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Abstract: Recently, composite materials with nonlinear dielectric or resistive properties performed
well in electric field homogenization and space charge suppression in a high voltage transmission
and distribution system. For the purpose of obtaining insulation materials with desirable dielectric
and electrical resistance properties, we investigated several fillers with nonlinear electrical properties
doped in silicon rubber composites, and their dependency on the temperature and field. The samples
of silicone rubber composites with different components were prepared using barium strontium
titanate (BST) and zinc oxide (ZnO) as the filler, and high temperature vulcanized silicone rubber (SiR)
as the matrix. The investigations revealed that the BST-doped samples showed different dielectric
properties compared to ZnO-doped composites, with an increase in the electric field, which was
nonlinear. The resistivity of both doped samples was similar. Results demonstrated that it was
possible to achieve higher values of permittivity, and lower values of tanδ and resistivity, with respect
to unfilled silicone rubber composites over a wide electrical field and temperature range. Discussion
of the results attributes these important functional behaviours to the spontaneous polarization of
nonlinear nanoparticles and the interaction between the SiR chains and the nonlinear nanoparticles
at the interfacial area.

Keywords: nonlinear filler; silicone rubber composites; dielectric properties; resistivity; temperature

1. Introduction

Silicone rubber material is widely used in high-voltage power transmission systems as an
insulation material because of its desirable electrical insulation properties. But an extreme non-uniform
electric field will result in the acceleration of partial electrical ageing of such polymer dielectric material,
which is a vital threat to the long-term safe and stable operation of the power system. More importantly,
with the rapid development of high voltage direct current (HVDC) flexible transmission technology,
HVDC flexible transmission has gradually become the main transmission mode of large-scale new
energy access, urban AC-DC hybrid power supply and marine power supply. Compared to a high
voltage AC cable, a high voltage DC cable is more likely to lead to space charge one-way accumulation.
This is due to the role of DC voltage, which contributes to the more severe problem of uneven
distribution of the electric field and is a severe challenge for the insulation and electric field grading
capacity of the insulation materials used in the high voltage DC cable terminations and joints, where the
electric stress is critical. Recently, the prospect of using composites with nonlinear dielectric or electrical
resistance properties, as smart materials for stress control and field grading in all fields of electrical
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insulation, is gaining attention due to the reported advantages of such functional materials with respect
to their property of self-adapting matching between the material performance parameter and the space
electric field strength.

A nanocomposite system with zinc oxide (ZnO) as the filler material has been widely investigated
for its dielectric properties. Results have illustrated that ZnO filled composites exhibit prominent
nonlinear conductivity and dielectric properties [1]. BaTiO3 was also the main filler in several
composites materials, such as polymethyl methacrylate (PMMA), polyethylene (PE), epoxy and
polyvinyl chloride (PVC), in order to enhance the dielectric permittivity of materials [2–4]. A lot of
research has been done on BaxSr1-xTiO3 (BST) (0 ≤ x ≤ 1) nanoparticles and ceramics, due to their
high dielectric constant and tunability (dependence of the dielectric constant on an applied electric
field), but there are few reports on BST-doped composite materials. Considering the unique dielectric
properties of BST particles and their dependency on the electrical field and temperature resulting from
its ionic polarization, it is possible that BST-doped composites have a potential application in high
voltage insulation materials, especially for non-linear field grading materials (FGM) [5]. As a result,
we felt the need to examine the dielectric and electrical conductivity properties of BST-doped silicone
rubber (SiR) nanocomposite systems as a function of the electrical field and temperature. The electrical
properties of ZnO-doped SiR composites were also investigated as a comparison. Furthermore, an
attempt was made to tailor the electrical properties of SiR composites by mixing ZnO and BST particles
as the filler. The result verified the prospect of obtaining SiR composites with specific electrical
properties by controlling the components of fillers.

To demonstrate the mechanisms leading to the obtained nonlinear dielectric properties,
the spontaneous polarization of nonlinear nanoparticles, the interaction between nanoparticles and
SiR chains and the formation of the interface region in the composite has been analyzed with the
help of an interface model. As a continuation of the discussion of the interface model from the
earlier publication, this paper correlated the interface model with the multi-core model based on
the characteristics of the interfaces at both the interfacial layers [6]. An attempt was also made to
correlate the interface characteristics with the dielectric and conductive properties obtained for SiR
composite material.

2. Results

2.1. Conductivity Behaviors

The J–E characteristics of nonlinear nanoparticle-doped composite samples with filler content
from 5 wt% to 30 wt% are shown in Figures 1–3.

