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Abstract: Nonlinear composite materials serve to homogenize electric fields and can effectively
improve the local concentration of the electric field in power systems. In order to study the nonlinear
surface conductivity properties of micro-nano epoxy composites, two types of epoxy micro-nano
composite specimens were prepared in the laboratory using the co-blending method. The surface
conductivity of the composites was tested under different conditions using a high-voltage DC surface
conductivity test system. The results show that the surface conductivity of micro-nano structured
composites increases and then decreases with the rise of nanofiller doping concentration. The
nonlinear coefficient was 1.781 at 4 wt% of doped nanostructured SiC, which was the most significant
nonlinear coefficient compared to other doping contents. For the same doping concentration, the
micro-nano structured composites doped with nanostructured SiC have more significant surface
conductivity at the same test temperature with a nonlinear coefficient of 1.635. As the temperature
increases, the surface conductivity of the micro-nano structured composite increases significantly,
and the threshold field strength moves towards the high electric field. Along with the increase in
temperature, the nonlinear coefficients of micro-nano composites after doping with nanostructured
SiC showed a gradually decreasing trend. The temperature has little effect on the nonlinear coefficients
of the micro-nano structured composites after doping with O-MMT.

Keywords: epoxy resin; nanofiller; micro-nano structured composite; homogenized electric field;
nonlinear surface conductivity properties

1. Introduction

An electrical system is usually made up of multiple components or devices connected
serially. Damage to any one part can cause the entire system to fail. Insulation material
is one of the weakest components in the power system, and its performance determines
the stability of the whole power system operation [1]. In rotating machinery such as
hydroelectric generators, insulation damage causes up to 50% of failures [2,3], mainly
because the voltage applied to the end of the stator wire rod during operation can exceed
the average value by several times. The main insulation is usually coated with anti-corona
paint to improve the concentration of local electric field strength, thus extending the
service life of the main insulation [4–6]. The new anti-corona materials are divided into
two main types, high-conductivity composites with constant parameters and composites
with nonlinear pressure-sensitive conductivity [7,8]. High-conductivity composites with
constant parameters can effectively improve the field concentration phenomenon. However,
the application of high conductivity composites is limited by the problems of large leakage
current, and the inability to apply a single parameter to parts with large differences in
electric field values for these materials [9,10]. Therefore, the use of composite materials
with nonlinear conductivity properties to improve the field concentration problem has
gradually become a research focus.

Energies 2022, 15, 5374. https://doi.org/10.3390/en15155374 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15155374
https://doi.org/10.3390/en15155374
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-1314-3724
https://orcid.org/0000-0002-2772-5277
https://orcid.org/0000-0001-7659-5563
https://orcid.org/0000-0003-2758-3093
https://orcid.org/0000-0002-7652-2388
https://doi.org/10.3390/en15155374
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15155374?type=check_update&version=2


Energies 2022, 15, 5374 2 of 15

At present, the paramount preparation of anti-halation varnishes with nonlinear
conductivity characteristics is to add semiconductor inorganic fillers to the epoxy resin
matrix. Commonly used semi-conductive inorganic fillers include microstructured ZnO and
microstructured SiC [11]. The polymer matrix is modified by combining a suitable inorganic
filler that can meet the application requirements of different occasions. Scholars have
also investigated the nonlinear mechanism of composites doped with single-component
particles of microstructured SiC and microstructured ZnO. The source of its nonlinear
conductivity is considered to be the contact surface between the filler particles in the
polymer matrix, where interfacial polarization occurs on the contact surface, thus leading
to the bending of the energy band and the appearance of a Schottky barrier showing
nonlinear properties [12].

