japan) with an X-ray wavelength of 1.542 Å (Cu Kα radiation, 40 kV,
100 mA), 2-theta diffraction angle at 10◦–90◦, rate of 15◦/min, and step of 0.02◦. Field-emission
scanning electron microscopy (FE-SEM) image was obtained from a JSM-6700F (JEOL, Akishima,
Japan) at 5 kV. A particle size distribution histogram result was obtained using a Winner2000M laser
particle size analyzer (Ji’nan Weina Granule Technology Co., Ltd., Ji’nan, China). Electric breakdown
strength data were obtained on an auto voltage withstanding tester (RK2674B, Shanghai Shuangxu
Electronics Co., Ltd., Shanghai, China). Dielectric and alternative current (ac) conductive properties
at room temperature were achieved by HP4284A (Shenzhen Jiagelun Electronic Instrument Co., Ltd.,
Shenzhen, China, testing frequencies varying from 100 Hz to 1 MHz) and HP4287A (Dongguan
Xinfeiyu Instrument Co., Ltd., Dongguan, China, frequencies from 1 MHz to 1 GHz) LCR meters with a
bias voltage of 1 V. Au electrodes were formed on both surfaces of films through a JEOL JFC-1600 auto
fine coater before electrical properties measurements were taken. Thermal conductivity results were
achieved by a thermal conductivity meter (YDR-905, Beijing Beixin Future Electronic Instrument Co.,
Ltd., Beijing, China).
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3. Results and Discussion

3.1. Characterization of Used SiC NPs

The composition of applied SiC NPs was characterized by the XRD results as shown in Figure 1a.
SiC NPs were proved to belong to the beta crystalline form and they possessed a structure of a cubic
crystal system, based on MDI Jade 5.0 analysis software (standard card number is JCPDS 29-1129 for
present 3C-SiC). The diffraction angles (2-theta) at 36◦, 41.6◦, 60◦, 72◦ and 75.8◦ should be assigned
to crystal indices of (111), (200), (220), (311) and (222) for beta-SiC, respectively [32]. The 2-theta at
34◦ should be ascribed to the stacking faults formed in beta-SiC crystal [33]. The morphology of
SiC NPs was studied by surface SEM results as exhibited in the inset of Figure 1a. The irregular 3D
shape was observed for SiC NPs, indicating a high geometrical asymmetry for employed SiC NPs.
SiC NPs were observed to have a nanoscale size. The average particle size and particle distribution of
SiC NPs were obtained by the particle size distribution histogram results as displayed in Figure 1b.
A relatively narrow particle size distribution (15–45 nm) was confirmed for present SiC NPs. The NPs
with a particle size of 30 nm accounted for ca. 60 vol % among all the NPs with varied particle sizes,
suggesting 30 nm as the average particle size (average diameter) for those used SiC NPs.
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Figure 1. (a) X-ray diffraction (XRD) confirmed beta crystalline form for SiC, SEM (inset) verified high
geometrical asymmetry for SiC, and (b) particle size distribution histogram suggested 30 nm as average
particle size and a narrow particle size distribution for SiC.

3.2. Dielectric, Conductive and Breakdown Properties of Nanocomposites

Recently, dielectrics with high permittivity, low dielectric loss, low electric conductivity, and high
electric breakdown strength have attracted much investigation interest in the fields of high-frequency
electronic components and devices [34]. In this work, combining the classic electric percolation with
interface induced polarization, instead of single electric percolation, was carried out to optimize the
electrical properties of nanocomposite dielectrics at high frequency rather than at low frequency.
In Figure 2a, the dielectric constant results (at a high measuring frequency, 1 MHz) of two as-prepared
composite systems as a function of SiC volume fraction were obtained. As for both composite systems,
an increase of volume concentration of SiC NPs could improve the dielectric constant of composites,
due to a higher electrical conductivity of beta-SiC compared to the two kinds of polymer matrices [35].
However, the dielectric constant of the SiC/PVA composite system was clearly elevated at a lower
SiC volume fraction compared to that of the SiC/PVC composite system. This may originate from a
higher intrinsic polarity for PVA than PVC (namely, a stronger induced polarization between SiC and
PVA than that between SiC and PVC) [36]. For instance, the permittivity of PVA-based composites
increased to ca. 43 from 0.7, when the SiC concentration was elevated from 0 wt % to just 10 vol %.
The permittivity of PVC-based composites was enhanced to ca. 267 from 2.5, while SiC loading
concentration was increased from 0 vol % to 30 vol %.
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Figure 2. (a) Dielectric constant data showed both induced polarization and electric percolation in
two composite systems, and (b) loss results suggested superiority of polyvinyl chloride (PVC)-based
system to polyvinyl alcohol (PVA)-based system.

As mentioned above, apart from interface induced polarization between Si-based ceramic filler
and polarity polymer matrix [37], a classic electric percolation among conductive beta-SiC NPs [38]
should exist in the present two nanocomposite systems. Based on Figure 2a, a quick elevation for the
ratio of composite permittivity and polymer permittivity (εcomposite/εpolymer) was confirmed in two
composite systems (see Graphic Abstract), while SiC volume fraction was increased from 20 vol %
to 30 vol %. This suggested an electric percolation behavior of conducting SiC NPs across polymer
matrices in both composite systems. It could be inferred that the critical volume fraction for realizing
electric percolation of presently employed beta-SiC NPs (ca. 30 nm of the particle size) in insulating
polymer matrices is very close to 30 vol %. In Figure 2a, the highest permittivity (at 1 MHz and
40 vol % of SiC concentration) was measured to be ca. 487 (εcomposite/εpolymer = 695) for a PVA-based
composite system and ca. 324 (εcomposite/εpolymer = 129) for a PVC-based system. A synergy between
electric percolation and induced polarization (being superior to electric percolation) is responsible for
the high permittivity (high-k) feature achieved in the two composite systems, and the permittivity
(over 300 at 1 MHz) of the two composites could highlight their advantages as high-frequency oriented
dielectric materials.