Figure 1 presents the conductivity characteristics of BST-doped SiR composite samples as
a function of the electric field. It can be noticed that the conductivity of samples increased with
the increase in mass fraction of the BST fillers. The conductivity of the undoped SiR sample was almost
the same with variation in the electric field. Sample B4 exhibited non-linear conductive behavior at
high electric field values (Eb = 5kV/mm), whereas samples B1-3 exhibited it at relatively lower electric
field values (Eb= 6 kV/mm). When E ≤ Eb, the conductivity of BST-doped samples slightly increased
with an increasing electric field, and the variation was similar to that of undoped SiR samples. When E
> Eb, the conductivity of BST-doped samples increased rapidly with the increase in E.
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Figure 1. Conductivity characteristics of barium strontium titanate (BST)-doped silicone rubber (SiR) 
composite samples of different filler concentration at 25 °C. 

As shown in Figure 2, the conductivity characteristics of the ZnO-doped samples were very 
similar to the BST-doped samples in several ways: (a) the conductivity of samples increased with the 
increase in mass fraction of fillers, (b) when E ≤ Eb, the conductivity of samples changed little with 
field strength. When E > Eb, the conductivity of ZnO-doped samples increased rapidly with the 
increase in E, (c) the nonlinearity conductive coefficient (αj) increased as the mass fraction of fillers 
increased. However, some differences could still be observed, viz., (1) samples B1–B4 exhibited 
higher conductivity than Z1–Z4 (2) the non-linearity conductive coefficient (αj) of ZnO-doped 
samples were higher than that of BST-doped samples at the same filler concentration. 

Figure 1. Conductivity characteristics of barium strontium titanate (BST)-doped silicone rubber (SiR)
composite samples of different filler concentration at 25 ◦C.

As shown in Figure 2, the conductivity characteristics of the ZnO-doped samples were very
similar to the BST-doped samples in several ways: (a) the conductivity of samples increased with
the increase in mass fraction of fillers, (b) when E ≤ Eb, the conductivity of samples changed little
with field strength. When E > Eb, the conductivity of ZnO-doped samples increased rapidly with the
increase in E, (c) the nonlinearity conductive coefficient (αj) increased as the mass fraction of fillers
increased. However, some differences could still be observed, viz., (1) samples B1–B4 exhibited higher
conductivity than Z1–Z4 (2) the non-linearity conductive coefficient (αj) of ZnO-doped samples were
higher than that of BST-doped samples at the same filler concentration.

Molecules 2018, 23, x FOR PEER REVIEW  4 of 17 

 

0 1000 2000 3000 4000 5000 6000 7000 8000
2.0x10-9

4.0x10-9

6.0x10-9

8.0x10-9

1.0x10-8

1.2x10-8

1.4x10-8

 N
 Z1
 Z2
 Z3
 Z4

Co
n
du
ct
iv
i
ty
 
（

S
/
m)

Electrical field (V/mm)

 
Figure 2. Conductivity characteristics of zinc oxide (ZnO)-doped silicone rubber (SiR) composite 
samples of different filler concentration at 25 °C. 

As shown in Figure 3, the conductivity characteristics of both ZnO- and BST-doped samples 
exhibited superimposed characteristics—just like the combination of the two kinds of characteristics. 
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Figure 3. Conductivity characteristics of barium strontium titanate (BST) and zinc oxide (ZnO) doped 
silicone rubber (SiR) composite samples of different filler concentration at 25 °C. 

As long as the SiR composite is subjected to a DC electric field, three sources in the material, 
including the electrodes, fillers and impurities, will keep generating free charge carriers. Because of 

Figure 2. Conductivity characteristics of zinc oxide (ZnO)-doped silicone rubber (SiR) composite
samples of different filler concentration at 25 ◦C.

As shown in Figure 3, the conductivity characteristics of both ZnO- and BST-doped samples
exhibited superimposed characteristics—just like the combination of the two kinds of characteristics.
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Figure 3. Conductivity characteristics of barium strontium titanate (BST) and zinc oxide (ZnO) doped 
silicone rubber (SiR) composite samples of different filler concentration at 25 °C. 

As long as the SiR composite is subjected to a DC electric field, three sources in the material, 
including the electrodes, fillers and impurities, will keep generating free charge carriers. Because of 

Figure 3. Conductivity characteristics of barium strontium titanate (BST) and zinc oxide (ZnO) doped
silicone rubber (SiR) composite samples of different filler concentration at 25 ◦C.

As long as the SiR composite is subjected to a DC electric field, three sources in the material,
including the electrodes, fillers and impurities, will keep generating free charge carriers. Because of the
electrically conductive interface region, these free charge carriers are mobile in the material and migrate
to the electrode of opposite polarity instead of accumulating at the interface region. The mobility of
the free charge carriers is mainly determined by the applied electric field; thus the charges are capable
of migrating to the other electrode, getting neutralized with free charges of the opposite polarity or
getting trapped in the trap sites. Based on the filler concentration, the transfer of free charge carriers
through the bulk of the SiR composite between the electrodes is mainly determined by the conducting
path created by the presence of nanoparticles in the material.

On the other hand, the non-linear conductivity properties of the material derived from the
effective contact interface between the filler particles dispersed in the polymer matrix. The interfacial
charges on the interface between the filler particles caused the band to bend, resulting in some sort of
back-to-back Schottky barrier that rendered the non-linear conductivity behavior.