More experts have found that the nonlinear electrical conductivity of nanostructured
SiC composites is better than that of microstructured SiC composites. The advantage of
nanodielectrics is that they exhibit many electrical properties different from those unique
to micron composites through the unique quantum size effect, small size effect, surface
effect, and macroscopic quantum tunneling effect of nano cells [13]. Among them, the great
specific surface area of nanoparticles makes it possible to have unusually high nonlinear
effects and geometric size effects of electrical conductivity. However, the dispersion and
aggregation of nanoparticles are difficult to control, and the uncertainty of the interfacial
properties and structure formed in the polymer increases the breakdown dispersion of the
dielectric. Therefore, there is still instability in the effect of nano-doping on the properties
of composites.

The modification effect of epoxy resin composites depends on factors such as the
type, particle size, and content of micro-nano particles [14]. As research has progressed,
it has been found that the doping of micro-nano particles can effectively improve the
properties of nonlinear conductivity, partial discharge resistance, and dielectric properties
of the epoxy resin polymer composite system [15–17]. Scholars also consider the interface
formed between the microparticles, nanoparticles, and the polymer as an essential factor
affecting the various properties of the epoxy resin polymer [18–22]. Especially in the field of
nonlinear conductivity properties, nonlinear conductivity composites doped with only one
component nano or microstructured filler have nonlinear conductivity property parameters
that are not easy to control. The nonlinear conductivity properties of micro-nano composites
are mainly caused by the nonlinear potential barriers formed between the particles in the
internal parts of the polymer, and their properties are easily controlled. Therefore, using
micro-nano structured composites to regulate the nonlinear conductivity properties of
composites has become a new research direction.

In this paper, we mainly use epoxy resin prepolymer as the main body and nanos-
tructured SiC and organically modified MMT as inorganic fillers. The nanostructured
SiC with organically modified MMT doping content of 0.5, 1, 3, and 4 wt% composite
specimens were prepared to study the dispersion state of inorganic fillers in polymers
and to investigate the effects of nanofiller type, content, and temperature on the electrical
conductivity and nonlinear properties of micro-nano structured composites.

2. Experimental
2.1. Tested Materials

The selection of suitable reagents and sample preparation process will result in interfa-
cial structures between inorganic fillers and polymer matrix, and the specimens present
excellent properties. The raw materials required in the experiments are shown in Table 1.
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Table 1. Tested materials.

Name Notation Production Manufacturer Remarks

Epoxy resin composites DECJ1345 Dongfang Electric Corporation
Limited, Chengdu, China

Epoxy resin blended with micron
silicon carbide (72 wt%)

Curing agent 593 Dongfang Electric Corporation
Limited, Chengdu, China

Diethylenetriamine and butyl
glycidyl ether

Nano silicon carbide SiC Beijing Deke Daojin Science and
Technology Co., Ltd., Beijing, China Average particle size of 30 nm

Montmorillonite MMT Qinghe Chemical Factory,
Zhangjiakou, Hebei, China Average layer spacing of 1.25 nm

Octadecyl trimethyl
ammonium chloride S817662 Shanghai Macklin Biochemical Co.,

Ltd., Shanghai, China

Silane coupling agent KH560 Saen Chemical Technology (Shanghai)
Co., Ltd., Shanghai, China

2.2. Sample Preparation

The epoxy resin micro-nano structured composites were prepared by the co-blending
method, as shown in Figure 1. The specific process is as follows.

1. Surface treatment of nanostructured SiC. Surface treatment of nanostructured SiC
using KH560 to increase the compatibility of the epoxy resin matrix with the nanos-
tructured filler. After washing the modified nanoparticles in low mineralization water
at pH = 7, the nanoparticles were vacuum-dried to remove moisture to obtain the
modified nanostructured SiC (N-SiC).

2. Organic treatment of MMT. A measuring cylinder was used to measure 300 mL of acid
solution (prepared by injecting 0.8 mL of acetic acid into 800 mL of distilled water)
and 40 g of nacreous montmorillonite raw clay into a three-necked flask. The flask was
placed in an 80 ◦C water bath with ultrasonic shaking and stirring for 1 h. The solution
was centrifuged three times using a centrifuge. The time of centrifugation treatment
was set to 1 min, 2 min, and 2 min, respectively. Then, 2.8 g of octadecyl trimethyl
ammonium chloride was added, followed by stirring with ultrasonic shaking for 2 h.
After several rounds of standing, washing, filtering and then drying, grinding, and
sieving, the organically modified MMT(O-MMT) was obtained.