Usually, a high permittivity of composite materials is achieved at the cost of a low dielectric
loss, and simultaneously obtaining high permittivity and low loss in composite dielectrics have
long been pursued [39]. In Figure 2b, the dielectric loss results corresponding to the permittivity
results in Figure 2a were exhibited. For two composite systems, the loss was primarily reduced and
later increased with an increase of the SiC volume concentration. The lowest loss was determined at
10 vol % of SiC loading concentration for both systems, attributed to a sharp elevation of the mechanical
modulus of the materials with SiC concentrations increasing from 0 vol % to 10 vol %. An increase of the
modulus resulting from the introduction of hard inorganic SiC NPs could reduce ion-leakage-induced
dielectric loss in polymer matrices with a relatively low modulus [40]. However, further increasing the
SiC concentration (from 10 vol % to 40 vol %) would not notably enhance the modulus of composites,
and it would lead to an increase of SiC/polymer interface induced polarization [41] in addition to a
higher probability of percolation. Thus, the loss was improved, once SiC was increased from 10 vol %.

With regard to the SiC/PVA composite system, the loss results of composites except for 10 vol %
SiC-filled composite were found to be far higher than in pure PVA material. For example, 40 vol %
SiC-filled composite had a loss (0.076 at 1 MHz) ca. six times of that in neat PVA material (0.012 at
1 MHz). Although the loss of that composite was obviously elevated, it was still at a rather low level
(below 0.1, meeting the low-loss demand for high-frequency dielectric materials). In combination
with the results in Figure 2a, 40 vol % SiC-filled PVA-based composite possesses the desirable high
permittivity (ca. 487) and low loss (0.076) at a high frequency of 1 MHz. More importantly, all of
the PVC-based composites were found to have a lower loss than pure PVC material, suggesting a
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larger potential application advantage compared to the above PVA-based composites. This might
be explained by the reduced induced-polarization-triggered interface-leakage loss (compared with
the PVA-based system [36]) as well as by a fine linear dielectric characteristic in the PVC material
(with rather low remnant polarization and energy storage loss [42]). Note, that all PVC based
composites with 10–40 vol % SiC NPs had lower losses than neat PVC, which might be mainly
ascribed to an effective dilution effect of NPs onto the PVC matrix in these composites. Due to the
relatively weak interaction between SiC and PVC, the introduction of SiC NPs results in a larger free
volume for PVC molecules in composites based on the above dilution effect. A lower inner friction
force among PVC molecules is obtained in composites, during the dielectric response process, ascribed
to the larger free volume. That is to say, it would be easier for electric dipoles (in PVC) to reverse
in PVC-based composites than that in pure PVC material, under an applied electric field. Therefore,
dielectric losses of all PVC-based composites were lower than neat PVC material, see Figure 2b.
However, the case was different in PVA-based composites. Although the dilution effect of NPs still
existed in PVA-based composites, a relatively strong interaction between PVA and SiC would restrain
the reversal of electric dipoles in the PVA matrix. Thus, the losses of PVA-based composites with
20–40 vol % SiC were much higher than neat PVA material, see Figure 2b. For instance, the loss of
30 vol % SiC-filled PVC-based composite was 0.009, which was ca. 50% of that of neat PVC (0.017)
at 1 MHz. As 40 vol % SiC NPs were blended with PVC material, the composite could obtain a very
high permittivity (ca. 324) and low loss (0.014) simultaneously, at 1 MHz. To sum up, in order to
simultaneously achieve high-k and low-loss properties in composites, a mild induced polarization
between filler and matrix would be more helpful to a favorable synergy with electric percolation of the
filler than a strong induced polarization.

Usually, a higher electrical conductivity (denoting a larger leakage conduction) would lead to
a higher dielectric loss for most of the composite dielectrics. Thus, a low electrical conductivity has
been highly desired for high-frequency oriented composite dielectric materials [43]. In Figure 3a,
alternative current (ac) conductivity data of two composite systems at 1 MHz are exhibited, as a
function of the SiC volume concentration. In general, their ac conductivity varied with a similar trend
to their permittivity in Figure 2a, namely, the introduction of SiC could increase the ac conductivity of
composites. This could be clarified by a higher inherent conductivity of beta-SiC compared to the two
insulating polymer materials. As for the PVA-based composite system, ac conductivity was greatly
promoted as the SiC concentration was improved from 20 vol % to 30 vol %. This suggested an electric
percolation in the PVA-based system as discussed above. Meanwhile, a strong induced polarization
between conducting SiC and ultrahigh polarity PVA might be achieved at an SiC concentration close
to 30 vol %, contributing to a high interface leakage-conductance and thus a high ac conductivity.
For example, when the SiC concentration was elevated from 20 vol % to 30 vol %, ac conductivity of
PVA-based composites was increased by ca. 315% at 1 MHz. Both PVA-based composites bearing
30 vol % and 40 vol % SiC NPs had relatively high ac conductivity data (over 0.1 S·m−1) denoting their
low insulation disadvantages for high-frequency applications, although high permittivity and low
loss could be obtained in them. By contrast, the desired low-level ac conductivity (below 0.04 S·m−1)
was always maintained in all of the PVC-based composites. With an increase of SiC concentration,
ac conductivity of the PVC-based system slowly increased, suggesting a relatively high electric
insulation property owing to a mild interface induced polarization between SiC and medium polarity
PVC material. The merit of the SiC/PVC composite system was shown again. At a SiC content of
40 vol %, the PVC-based composite exhibited a relatively low ac conductivity of ca. 0.037 S·m−1 (about
4.8 times of neat PVC) at 1 MHz.