2.2. Dielectric Behaviors

The ε-E characteristics of nonlinear nanoparticle-doped composite samples with filler content
from 5 wt% to 40 wt% are shown in Figures 4–6.

Figure 4 presents the dielectric properties of BST-doped SiR composite samples as a function of the
electric field. It can be observed that the dielectric properties of BST-doped SiR samples include: (a) the
permittivity of the SiR composite was enhanced due to BST fillers and the permittivity of samples
increased with an increase in mass fraction of BST fillers, (b) the dielectric constant of the undoped
SiR sample was relatively low and changed slightly with variation in the electric field. However,
the permittivity of the BST-doped SiR samples increased with an increase in E. Samples B1–B4 exhibited
nonlinear dielectric behavior, where B4 exhibited the largest nonlinearity.
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Figure 4. Dielectric properties of barium strontium titanate (BST)-doped silicone rubber (SiR)
composites of different filler concentration at 25 ◦C.

Figure 5 presents the dielectric properties of ZnO-doped SiR composite samples as a function of
the electric field. It can be observed that the dielectric properties of ZnO-doped SiR samples include:
(a) the permittivity of the SiR composited was enhanced due to ZnO fillers (b) the permittivity of the
undoped SiR sample changed slightly with variation in the electric field. Whereas the permittivity of
the ZnO-doped SiR samples increased with an increase in E.

Molecules 2018, 23, x FOR PEER REVIEW  6 of 17 

 

0 1000 2000 3000 4000 5000 6000 7000 8000

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

Electrical field (V/mm)

Di
e
le
ct
r
ic
 c
o
ns
ta
nt

 N
 Z1
 Z2
 Z3
 Z4

 
Figure 5. Dielectric properties of zinc oxide (ZnO)-doped silicone rubber (SiR) composites of different 
filler concentration at 25 °C. 

Figure 6 presents the dielectric properties of ZnO- and BST-doped SiR composite samples as a 
function of the electric field. It can be observed that the dielectric properties of ZB samples were 
similar to that of BST- and ZnO-doped samples, but ZB samples have better nonlinear properties than 
same mass fraction, single doped samples. 

0 1000 2000 3000 4000 5000 6000 7000 8000

3.4

3.5

3.6

3.7

3.8

3.9

4.0

Electrical field (V/mm)

D
ie
le
c
tr
ic
 
co
ns
t
an
t

 N
 ZB1
 ZB2
 ZB3

 
Figure 6. Dielectric properties of zinc oxide- (ZnO) and barium strontium titanate (BST)-doped 
silicone rubber (SiR) composites of different filler concentration at 25 °C. 

2.3. Loss Tangent Characteristics 

Variations in the nanocomposite tanδ of samples over the electrical field strength range of 0.1–8 
kV/mm are shown in Figures 7–9. It can be observed that (a) for all filler loadings of BST filler, there 
was an increase in the tanδ values with increasing field strength, for all filler loadings of ZnO filler, 
there was an increase in the tanδ values with increasing field strength., (b) the tanδ of samples 
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Figure 5. Dielectric properties of zinc oxide (ZnO)-doped silicone rubber (SiR) composites of different
filler concentration at 25 ◦C.

Figure 6 presents the dielectric properties of ZnO- and BST-doped SiR composite samples as
a function of the electric field. It can be observed that the dielectric properties of ZB samples were
similar to that of BST- and ZnO-doped samples, but ZB samples have better nonlinear properties than
same mass fraction, single doped samples.
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Figure 6. Dielectric properties of zinc oxide- (ZnO) and barium strontium titanate (BST)-doped silicone
rubber (SiR) composites of different filler concentration at 25 ◦C.

2.3. Loss Tangent Characteristics

Variations in the nanocomposite tanδ of samples over the electrical field strength range of
0.1–8 kV/mm are shown in Figures 7–9. It can be observed that (a) for all filler loadings of BST
filler, there was an increase in the tanδ values with increasing field strength, for all filler loadings
of ZnO filler, there was an increase in the tanδ values with increasing field strength., (b) the tanδ of
samples increased with an increase in mass fraction of BST and ZnO fillers when the concentration
of fillers was 5–30% over all the studied field strength range, (c) the variation rate of the tanδ was
higher at high concentration than low concentration for the same filler, (d) the tanδ values show less
nonlinearity than single doped samples.
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Figure 7. Loss tangent characteristics of barium strontium titanate (BST)-doped silicone rubber (SiR)
composites of different filler concentration at 25 ◦C.