3. Preparation of epoxy resin composite hybrid materials. The epoxy resin composites
were mixed with 0.5, 1, 3, and 4 wt% nanoparticles by a mass fraction. The mixture
was ultrasonically and mechanically stirred at room temperature (20 ◦C) at 2000 r/min
for 1 h. Then, curing agent 593 was added to the mix (the amount of curing agent
added was 10% of the mass of DECJ1345). The epoxy resin composite mixture was
obtained by continuing ultrasonic mechanical stirring at 2000 r/min for 30 min at
room temperature (20 ◦C).

4. Preparation of micro-nano structured composite specimens. The blended mixture was
evenly coated on the outer wall of the high-temperature resistant glass tube and cured
at room temperature (20 ◦C) for 24 h to obtain a prefabricated sample of the glass
tube. Copper conductive tape was wrapped around the top and bottom of the glass
tube to perform sample coating. The copper conductive tape was wrapped around
the copper wire and the copper wire was led out for the electrode to facilitate the test.
The final composite samples to be tested were obtained with different nano-doped
fillers and different mass fractions.

A total of nine composites were prepared by the co-blending method, with two specimens
of each material. The ratios and numbers of the specimens are shown in Table 2 below.
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Table 2. Micro-nano structured composite materials.

Number Specimen Code Specimen Formulation

1 DECJ DECJ1345
2 0.5 wt% SiC DECJ1345 + 0.5 wt% N-SiC
3 1 wt% SiC DECJ1345 + 1 wt% N-SiC
4 3 wt% SiC DECJ1345 + 3 wt% N-SiC
5 4 wt% SiC DECJ1345 + 4 wt% N-SiC
6 0.5 wt% MMT DECJ1345 + 0.5 wt% O-MMT
7 1 wt% MMT DECJ1345 + 1 wt% O-MMT
8 3 wt% MMT DECJ1345 + 3 wt% O-MMT
9 4 wt% MMT DECJ1345 + 4 wt% O-MMT

2.3. Test Method and Principle
2.3.1. DC Surface Conductivity

A DC surface conductivity test system with a DW-O153-5ACF3 (Dongwen High Volt-
age Power Supply Co., Ltd., Tianjin, China) DC power supply with a voltage regulation
range of 0 to 15 kV and an EST122 (with Beijing’s Venture Technology Co., Ltd., Beijing,
China) picoammeter were used to ensure that DC was flowing through the specimen. The
electrode system was placed in a 101-2AB (Shanghai Guangpin Test Equipments Manu-
facturing Co., Ltd., Shanghai, China) electric blast dryer with a temperature accuracy of
±1 ◦C. The variation pattern of surface conductivity characteristics of composite materials
with temperature were tested. To ensure the accuracy of the test, placement in the dryer
before the test short-circuited 24 h of processing. The specimen was connected to the circuit,
pressure was applied to the specimen for one minute, then the picoammeter was opened
for testing and obtaining the current value. The value of applied voltage was 0.04~10 kV.
Figure 2 shows a schematic diagram of the surface conductivity test system.
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The current obtained by the pressurized 1 min reading method was chosen as the
surface conductivity current. The currents tested at different voltages were recorded to
calculate the surface conductivity of the composites according to Equation (1).

σ =
J
E
=

J
l

d
U

=
I
U

d
πD

, (1)

In the formula, D is the diameter of the specimen; d is the distance between the electrodes.
The relationship between current and voltage measured in the test has the empirical

Formula (2).
I = K1Uα, (2)

In the formula, I and U are the current and voltage values during the test, respectively.
Taking J = I/l, σ = J/E, and E = U/d into the above equation, we can obtain Equation (3).