Apart from the low conductivity of composite dielectrics, their high electric breakdown strength
greatly emphasizes their advantages [44]. In Figure 3b, the breakdown strength results of these
samples corresponding to their ac conductivity results in Figure 3a were obtained. With an increase
of SiC volume fraction, the breakdown strength of both composite systems was found to gradually
reduce with an almost linear tendency. Reduction of the breakdown strength should be rooted in the
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introduction of conductive SiC into the insulating polymer materials. Although PVA had a higher
intrinsic breakdown strength compared to PVC, the breakdown strength of the PVA-based system
reduced more quickly than that of PVC-based one, with an increase of SiC concentration. This might
be caused by a combination of strong induced polarization and electric percolation in the PVA-based
composite system. The highly retained breakdown strength for the PVC-based system originated
from an optimized synergy between polarization and percolation. For instance, at 30 vol % of the
SiC loading concentrations, PVC-based composite had a breakdown strength of ca. 26 MV·m−1

(reduced by 35% compared with neat PVC), while the PVA-based counterpart had a breakdown
strength of ca. 18 MV·m−1 (decreased by 64% compared with pure PVA). Even though a percolation
was formed at 30 vol % SiC concentration, the PVC-based composite could possess a favorable high
breakdown property. The gap between the breakdown strength data of the two nanocomposite
systems may be ascribed to a difference between the induced polarization behaviors of both [36].
To summarize, PVC-based composites showed their advantages once again with respect to their
electric breakdown property.
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property for PVC-based composite system, and (b) breakdown strength data further confirmed
advantage of the PVC-based system as high insulation materials.

3.3. Contribution of Induced Polarization to Conductivity of Nanocomposites

In our previous work [45], it was found that an interface induced polarization between the
Si-based ceramic filler and the polymer matrix lead to an increase of the conductivity and dielectric
constant of the ceramic filler, as well as enhancement of the conductivity and permittivity of
composites. In this work, a strategy of combining the induced polarization with electric percolation
was raised and executed, as discussed above. Obviously, the high-k property of as-prepared
composites was closely connected with the elevated high conductivity of those composites. The high
conductivity of composites should come from two aspects, namely the contributions of induced
polarization and electric percolation. During past decades, the relation of composite conductivity
and filler percolation has been widely researched [46]. However, the specific contribution of induced
polarization to an increase of the conductivity of nanocomposites prepared in this work has not been
clarified. In Figure 4a, the ac conductivity result of 29 vol % SiC-filled PVA-based composite (abbr.
SiC-0.29/PVA) as a function of testing frequency, varying between 100 Hz and 1 MHz, was exhibited.
The reason for selecting the SiC-0.29/PVA sample was that 29 vol % should be near the percolation
threshold (slightly lower than 30 vol %, discussed above). The ac conductivity was improved in an
almost linear trend with an increase of frequency, suggesting a relatively good insulating feature for the
sample under a low applied electric field [37]. The ac conductivity changed between 7 × 10−6 S·m−1

and 0.066 S·m−1.
In classic electric percolation theory, both Ohmic and non-Ohmic conduction mechanisms in

composite dielectrics have been proposed [47]. The former is induced after percolation, while the latter
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is triggered before percolation. As the volume concentration of conducting filler is near the percolation
threshold, the ac conductivity (σ) of composite has much to do with the angular frequency (ω) of
the applied ac electric field (ω = 2πf, f is measuring frequency). The relation has been expressed as
‘σ ∝ ωu’ (u is the critical exponent) [48]. In Figure 4b, the relation between log(σ) and log(ω) for the
SiC-0.29/PVA sample was obtained, based on the known data in Figure 4a. When a fine linear fitting
(adjusted R2 of the fitting was 0.99) was made onto the data in Figure 4b, the u value could be achieved
as 1.02 for the sample. As expected, this u value (1.02) was much higher than the universal u value
(0.70) [48] predicted by percolation theory. The gap between the two u values was calculated to be 0.32,
which may be attributed to the contribution of induced polarization to the ac conductivity of this
sample. Therefore, the ac conductivity of the SiC-0.29/PVA sample could be deemed to come from two
parts, namely ca. 31% from interface induced polarization and 69% from classic electric percolation.
To further prove this deduction, 29 vol % SiC-filled PVC-based composite sample (abbr. SiC-0.29/PVC)
was investigated through a similar process performed for the SiC-0.29/PVA sample above, and the
corresponding results for the SiC-0.29/PVC sample were exhibited in Figure 5. Figure 5a showed ac
conductivity result of the sample as a function of testing frequency, and Figure 5b verified ‘u = 1.03’ at
R2 = 0.99 for the SiC-0.29/PVC sample. Surprisingly, the u values were very close to 1.00 in the present
two cases. To sum up, the contribution of induced polarization to the conductivity of composites
should be ca. 30%. The high-k property of as-prepared nanocomposites originates from a synergy of
induced polarization (~30%) and electric percolation (~70%).
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3.4. Low Dependence of Electrical Properties on High Frequency for PVC Composite

Recently, a low dependence of dielectric and conductive properties on the measuring frequency for
high-frequency oriented dielectric materials has been emphasized and explored [49]. Herein, a 30 vol %
SiC-filled PVC-based composite sample (SiC-0.30/PVC) was chosen to study the frequency dependence
of its electrical performances, aiming at a high-frequency range (1 MHz–1 GHz). The reason for
choosing the 30 vol % SiC concentration was to fully utilize electric percolation, and the reason for
selecting the PVC matrix was for achieving a mild induced polarization. In Figure 6a, four specific
frequencies (1 MHz, 10 MHz, 100 MHz, and 1 GHz) were studied, and a slight reduction for the
dielectric constant of the PVC-based composites with an elevation of measuring frequency was found.
The permittivity at 1 GHz (ca. 239) was found to reduce by only 10%, compared with that at 1 MHz
(ca. 267). Thus, a rather low frequency dependence could be confirmed for the dielectric constant of
the SiC-0.30/PVC sample, while the frequencies varied between 1 MHz and 1 GHz. The permittivity
of ca. 239 at 1 GHz showed a promising high-frequency application for this PVC-based composite.
In addition, the corresponding dielectric loss results for this sample were displayed in Figure 6b. In a
similar way, a slight decrease in the loss results was observed, as the frequency was increased. The loss
at 1 GHz (ca. 0.0074) was determined to reduce by 18%, in comparison to that at 1 MHz (ca. 0.0090).
A relatively low frequency dependence for the loss of this sample could also be verified for a wide
frequency range (1 MHz–1 GHz). In most cases, a low loss was always pursued for high-frequency
applications of dielectric materials [50]. That rather low loss (~0.0074) at a very high frequency of
1 GHz suggests an energy-efficient merit for the SiC-0.30/PVC sample.Materials 2018, 11, x FOR PEER REVIEW  10 of 15 
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Figure 6. (a) Permittivity results showed low dependence of permittivity of SiC-0.30/PVC composite
on high frequency, and (b) dielectric loss data verified low dependence of loss of that composite on
high frequency.