The dielectric loss tangent of the composites was mainly generated from three sources in the
material including the dielectric loss of the filler and the matrix, as well as the loss caused by the
interface polarization. At lower field strengths, low conductivity of ZnO and BST powder fillers
resulted in low losses. With an increase in filler concentrations, the interface volume between the filler
particles and the SiR matrix in the composites was also increasing, so the dielectric loss caused by
interface polarization also increased. When the applied electric field exceeded the dielectric threshold
field (Ec), the dielectric permittivity of ZnO filler particles increased rapidly, which enhanced the
ability of the material to evacuate the space charge, resulting in a reduction of loss tangent. However,
the dielectric permittivity of BST decreased as a function of the electrical field increasing, which led to
an increase in the dielectric loss tangent.
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Figure 9. Loss tangent characteristics of zinc oxide (ZnO) and barium strontium titanate (BST)-doped
silicone rubber (SiR) composites of different filler concentration at 25 ◦C.

2.4. Dielectric and Pyroelectric Response

Figure 10 shows that: (a) When the test frequency is 1 MHz, sample Z3 has 2 curie points around
85 ◦C and 130 ◦C, while B4 has one curie point around 20 ◦C and ZB3 has a combined pyroelectric
response, that is, it has 3 curie points around −20 ◦C, 85 ◦C and 130 ◦C. (b) When the test frequency
is 50 Hz, sample Z3 has 3 curie points around 40 ◦C, 90 ◦C and 130 ◦C, while B4 has one curie point
around 40 ◦C and ZB3 has a combined pyroelectric response, that is, it has 3 curie points around −40 ◦C,
90 ◦C and 130 ◦C. (b) When the test frequency is 1 Hz, all samples have one curie point, which is 40 ◦C.
The enormous change in εwhen the frequency is close to zero Hz is a result of polarity reversal.
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Electrical parameters of conventional SiR materials were at a constant value. The insulator
umbrella skirt and jacket were assigned a nonlinear material in this simulation model. The applied DC
voltage was 220 kV.

Curve A in Figure 12 shows the distribution of the field strength of conventional composite
insulators along a string. As the curve shows, the distribution of field strength was extremely uneven
due to the small longitudinal capacitance of the composite insulator. Especially, the peak electric field,
which the high-voltage side of the composite insulator withstood, even exceeded 35 kV/mm.
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As a comparison, the material parameters of the insulator umbrella skirt and jacket was changed
with that of the SiR composites B2, Z2 and ZB3.

For simulation’s parameter setting, we use three degree polynomial curve fitting method which
uses polynomials to fitting nonlinear curves [7].

Based on the dielectric characteristic of B4 which is shown in Figure 4, the coefficients of
the polynomial fitting curve used for simulation can be approximately calculated (E/kV/mm,
0.1 < E < 5 kV/mm):

εb = t1 +
n=3

∑
n=1

anEn (1)

Based on the conductivity characteristic of B4 shown in Figure 1, the coefficients of the polynomial
fitting curve used for simulation can be approximately calculated (E/kV/mm, 0.1 < E < 5 kV/mm):

σb = t2 +
n=3

∑
n=1

bnEn (2)

Based on the loss tangent characteristic of B4 shown in Figure 7, the coefficients of the polynomial
fitting curve used for simulation can be calculated (E/kV/mm, 0.1 < E < 5 kV/mm):

tan δb = t3 +
n=3

∑
n=1

cnEn (3)
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In Equations (1)–(3), t1, t2, t3 are constant for the polynomial fitting curve, and an, bn, cn are the
coefficients for the electric field strength (E) to the nth power for the polynomial fitting curve. All of
these are dimensionless constants.

The calculated t1, t2, t3 and an, bn, cn (n = 1, 2, 3) for B4 are shown in Table 1.

Table 1. Parameters of the fitting function of B4.

Parameter t1 a1 a2 a3

value 4.4465 0.0081 8 × 10−4 1 × 10−4

Parameter t2 b1 b2 b3

value 1 × 10−8 3 × 10−10 3 × 10−11 2 × 10−12

Parameter t3 c1 c2 c3

value 0.1039 0.0016 1 × 10−4 1 × 10−5

Same method is used in simulation for Z4 and ZB3. A finite element simulation was used to
obtain a convergence solution. The electric field distribution energy error was less than 1% after eleven
steps iterative solving with electrostatic field solver. The electrical field distributions of B4, Z4 and
ZB3 are shown by Figure 12B–D. It was shown that nonlinear material can cause the electrical field
to be even, and the combination of ZNO and BST is better than any one of them. The percentage of
withstand voltage is shown in Table 2.

Table 2. The vertical insulation distances of composite insulators of different materials bearing
different voltages.

Percentage of Withstand
Voltage (%) 20% 40% 60% 80%

Conventional SiR Percentage of length of
string (%) 23.4% 42.1% 60.8% 79.6%

Nonlinear SiR Percentage of length of
string (%) 20.1% 39.6% 59.6% 82.4%

Results demonstrated that nonlinear SiR materials with adaptive electric field properties were
capable of homogenizing an uneven electrical field distribution. The improvement in electric field
distribution mainly came from two aspects: (a) nonlinear SiR material had higher permittivity and
conductivity than unfilled SiR under the field strength of the actual working condition. Previous
investigation had verified that high permittivity conduced a reduction in high capacitive partial
pressure, as well as a reduction in resistive partial pressure and the dissipation of accumulated charge.
(b) The conductivity of the material had the characteristic of self-adapting with the electric field. When
the electric field became higher, the rise in conductivity also enhanced the partial pressure capability
of the material.