In addition to the dielectric properties, the frequency dependence for the ac conductive property
of the SiC-0.30/PVC sample was also surveyed as shown in Figure 7a. An increase of measuring
frequency from 1 MHz to 1 GHz gives rise to a slight increase of the ac conductivity in the sample.
When the frequency was improved from 1 MHz to 1 GHz, ac conductivity of the sample was found
to increase by 19% (from 0.031 S·m−1 to 0.037 S·m−1). This could indicate a relatively low frequency
dependence for electrical conductivity of this sample in a wide high-frequency scope. Presently, a high
thermal conductivity is desired in high-frequency oriented dielectrics materials, leading to a reduction
in the possibility of heat-induced electric breakdown [51]. The relation between room-temperature
thermal conductivity and SiC volume concentration for the superior SiC/PVC composite system was
obtained, as exhibited in Figure 7b. An increase of the SiC loading concentration results in an elevation
of thermal conductivity for the samples, ascribed to a far higher inherent heat conductivity of SiC
(ca. 83 W·m−1·K−1) than that of PVC (ca. 0.14 W·m−1·K−1) [52,53]. As the SiC concentration was
improved from 20 vol % to 30 vol %, thermal conductivity of the composites was sharply enhanced
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(from 0.35 W·m−1·K−1 to 0.66 W·m−1·K−1, increased by 89%). This might be illustrated by the
formation of a huge thermal conductance network across the composite near the percolation threshold
(rather close to 30 vol % too) of SiC NPs with a high heat conductivity [54]. Usually, high thermal
conductivity of materials is closely connected with their high electrical conductivity, explaining
the almost same percolation threshold (near 30 vol %) for both electric conductance and thermal
conductance in present SiC/PVC composites. The highest heat conductivity for the SiC/PVC system
was achieved as 0.76 W·m−1·K−1 (promoted by ca. 443%, in comparison to neat PVC material),
at 40 vol % SiC concentration. Therefore, a desired relatively high thermal conductance property could
be achieved in the PVC-based composite system.
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3.5. Hypothetical Synergy Effect between Induced Polarization and Electric Percolation

During past decades, the high-k nanocomposite dielectrics based on electrical percolation of
conductive nanofillers have gained great success both in practice and in theory [22]. Plenty of the
investigations have found a rather high permittivity in these composites at a low testing frequency
(such as 100 Hz) rather than at a high frequency (such as 1 MHz) [55]. Therefore, achieving the
desired high-k and low dielectric loss (low tanδ) properties in composite dielectrics at high frequencies
(1 MHz and even 1 GHz) remains a huge challenge for the researchers. In order to solve this problem,
in this work, a facile strategy of combining the traditional electric percolation and new induced
polarization (the latter was raised by us [56]) has been proposed. Based on an optimized synergy
between electric percolation and mild induced polarization (formed at the SiC/PVC interface), several
desired properties discussed above (such as low dielectric loss, high breakdown strength, and high
permittivity) have been successfully achieved in as-prepared SiC/PVC nanocomposites.

In Figure 8, a hypothetical synergy effect between induced polarization and percolation (based on
a physical blend of SiC and polymer) was exhibited, contributing to the high-k feature obtained in
as-prepared composites. Neat SiC NPs were defined to have a permittivity (ε1) and conductivity (σ1),
and pure polymer material possessed a permittivity (ε2) and conductivity (σ2). Note that σ1 >σ2

and ε1 > ε2, due to the conductive nature of SiC and insulating nature of the polymer. Once SiC and
polymer were physically blended to form the composite, SiC NPs (scattered in the polymer matrix) had
a new permittivity (ε3) and conductivity (σ3) while the polymer material (as the matrix of composite)
still had an unchanged permittivity (ε2) and conductivity (σ2). This could be clarified by a significant
increase of the overall polarity for SiC NPs and no great change of overall polarity for the polymer,
during the interface induced polarization process [45]. Note that σ3 > σ1 and ε3 > ε1, ascribed to an
interface induced polarization between SiC and polymer.
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Figure 8. Schematic diagram for physical blend of SiC and polymer showed hypothetical synergy
effect between electric percolation and interface induced polarization, contributing to high-k property
achieved in the present nanocomposite systems.

When SiC volume concentration was increased (below the percolation threshold), the total
induced polarization in the composite was gradually enhanced [41]. This contributes to an elevation
of the permittivity of the entire composite. More importantly, the promoted high conductivity of
SiC NPs (compared with the original conductivity of neat SiC NPs, originating from SiC/polymer
interface induced polarization) leads to an easier electric percolation (a lower percolation threshold)
for SiC NPs in the entire composite. In other words, induced polarization could facilitate electric
percolation. With regard to the contribution to an increase of permittivity of the composite, this kind of
induced-polarization-assisted electric percolation would be superior to the single electric percolation,
we believe. Note that a sufficiently high volume fraction for the SiC/polymer interface phase
(introducing more SiC NPs below some critical concentration) should be necessary for effectively
forming a favorable induced polarization and forcefully assisting the electric percolation mentioned
above. Near the percolation threshold (3D conductive networks formed across the entire composite,
see Figure 8), the composite would obtain a more promising high-k property owing to a synergy effect
between electric percolation and induced polarization. At the percolation threshold, the composite
would be changed from a dielectric to a conductor. In this case, the conduction mechanism in the
entire composite would be altered, namely from a non-Ohmic conduction mechanism to an Ohmic
conduction one. When the SiC concentration is lower than the percolation threshold, the conduction
is induced based on the barrier-tunneling effect (occurs between the conductive SiC NPs across a
thin layer of polymer matrix). Herein, it belongs to the non-Ohmic conduction mechanism and the
composite shows a dielectric nature. Once the SiC concentration reaches the percolation threshold,
all of the SiC NPs would be in direct contact with each other, exactly. Herein, the Ohmic conduction
mechanism completely replaces the non-Ohmic one, and the composite exhibits a conductive nature
rather than a dielectric nature. The induced polarization-assisted electric percolation proposed in this
work, results in a stronger non-Ohmic conduction behavior and higher permittivity in the composite
than that for the single electric percolation. In conclusion, high comprehensive electrical properties
(including high permittivity, low loss, low electric conductivity, and high breakdown strength) along
with high thermal conductivity have been achieved in the SiC/PVC nanocomposite system, based on an
optimized synergy effect between mild induced polarization and induced-polarization-assisted electric
percolation. This composite system could provide several advantages in the field of high-frequency
composite dielectrics materials.
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4. Conclusions