The result obtained by the simulation demonstrated that nonlinear SiR material could significantly
mitigate the potential gradient at the high-voltage side of the composite insulator, while it had less of
an effect on the central field strength. Therefore, reducing the length of the nonlinear material of the
insulator, and using it only at the high-voltage side instead of throughout the string, can be considered.
As the ratio of the permittivity of the two contact materials significantly affects the field strength at
the interface, it can be considered that the entire composite insulator was divided into segments and
the BST doping amount of each segment gradually decreased, so that the permittivity was gradually
changed to the ordinary value to avoid the field distortion.
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3. Discussion

Previous studies have shown that the nonlinear dielectric properties of ZnO-doped SiR composites
are mainly due to the existence of three relaxation processes in the composites: α relaxation caused
by long SiR segments, β-relaxation caused by the polar molecule and IDE relaxation caused by the
filler particles [8,9]. These three relaxation processes together determine the dielectric properties of
the composite. When the filler loading was less than 10%, the relaxation activation energy could
be determined by the combination of ZnO particles and the SiR matrix, which indicated that the
dielectric properties of the composite were also determined by the dielectric properties of both filler
and matrix [10]. When the filler loading was more than 20%, the activation energy was close to
the grain boundary activation energy of ZnO varistor ceramics. In such a condition, the dielectric
properties of the composites were mainly controlled by ZnO filler particles, which would exhibit
obvious nonlinearity of dielectric permittivity as a function of the electrical field [11].

BaTiO3 is usually in the form of ferroelectric ceramic particles, and Ba0.6Sr0.4TiO3 was shown
to be in the paraelectric phase at room temperature. In a previous study, the ‘distorted nano-region’
model was used to study the ferroelectric properties of Ba0.6Sr0.4TiO3 ceramic [12]. ‘Polar nano-region’
is related to dielectric nonlinearity of BST in the paraelectric state, which is defined as a nanometer
scale region with parallel oriented spontaneous polarization, which consists of each other acting as
a giant dipole with slow relaxation frequency. The ‘distorted nanoregion’ potentially makes it difficult
to form a ‘polar nano-region’ or baffle its response to an external field vector [10]. Therefore, the doped
composite of samples B1 to B4 showed a similar performance compared to BST ceramics.

In the case of a SiR composite system, it has been reported that an increase in dielectric permittivity
presumably resulted from an intervention in the mobility of SiR chains in the bulk of the SiR
composite [13,14]. Previous documents reported that a constraint in the mobilities of polymer chains
in a SiR composite was probably due to the interaction process between filler particle surfaces and
polymer chains [15,16].

Based on the interface model, two nano-layers around the particle formed as a result of the
polymer-nanoparticle interactions. The first nano-layer which was closest to the nanoparticle surface
was presumably firmly tied to the surface which caused the polymer chains close to the first nano-layer
to become highly immobile. The second polymer was a lot thicker than that of the first layer and the
polymer chains were loosely bound to the second layer. It was the dynamics of these interface polymer
regions, concerning the filler particle concentrations, which resulted in a variation in the dielectric and
conductive properties [17,18]. It is essential to mention that the filler dispersion in the SiR matrix was
a precondition of the validity of the interface model used here. The formation of the two interface
layers and the unique properties of each of the layers are valid only if the filler particles were dispersed
evenly in the SiR matrix during the preparation process. According to the permittivity characteristics
and characterization of samples obtained, it can be presumed that the nanoparticles have been well
dispersed in the SiR matrix.

At the low filler loadings of 0–5 wt%, the influence of chain immobility (caused by the first layer
of interface) and chain entanglements [19] would restrict the mobility of dipolar groups in the SiR
system leading to its conductivity and loss tangent to be close to that of the unfilled SiR composites.
With increasing filler loadings and electrical field, the permittivity of the filler started to have more and
more influence on that of the nanocomposites [17,18]. At the high filler loadings, the permittivity of the
SiR system is mainly determined by the combined interaction of chain immobilization and the rate of
permittivity enhancement of the material concerning the filler concentration. In a previous publication,
Tanaka et al. [20] put forward a multi-core model to explain the dielectric characteristics investigated
for nanocomposite systems. Compared to four layers of the interface mentioned in the multi-core
model, the model used in this study only mentioned two layers. Some of the interaction mechanisms
responsible for the nanocomposite dielectric characteristics as per the 2-layer model in this study can
be connected to the multi-core model. The formation of the tightly bound first layer and the loose
second layer in the present model can be seen as the second and third layers of the multi-core model.
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4. Materials and Methods

4.1. Material Processing and Sample Preparation

The silicone rubber with different fillers was prepared as follow:
1940 g of methyl vinyl silicone rubber (molecular weight 600,000, vinyl mass fraction 0.03%) and

60 g of vinyl silicone oil (12%, viscosity 4000 mPa·s) were used to obtain 2 kg of rubber. Four grams of
Zinc stearate and 100 g of silazane were dissolved in 40 g water. Then, 700 g of white carbon black and
2 kg of the prepared rubber were added separately. The mixture was stirred in a kneading machine for
1 h at room temperature. Afterwards, the kneading machine was set to 180 ◦C and start to vacuum at
90 ◦C. The mixture was stirred at 180 ◦C for another 1 h and cooled down to obtain solid mixture A.
According to the weight of mixture A, 5.2 g of vinyltriethoxysilane was add to 2080 g of aluminium
hydroxide to mix with 260 g of talcum powder to obtain powder mixture B, which was used to improve
the dispersion of nonlinear fillers in the rubber compound and the anti-tracking properties of material.
Mixture A and B were mixed and stirred in kneading machine for 1 h at room temperature to obtain
the stable and uniform rubber compound.

Two kinds of nonlinear power were selected as the fillers of silicone rubber composites which
were BST (BaxSr1−xTiO3 x = 0.6, 200 nm, sintered at 1300 ◦C, shanghai dianyang Advanced Technology
Co., China) and ZnO (40 nm, Nanjing emperor nano material Co., Nanjing, China). The prepared
power was evenly added to the silicone rubber with open mill, and the mass fractions of fillers ranged
from 5% to 40%. The rubber was compressed into tablets to get silicone rubber samples. In this way,
fourteen test groups were set. Each test group contained 5 pieces of silicone rubber samples with the
same composition. The samples designation and contents are shown in Table 3.

Table 3. Samples prepared in this study.

Designation ZnO Content (wt.%) BST Content (wt.%)

Z1 5 -
Z2 10 -
Z3 20 -
Z4 30 -
B1 - 5
B2 - 10
B3 - 15
B4 - 20

ZB1 2.5 2.5
ZB2 5 5
ZB3 10 10
N - -

4.2. Characterization

The crystal structure of fillers and samples were analyzed using X-ray diffraction (XRD,
D/max-2500/PC, Rigaku Co., Tokyo, Japan), at a scanning speed of 10◦ (angle degree)/min in steps of
0.02◦. The microstructure of the samples was measured with a scanning electron microscope (SEM)
(Nova Nano SEM450, FEI, FEI Co., Hillsboro, OR, America).

Figure 13 shows the XRD patterns of filler particles and SiR samples. Compared with the PDF card,
a figure of the powder was: BST, perovskite structure; ZnO, hexagonal wurtzite structure. The peaks
of the two materials were sharp which indicated the desirable crystallinity of BST and ZnO particles. It
can be seen from Figure 13 that sample B2 contained BST particles and Z2 contained ZnO particles,
and in the doping process, no crystal change of inorganic filler took place.
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(e) sample Z2. 

Figure 14a–f shows the SEM morphology of the BST and ZnO ceramic powers. As shown in (a), 
the average diameter of the BST particles prepared in this study was about two hundred nanometers. 
A 2–3 um powder particle comprised dozens of crystal grains, which required a dispersing process 
to control the size of fillers during the preparation of samples. Figure 14b is the SEM images of ZnO 
powders which could been seen as a hexagonal wurtzite structure. Powder particles were easy to 
agglomerate which indicated that a dispersing process was needed during the preparation. Figure 
14c–e shows the SEM morphology of samples B2, Z2 and ZB2. In these pictures, some tiny grain 
particles were found in the surface of samples. The dispersion of these grain particles represented the 
dispersion of fillers in the SiR matrix. Figure 14f,g are the energy dispersive spectrometer (EDS) map 
scanning images of Ti of B2 and Zn of Z2, which shows that the Zn element distribution in sample 
Z2 and the Ti distribution in sample B2 were uniform. The uniform dispersion of Ti and Zn indicated 
that the inorganic filler BST and ZnO were evenly doped in the mixed silicone rubber and the 
composite material was homogenous. The contact interface between SiR matrix and filler particles 
was favorable. 

  

Figure 13. X-ray diffraction (XRD) patterns of filler particles and silicone rubber (SiR) samples. (a) zinc
oxide (ZnO) powders; (b) barium strontium titanate (BST) powders; (c) sample N; (d) sample B2; (e)
sample Z2.