In this work, a facile and valid strategy for preparing polymer-based nanocomposites with
enhanced high-frequency dielectric properties as well as high breakdown property has been
presented. Instead of traditional electric percolation for conductive nanofillers, a combination
of electric percolation and interface induced polarization has been conducted to aim for a more
enhanced high-k property of composites under high frequency. Two nanocomposite systems, namely
beta-SiC/PVA and beta-SiC/PVC nanocomposite systems, were fabricated and compared. Based on
experiments, PVA-based composites showed an advantage in their high-k property in comparison
to PVC-based ones, ascribed to a stronger induced polarization in the former compared to the latter.
However, PVC-based composites also had a favorable high-k property. As for the dielectric loss,
PVC-based composites were found to be superior to PVA-based ones, attributed to a low interface
leakage loss in PVC-based composites and linear dielectric nature in PVC. A low ac conductivity
and high electric breakdown strength were found in PVC-based composites, compared with that
in PVA-based ones, ascribed to a mild induced polarization between PVC and SiC. Linear fitting
of experimental data of the relationship between conductivity and frequency could suggest the
sources of conductivity in the composites, namely induced polarization (30%) and percolation (70%).
A low dependence of dielectric and conductive properties on high frequency was verified and high
thermal conductivity was obtained for PVC composites. An optimized synergy effect between mild
induced polarization and induced-polarization-assisted percolation might be responsible for the high
comprehensive properties achieved in PVC-based composites. This work may open the way for
large-scale fabrication of promising high-frequency composite dielectric materials.

Author Contributions: Conceptualization, C.P. and Y.F.; Methodology, C.P. and Y.F.; Software, J.H.; Validation, Y.F.;
Formal Analysis, C.P.; Investigation, C.P.; Resources, C.P.; Data Curation, Y.F.; Writing-Original Draft Preparation,
C.P.; Writing—Review & Editing, C.P.; Visualization, J.H.; Supervision, C.P.; Project Administration, Y.F.; Funding
Acquisition, Y.F. and J.H.

Funding: This research was funded by [Talent Introduction Scientific Research Initiation Projects of Yangtze
Normal University] grant numbers [2017KYQD33 and 2017KYQD34].

Acknowledgments: We are very grateful to Key Laboratory of Extraordinary Bond Engineering and Advance
Materials Technology (EBEAM) of Chongqing for offering partial measuring instruments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tang, H.; Lin, Y.; Andrews, C.; Sodano, H.A. Nanocomposites with increased energy density through high
aspect ratio PZT nanowires. Nanotechnology 2011, 22, 015702. [CrossRef] [PubMed]

2. Chen, Q.; Shen, Y.; Zhang, S.; Zhang, Q.M. Polymer-based dielectrics with high energy storage density.
Annu. Rev. Mater. Res. 2015, 45, 433–458. [CrossRef]

3. Wang, C.C.; Pilania, G.; Boggs, S.A.; Kumar, S.; Breneman, C.; Ramprasad, R. Computational strategies for
polymer dielectrics design. Polymer 2014, 55, 979–988. [CrossRef]

4. Tolu, E.; Garroni, S.; Pellicer, E.; Sort, J.; Milanese, C.; Cosseddu, P.; Enzo, S.; Baro, M.; Mulas, G. Highly
ordered mesoporous magnesium niobate high-k dielectric ceramic: synthesis, structural/mechanical
characterization and thermal stability. J. Mater. Chem. C 2013, 1, 4948–4955. [CrossRef]

5. Susi, T.; Skákalová, V.; Mittelberger, A.; Kotrusz, P.; Hulman, M.; Pennycook, T.; Mangler, C.; Kotakoski, J.;
Meyer, J. Computational insights and the observation of SiC nanograin assembly: towards 2D silicon carbide.
Sci. Rep. 2017, 7, 4399. [CrossRef] [PubMed]

6. Erdem, E.; Mass, V.; Gembus, A.; Schulz, A.; Liebau-Kunzmann, V.; Fasel, C.; Riedel, R.; Eichel, R.
Defect structure in lithium-doped polymer-derived SiCN ceramics characterized by Raman and electron
paramagnetic resonance spectroscopy. Phys. Chem. Chem. Phys. 2009, 11, 5628–5633. [CrossRef] [PubMed]

7. Huang, S.; Wu, D.; Hu, J.; Zhang, H.; Xie, Z.; Hu, H.; Cheng, W. First-principles study: size-dependent optical
properties for semiconducting silicon carbide nanotubes. Opt. Express 2007, 15, 10947–10957. [CrossRef]
[PubMed]

http://dx.doi.org/10.1088/0957-4484/22/1/015702
http://www.ncbi.nlm.nih.gov/pubmed/21135449
http://dx.doi.org/10.1146/annurev-matsci-070214-021017
http://dx.doi.org/10.1016/j.polymer.2013.12.069
http://dx.doi.org/10.1039/c3tc30500g
http://dx.doi.org/10.1038/s41598-017-04683-9
http://www.ncbi.nlm.nih.gov/pubmed/28667311
http://dx.doi.org/10.1039/b822457a
http://www.ncbi.nlm.nih.gov/pubmed/19842480
http://dx.doi.org/10.1364/OE.15.010947
http://www.ncbi.nlm.nih.gov/pubmed/19547452