Figure 14a–f shows the SEM morphology of the BST and ZnO ceramic powers. As shown in (a),
the average diameter of the BST particles prepared in this study was about two hundred nanometers.
A 2–3 um powder particle comprised dozens of crystal grains, which required a dispersing process
to control the size of fillers during the preparation of samples. Figure 14b is the SEM images of
ZnO powders which could been seen as a hexagonal wurtzite structure. Powder particles were
easy to agglomerate which indicated that a dispersing process was needed during the preparation.
Figure 14c–e shows the SEM morphology of samples B2, Z2 and ZB2. In these pictures, some tiny grain
particles were found in the surface of samples. The dispersion of these grain particles represented the
dispersion of fillers in the SiR matrix. Figure 14f,g are the energy dispersive spectrometer (EDS) map
scanning images of Ti of B2 and Zn of Z2, which shows that the Zn element distribution in sample Z2
and the Ti distribution in sample B2 were uniform. The uniform dispersion of Ti and Zn indicated that
the inorganic filler BST and ZnO were evenly doped in the mixed silicone rubber and the composite
material was homogenous. The contact interface between SiR matrix and filler particles was favorable.
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frequency and DC bias voltage could be flexibly adjusted. The DC bias voltage range applied to the 
sample was 0–2000 V, AC small signal frequency for the frequency (50 Hz), the effective value of 1 V. 
All the measurements were made at room temperature. 
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Figure 14. Scanning electron microscope (SEM) images showing the dispersion of silicone rubber (SiR)
samples and the microstructure of the SiR composites and filler particles. (a) barium strontium titanate
(BST) powders; (b) zinc oxide (ZnO) powders; (c) sample B4; (d) sample Z4; (e)sample ZB2 (f) energy
dispersive spectrometer (EDS) map scanning images of Sr of B2; (g) EDS map scanning images Zn
of Z2.

4.3. Test System and Experimental Details

The nonlinear electrical characteristics and dielectric and pyroelectric response of composites were
analyzed by a broadband dielectric analyzer (Concept 80 Novocontrol GmbH, Montabaur, Germany).
The sample was sandwiched between two 20 mm gold plated electrodes tested from AC 0.02 kV to
1.4 kV and −30◦ to 150◦, and then the broadband dielectric analyzer imposed a relatively weak signal
at a certain frequency on the sample. Combined with its geometric parameters, the electrical parameter
of the sample could be calculated. All the factors including test temperature, frequency and DC bias
voltage could be flexibly adjusted. The DC bias voltage range applied to the sample was 0–2000 V, AC
small signal frequency for the frequency (50 Hz), the effective value of 1 V. All the measurements were
made at room temperature.

In this study, characteristics of SiR composites at different filler concentrations by weight were
evaluated. The characterization of phase and microstructure of SiR composites was made by an
energy dispersive spectrometer (EDS), X-ray diffraction (XRD) and scanning electron microscope
(SEM). Furthermore, the evaluations of electrical properties were made by performing conductivity
($), dielectric constant (εr) and loss tangent (tanδ) measurements.
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5. Conclusions

SiR-nonlinear filler nanocomposite systems were examined for their dielectric behaviors in this
study primarily for two reasons, (a) to validate the prospect of tailoring the electrical properties of
SiR nanocomposite systems with BST and ZnO fillers, and (b) to characterize and understand the
dielectric properties of this system. Results of this study corroborated some of the interesting dielectric
characteristics based on the different electrical behaviors of BST and ZnO samples, the electrical
behaviors of SiR composites can be tailored to obtain insulating material with suitable properties for
a specific situation. Still, further experiments were required to verify the validity of the multi-core
model and the interface model, used here to explain the dielectric properties of the materials.

Author Contributions: Supervision, X.W.; Investigation and Formal analysis, J.G.; Project administration, Z.J. and
C.C.; Resources, J.W.; Funding acquisition, C.C.

Funding: The authors would like to thank the National Natural Science Foundation of China (51607101),
Guangzhou Science and Technology Plan (201707020044), Cross Research Fund in Graduate School at Shenzhen,
Tsinghua University (JC2017007), and supported by State Key Laboratory of Electrical Insulation and Power
Equipment (EIPE18210).

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

References

1. Gao, L.; Yang, X.; Hu, J.; He, J. ZnO microvaristors doped polymer composites with electrical field dependent
nonlinear conductive and dielectric characteristics. Mater. Lett. 2016, 171, 1–4. [CrossRef]

2. Dang, Z.; Lin, Y.; Xu, H.; Shi, C.; Li, S.; Bai, J. Fabrication and dielectric characterization of advanced
BaTiO3/Polyimide nanocomposite films with high thermal stability. Adv. Funct. Mater. 2008, 18, 1509–1517.
[CrossRef]

3. Varlow, B.; Li, K. Non-linear AC properties of filled resins. IEE Proc. Sci. Meas. Technol. 2003, 150, 75–82.
[CrossRef]

4. Cherney, E. Silicone rubber dielectrics modified by inorganic fillers for outdoor high voltage insulation
applications. IEE Trans. Dielectr. Electr. Insul. 2005, 12, 1108–1115. [CrossRef]

5. Pradhan, M.; Greijer, H. Goran eriksson, mikael unge, functional behaviors of electric field grading composite
materials. IEEE Trans. Dielectr. Electr. Insul. 2016, 23, 768–778. [CrossRef]

6. Niittymaki, M.; Lahti, K.; Suhonen, T.; Metsajoki, J. Electric field dependency of dielectric behavior of
thermally sprayed ceramic coatings. In Proceedings of the International Conference on the Properties and
Applications of Dielectric Materials, Sydney, Australia, 27 October 2015.

7. Christen, T.; Donzel, L.; Greuter, F. Nonlinear resistive electric field grading part 1: Theory and simulation.
IEEE Electr. Insul. Mag. 2010, 26, 47–59. [CrossRef]

8. Eriksson, G.; Greijer, H.; Pradhan, M.; Unge, M. Stress dependent conductivity of field grading materials
under time varying electrical fields. In Proceedings of the Conference on Electrical Insulation and Dielectric
Phenomena, Montreal, QC, Canada, 14 October 2012.

9. Donzel, L.; Greuter, F.; Christen, T. Non-linear resistive electric field grading part 2: Materials and
applications. IEEE Electr. Insul. Mag. 2011, 272, 18–29. [CrossRef]

10. Tsagaropoulos, G.; Eisenberg, A. Dynamic mechanical study of the factors affecting the two glass transition
behaviour of filled polymers. Similarities and differences with random ionomers. Macromolecules. 1995,
28, 6067–6077. [CrossRef]

11. Yang, X.; He, J.; Hu, J. Tailoring the nonlinear conducting behavior of silicone composites by ZnO
microvaristor fillers. J. Appl. Polym. Sci. 2015, 132, 125–130. [CrossRef]

12. Mansencal, R.; Haidar, B.; Vidal, A.; Delmotte, L.; Chezeau, J. High-resolution solid-state NMR investigation
of the filler-rubber interaction: 2. High speed [1H] magic-angle spinning NMR spectroscopy in
carbon-black-filled polybutadiene. Polym. Intern. 2001, 50, 387–394. [CrossRef]

13. Picu, R.C.; Ozmusul, M. Structure of linear polymeric chains confined between impenetrable spherical walls.
J. Chem. Phys. 2003, 118, 11239–11248. [CrossRef]

14. Picu, R.C.; Rakshit, A. Dynamics of free chains in polymer nanocomposites. J. Chem. Phys. 2007, 126, 1–6.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.matlet.2016.02.016
http://dx.doi.org/10.1002/adfm.200701077
http://dx.doi.org/10.1049/ip-smt:20030247
http://dx.doi.org/10.1109/TDEI.2005.1561790
http://dx.doi.org/10.1109/TDEI.2015.005288
http://dx.doi.org/10.1109/MEI.2010.5599979
http://dx.doi.org/10.1109/MEI.2011.5739419
http://dx.doi.org/10.1021/ma00122a011
http://dx.doi.org/10.1002/app.42645
http://dx.doi.org/10.1002/pi.640
http://dx.doi.org/10.1063/1.1576216
http://dx.doi.org/10.1063/1.2719196
http://www.ncbi.nlm.nih.gov/pubmed/17444745


Molecules 2018, 23, 3153 16 of 16

15. Steinstein, S.S.; Zhu, A.J. Reinforcement mechanism of Nanofilled polymer melts as elucidated by nonlinear
viscoelasatic behavior. Macromolecules 2002, 35, 7262–7273. [CrossRef]

16. Greuter, F.; Blatter, G. Electrical properties of grain boundaries in polycrystalline compound semiconductors.
Semicond. Sci. Technol. 1990, 5. [CrossRef]

17. Singha, S.; Thomas, M. Dielectric properties of epoxy nanocomposites. IEEE Trans. Dielectr. Electr. Insul.
2008, 15, 12–23. [CrossRef]

18. Singha, S.; Thomas, M. Influence of filler loading on dielectric properties of epoxy-ZnO nanocomposites.
IEEE Trans. Dielectr. Electr. Insul. 2009, 16, 531–542. [CrossRef]

19. Papakonstantopoulos, G.J.; Doxastakis, M.; Nealey, P.F.; Barrat, J.L.; de Pablo, J. Calculation of local
mechanical properties of filled polymers. Phys. Rev. E 2007, 75. [CrossRef] [PubMed]

20. Tanaka, T.; Kozako, M.; Fuse, N.; Ohki, Y. Proposal of a multi-core model for polymer nanocomposite
dielectrics. IEEE Trans. Dielectr. Electr. Insul. 2005, 12, 669–681. [CrossRef]

Sample Availability: Samples of the compounds are available from the corresponding author.

© 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/ma020482u
http://dx.doi.org/10.1088/0268-1242/5/2/001
http://dx.doi.org/10.1109/T-DEI.2008.4446732
http://dx.doi.org/10.1109/TDEI.2009.4815189
http://dx.doi.org/10.1103/PhysRevE.75.031803
http://www.ncbi.nlm.nih.gov/pubmed/17500718
http://dx.doi.org/10.1109/TDEI.2005.1511092
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Conductivity Behaviors 
	Dielectric Behaviors 
	Loss Tangent Characteristics 
	Dielectric and Pyroelectric Response 
	Simulation and Analysis 

	Discussion 
	Materials and Methods 
	Material Processing and Sample Preparation 
	Characterization 
	Test System and Experimental Details 

	Conclusions 
	References