Materials 2018, 11, 1699 13 of 15

8. Schumacher, B.; Geíwein, H.; Hauíelt, J.; Hanemann, T. Temperature treatment of nano-scaled barium titanate
filler to improve the dielectric properties of high-k polymer based composites. Microelectron. Eng. 2010, 87,
1978–1983. [CrossRef]

9. Nelson, J. Dielectric Polymer Nanocomposites; Springer: Boston, MA, USA, 2010; pp. 1–368.
10. Pourrahimi, A.; Olsson, R.; Hedenqvist, M. The role of interfaces in polyethylene/metal-oxide

nanocomposites for ultrahigh-voltage insulating materials. Adv. Mater. 2018, 30, 1703624. [CrossRef]
[PubMed]

11. Drahus, M.; Jakes, P.; Erdem, E.; Eichel, R. Defect structure of the mixed ionic-electronic conducting
Sr[Ti,Fe]Ox solid-solution system-change in iron oxidation states and defect complexation. Solid State Ion.
2011, 184, 47–51. [CrossRef]

12. Homes, C.; Vogt, T.; Shapiro, S.; Wakimoto, S.; Ramirez, A. Optical response of high-dielectric-constant
perovskite-related oxide. Science 2001, 293, 673–676. [CrossRef] [PubMed]

13. Wu, S.; Shao, M.; Burlingame, Q.; Chen, X.; Lin, M.; Xiao, K.; Zhang, Q. A high-k ferroelectric relaxor
terpolymer as a gate dielectric for organic thin film transistors. Appl. Phys. Lett. 2013, 102, 013301. [CrossRef]

14. Li, B.; Osada, M.; Kim, Y.; Ebina, Y.; Akatsuka, K.; Sasaki, T. Atomic layer engineering of high-k ferroelectricity
in 2D perovskites. J. Am. Chem. Soc. 2017, 139, 10868–10874. [CrossRef] [PubMed]

15. Erdem, E.; Böttcher, R.; Semmelhack, H.; Gläsel, H.; Hartmann, E.; Hirsch, D. Preparation of lead titanate
ultrafine powders from combined polymerisation and pyrolysis route. J. Mater. Sci. 2003, 38, 3211–3217.
[CrossRef]

16. Ma, F.D.; Wang, Y.U. Depolarization field effect on dielectric and piezoelectric properties of particulate
ferroelectric ceramic-polymer composites. J. Appl. Phys. 2015, 117, 124101. [CrossRef]

17. Liu, H.; Dkhil, B. Effect of resistivity ratio on energy storage and dielectric relaxation properties of 0–3
dielectric composites. J. Mater. Sci. 2017, 52, 6074–6080. [CrossRef]

18. Hoang, A.; Serdyuk, Y.; Gubanski, S. Charge transport in LDPE nanocomposites Part II-computational
approach. Polymers 2016, 8, 103. [CrossRef]

19. Tian, F.; Lei, Q.; Wang, X.; Wang, Y. Effect of deep trapping states on space charge suppression in
polyethylene/ZnO nanocomposite. Appl. Phys. Lett. 2011, 99, 142903. [CrossRef]

20. Liu, D.; Hoang, A.; Pourrahimi, A.; Pallon, L.; Nilsson, F.; Gubanski, S.; Olsson, R.; Hedenqvist, M.; Gedde, U.
Influence of nanoparticle surface coating on electrical conductivity of LDPE/Al2O3 nanocomposites for
HVDC cable insulations. IEEE Trans. Dielectr. Electr. Insul. 2017, 24, 1396–1404. [CrossRef]

21. Liu, D.; Pallon, L.; Pourrahimi, A.; Zhang, P.; Diaz, A.; Holler, M.; Schneider, K.; Olsson, R.; Hedenqvist, M.;
Yu, S.; et al. Cavitation in strained polyethylene/aluminium oxide nanocomposites. Eur. Polym. J. 2017, 87,
255–265. [CrossRef]

22. Yang, K.; Huang, X.; Fang, L.; He, J.; Jiang, P. Fluoro-polymer functionalized graphene for flexible ferroelectric
polymer-based high-k nanocomposites with suppressed dielectric loss and low percolation threshold.
Nanoscale 2014, 6, 14740–14753. [CrossRef] [PubMed]

23. Song, Z.; Zhang, S.; Liu, H.; Hao, H.; Cao, M.; Li, Q.; Wang, Q.; Yao, Z.; Wang, Z.; Lanagan, M.T.
Improved energy storage properties accompanied by enhanced interface polarization in annealed
microwave-sintered BST. J. Am. Ceram. Soc. 2015, 98, 3212–3222. [CrossRef]

24. White, S.I.; Mutiso, R.M.; Vora, P.M.; Jahnke, D.; Hsu, S.; Kikkawa, J.M.; Li, J.; Fischer, J.E.; Winey, K.I.
Electrical percolation behavior in silver nanowire-polystyrene composites: Simulation and experiment.
Adv. Funct. Mater. 2010, 20, 2709–2716. [CrossRef]

25. Wu, C.; Huang, X.; Wang, G.; Wu, X.; Yang, K.; Li, S.; Jiang, P. Hyperbranched-polymer functionalization
of graphene sheets for enhanced mechanical and dielectric properties of polyurethane composites.
J. Mater. Chem. 2012, 22, 7010–7019. [CrossRef]

26. Zhang, Y.; Liu, X.; Zhu, M.; Rong, C.; Wang, G. Dielectric properties of
carbon-nanotube/amino-functionalized poly(arylene ether ketone) composites. High Perform. Polym. 2012,
24, 173–179. [CrossRef]

27. Feng, Y.; Peng, C.; Li, Y.; Hu, J. Enhanced dielectric and mechanical properties of ternary composites via
plasticizer-induced dense interfaces. Materials 2018, 11, 1111. [CrossRef] [PubMed]

28. Liu, H.S.; Fang, X.Y.; Song, W.L.; Hou, Z.L.; Lu, R.; Yuan, J.; Cao, M.S. Modification of band gap of beta-SiC
by N-doping. Chin. Phys. Lett. 2009, 26, 67101.

http://dx.doi.org/10.1016/j.mee.2009.12.018
http://dx.doi.org/10.1002/adma.201703624
http://www.ncbi.nlm.nih.gov/pubmed/29131405
http://dx.doi.org/10.1016/j.ssi.2010.09.045
http://dx.doi.org/10.1126/science.1061655
http://www.ncbi.nlm.nih.gov/pubmed/11474105
http://dx.doi.org/10.1063/1.4773186
http://dx.doi.org/10.1021/jacs.7b05665
http://www.ncbi.nlm.nih.gov/pubmed/28699739
http://dx.doi.org/10.1023/A:1025117400687
http://dx.doi.org/10.1063/1.4915351
http://dx.doi.org/10.1007/s10853-017-0846-7
http://dx.doi.org/10.3390/polym8040103
http://dx.doi.org/10.1063/1.3646909
http://dx.doi.org/10.1109/TDEI.2017.006310
http://dx.doi.org/10.1016/j.eurpolymj.2016.12.021
http://dx.doi.org/10.1039/C4NR03957B
http://www.ncbi.nlm.nih.gov/pubmed/25352354
http://dx.doi.org/10.1111/jace.13741
http://dx.doi.org/10.1002/adfm.201000451
http://dx.doi.org/10.1039/c2jm16901k
http://dx.doi.org/10.1177/0954008311432773
http://dx.doi.org/10.3390/ma11071111
http://www.ncbi.nlm.nih.gov/pubmed/29966239


Materials 2018, 11, 1699 14 of 15

29. Kim, K.J. Electrically and thermally conductive SiC ceramics. J. Ceram. Soc. Jpn. 2014, 122, 963–966.
[CrossRef]

30. Feng, Y.; Wu, Y.; Xie, Y.; Wei, X.; Zhang, Z. Tunable permittivity in polymer composites filled with Si-based
semiconductors by regulating induced polarization. Mater. Sci. Semicond. Process. 2017, 61, 63–70. [CrossRef]

31. Dawin, T.P.; Ahmadi, Z.; Taromi, F.A. Bio-based solution-cast blend films based on polylactic acid
and polyhydroxybutyrate: influence of pyromellitic dianhydride as chain extender on the morphology,
dispersibility, and crystallinity. Prog. Org. Coat. 2018, 119, 23–30. [CrossRef]

32. Pawbake, A.; Mayabadi, A.; Waykar, R.; Kulkarni, R.; Jadhavar, A.; Waman, V.; Parmar, J.; Bhattacharyya, S.;
Ma, Y.R.; Devan, R. Growth of boron doped hydrogenated nanocrystalline cubic silicon carbide (3C-SiC)
films by hot wire-CVD. Mater. Res. Bull. 2016, 76, 205–215. [CrossRef]

33. Seo, W.S.; Pai, C.H.; Koumoto, K.; Yanagida, H. Microstructure development and stacking fault annihilation
in β-SiC powder compact. J. Ceram. Soc. Jpn. 2010, 99, 443–447. [CrossRef]

34. Shirakata, Y.; Hidaka, N.; Ishitsuka, M.; Teramoto, A.; Ohmi, T. High permeability and low loss Ni-Fe
composite material for high-frequency applications. IEEE Trans. Dielectr. Electr. Insul. 2008, 44, 2100–2106.
[CrossRef]

35. Kitagawa, H.; Kado, N.; Noda, Y. Preparation of N-type silicon carbide-based thermoelectric materials by
spark plasma sintering. Mater. Trans. 2002, 43, 3239–3241. [CrossRef]

36. Feng, Y.; Xu, Z.; Hu, J.; Huang, H.; Peng, C. Significantly reduced dielectric loss and conductivity in
polymer-based nano-composites from a suppressed interface coulomb force. Mater. Res. Express 2017,
4, 095001. [CrossRef]

37. Feng, Y.; Zhang, J.; Hu, J.; Li, S.; Peng, C. Significantly elevated dielectric and energy storage traits in boron
nitride filled polymer nano-composites with topological structure. Electron. Mater. Lett. 2018, 14, 187–197.
[CrossRef]

38. Yuan, J.; Yao, S.; Li, W.; Sylvestre, A.; Bai, J. Anisotropic percolation of SiC-carbon nanotube hybrids: A new
route towards thermally conductive high-k polymer composites. J. Phys. Chem. C 2017, 121, 12063–12070.
[CrossRef]

39. Shayesteh, Z.A.; Arjmand, M.; Sundararaj, U. Silver nanowire/MnO2 nanowire hybrid polymer
nanocomposites: materials with high dielectric permittivity and low dielectric loss. ACS Appl.
Mater. Interfaces 2017, 9, 14328–14336. [CrossRef] [PubMed]

40. Feng, Y.; Miao, B.; Gong, H.; Xie, Y.; Wei, X.; Zhang, Z. High dielectric and mechanical properties achieved
in cross-linked PVDF/α-SiC nanocomposites with elevated compatibility and induced polarization at the
interface. ACS Appl. Mater. Interfaces 2016, 8, 19054–19065. [CrossRef] [PubMed]

41. Feng, Y.; Gong, H.; Xie, Y.; Wei, X.; Yang, L.; Zhang, Z. Strong induced polarity between poly(vinylidene
fluoride-co-chlorotrifluoroethylene) and α-SiC and its influence on dielectric permittivity and loss of their
composites. J. Appl. Phys. 2015, 117, 094104. [CrossRef]

42. Mamunya, Y.P.; Levchenko, V.V.; Rybak, A.; Boiteux, G.; Lebedev, E.V.; Ulanski, J.; Seytre, G. Electrical
and thermomechanical properties of segregated nanocomposites based on PVC and multiwalled carbon
nanotubes. J. Non-Cryst. Solids 2010, 356, 635–641. [CrossRef]

43. Hatch, M.A.; Heinson, G.; Munday, T.; Thiel, S.; Lawrie, K.; Clarke, J.D.A.; Mill, P. The importance of
including conductivity and dielectric permittivity information when processing low-frequency GPR and
high-frequency EMI data sets. J. Appl. Geophys. 2013, 96, 77–86. [CrossRef]

44. Chen, G.; Wang, X.; Lin, J.; Yang, W.; Li, H.; Wen, Y. Interfacial polarity modulation of KTa0.5Nb0.5O3

nanoparticles and its effect on dielectric loss and breakdown strength of polyvinylidene fluoride
nanocomposites with high permittivity. J. Phys. Chem. C 2016, 120, 28423–28431. [CrossRef]

45. Feng, Y.; Gong, H.; Xie, Y.; Wei, X.; Zhang, Z. Significantly elevated dielectric permittivity of Si-based
semiconductor/polymer 2-2 composites induced by high polarity polymers. J. Phys. D-Appl. Phys. 2016,
49, 075503. [CrossRef]

46. Du, F.; Fischer, J.E.; Winey, K.I. Effect of nanotube alignment on percolation conductivity in carbon
nanotube/polymer composites. Phys. Rev. B 2005, 72, 121404. [CrossRef]

47. Nandi, U.; Jana, D.; Talukdar, D. Scaling description of non-ohmic direct current conduction in disordered
systems. Prog. Mater. Sci. 2015, 71, 1–92. [CrossRef]

http://dx.doi.org/10.2109/jcersj2.122.963
http://dx.doi.org/10.1016/j.mssp.2016.12.029
http://dx.doi.org/10.1016/j.porgcoat.2018.02.003
http://dx.doi.org/10.1016/j.materresbull.2015.12.012
http://dx.doi.org/10.2109/jcersj.99.443
http://dx.doi.org/10.1109/TMAG.2008.2001073
http://dx.doi.org/10.2320/matertrans.43.3239
http://dx.doi.org/10.1088/2053-1591/aa828e
http://dx.doi.org/10.1007/s13391-018-0032-3
http://dx.doi.org/10.1021/acs.jpcc.7b03372
http://dx.doi.org/10.1021/acsami.7b13012
http://www.ncbi.nlm.nih.gov/pubmed/28880063
http://dx.doi.org/10.1021/acsami.6b04776
http://www.ncbi.nlm.nih.gov/pubmed/27377185
http://dx.doi.org/10.1063/1.4914075
http://dx.doi.org/10.1016/j.jnoncrysol.2009.09.038
http://dx.doi.org/10.1016/j.jappgeo.2013.06.007
http://dx.doi.org/10.1021/acs.jpcc.6b09041
http://dx.doi.org/10.1088/0022-3727/49/7/075503
http://dx.doi.org/10.1103/PhysRevB.72.121404
http://dx.doi.org/10.1016/j.pmatsci.2014.12.001


Materials 2018, 11, 1699 15 of 15

48. Jaschin, P.W.; Bhimireddi, R.; Varma, K.B.R. Enhanced dielectric properties of LaNiO3/BaTiO3/PVDF:
A three-phase percolative polymer nanocrystal composite. ACS Appl. Mater. Interfaces 2018, 10, 27278–27286.
[CrossRef] [PubMed]

49. Jin, S.K.; Hai, J.L.; Sun, Y.L.; Kim, I.W.; Su, D.L. Frequency and temperature dependence of dielectric and
electrical properties of radio-frequency sputtered lead-free K0.48Na0.52NbO3 thin films. Thin Solid Films 2010,
518, 6390–6393. [CrossRef]

50. Chang, P.; He, L.; Wang, H. Low loss magneto-dielectric composite ceramics Ba3Co2Fe24O41/SrTiO3 for
high-frequency applications. J. Am. Ceram. Soc. 2015, 98, 1137–1141. [CrossRef]

51. Yoshida, K.; Matsushima, T.; Shiihara, Y.; Kuwae, H.; Mizuno, J.; Adachi, C. Joule heat-induced breakdown
of organic thin-film devices under pulse operation. J. Appl. Phys. 2017, 121, 195503. [CrossRef]

52. Kim, K.; Kim, M.; Kim, J.; Kim, J. Magnetic filler alignment of paramagnetic Fe3O4 coated SiC/epoxy
composite for thermal conductivity improvement. Ceram. Int. 2015, 41, 12280–12287. [CrossRef]

53. Bansal, V.; Misra, R.; Agarwal, G.D.; Mathur, J. ‘Derating factor’ new concept for evaluating thermal
performance of earth air tunnel heat exchanger: A transient CFD analysis. Appl. Energy 2013, 102, 418–426.
[CrossRef]

54. Kato, T.; Nakamura, T.; Agari, Y.; Ochi, M. Relation between thermal conductivity and network formation
with polymerizable liquid crystals. J. Appl. Polym. Sci. 2010, 103, 3169–3174. [CrossRef]

55. Chen, F.C.; Chu, C.W.; He, J.; Yang, Y.; Lin, J.L. Organic thin-film transistors with nanocomposite dielectric
gate insulator. Appl. Phys. Lett. 2004, 85, 3295–3297. [CrossRef]

56. Feng, Y.F.; Wu, Q.; Hu, J.B.; Xu, Z.C.; Peng, C.; Xia, Z.X. Calculating permittivity of semi-conductor fillers in
composites based on simplified effective medium approximation models. Mater. Res. Express 2018, 5, 035911.
[CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acsami.8b07786
http://www.ncbi.nlm.nih.gov/pubmed/30048110
http://dx.doi.org/10.1016/j.tsf.2010.02.078
http://dx.doi.org/10.1111/jace.13404
http://dx.doi.org/10.1063/1.4983456
http://dx.doi.org/10.1016/j.ceramint.2015.06.053
http://dx.doi.org/10.1016/j.apenergy.2012.07.027
http://dx.doi.org/10.1002/app.25470
http://dx.doi.org/10.1063/1.1806283
http://dx.doi.org/10.1088/2053-1591/aab6f9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Characterization of Used SiC NPs 
	Dielectric, Conductive and Breakdown Properties of Nanocomposites 
	Contribution of Induced Polarization to Conductivity of Nanocomposites 
	Low Dependence of Electrical Properties on High Frequency for PVC Composite 
	Hypothetical Synergy Effect between Induced Polarization and Electric Percolation 

	Conclusions 
	References