σEl = K1Eαdα, (3)

Defining the constants in Equation (3) as coefficients K, organization leads to Equation (4).

σ = KEα−1, (4)

In order to study the nonlinear surface conductivity properties of composite materials,
the nonlinear coefficient is defined as β, where β = α − 1 and the logarithm are obtained for
both sides of Equation (5) simultaneously.

lgσ = lgK + βlgE, (5)

E is the electric field strength, K is a constant, and β is a nonlinear coefficient.

2.3.2. Cross-Sectional Characterization

The results of the characterization of composite sections using a SU8020 (Hitachi
Limited, Tokyo, Japan) scanning electron microscopy (SEM) revealed the degree of dis-
persion of inorganic micro-fillers and nanostructured fillers in the epoxy resin matrix and
the degree of exfoliation of the organically modified montmorillonite. To ensure a neat
and clean section, the specimens were made brittle and broken after cooling with liquid
nitrogen and then ultrasonically shaken in anhydrous ethanol for 30 min. The cross-section
was then sprayed with gold before observation.

3. Results and Discussion

The factors influencing the conductivity of the composites need to be analyzed in
terms of carrier concentration and mobility. Conductive carriers can be classified by type
into ionic and electronic conductivity. The weak electric field is mainly ionic conductivity.
The strong electric field is primarily electron conductivity. In the forbidden bandwidth of
the smaller media and thin layer, the media are more prominent. The conductive process
of semiconductor materials, as shown in Figure 3, can be summarized. The electrons or
holes move freely in the conduction band of the grain region to reach the grain surface.
Tunneling effect and thermal excitation result in them jumping through the grain boundary
region to another grain surface. Then they move in the conduction band of that grain. The
arrow in Figure 3 indicates the carrier leap paths. The migration of ion carriers within
the resin matrix is considered a result of ion thermal vibrations. The ions vibrate at the
equilibrium position with the lowest possible point, and adjacent resin molecules make a
critical potential for ion migration. The ions vibrate at the equilibrium position with the
lowest potential energy, and neighboring resin molecules create a critical potential for ion
migration. When the ion’s thermal vibrational energy exceeds the binding potential of the
resin molecule to it, the ion leaves the equilibrium position to produce charge migration.
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The carriers of polymers in weak fields are dominated by the intrinsic ionic conductiv-
ity with weakly bound ionic conductivity [23]. Intrinsic ionic conductivity is when ions
on a dielectric crystal are heated to leave the dot matrix and become carriers to participate
in the conductivity. Since the dissociation of intrinsic ions requires a particular tempera-
ture environment, the ionic conductivity characteristics have a more obvious correlation
with temperature. Under low-temperature conditions, the conductance in the specimen
is mainly dominated by the impurity of ionic conductance. The intrinsic ionic conduc-
tance is the main component of the material carriers when the temperature is increased
to the point where the ligand covalent bonds connecting the polar groups of the epoxy
resin macromolecular chains dissociate. At high temperatures, the carriers with irregular
thermal motion gain higher energy. Under the action of the external electric field, more
carriers can cross the potential barrier in the interfacial region more efficiently and break
away from the deep trap within the epoxy resin to reach the nearby silicon carbide particles,
increasing the electrical conductivity of the composite. Silicon carbide particles are a typical
semiconductor material, and the intrinsic carrier concentration in SiC grains conforms to
the relationship shown in Equation (6).

ni = (NcNv)
1/2 exp(−

Eg

2kT
), (6)

In the equation, ni is the intrinsic carrier concentration; Nc is the effective density
of states in the SiC conduction band; Nv is the effective density of states in the valence
band; Eg is the forbidden bandwidth; k is the Boltzmann constant at absolute zero; and T is
the temperature. When the temperature increases, the intrinsic carrier concentration rises
exponentially. At high temperatures, more SiC carriers can further increase the conductivity,
which also becomes apparent with increasing temperature [24].

3.1. Morphology of Micro-Nano Structured Composites

The cross-sectional microscopic morphology of the different composite specimens is
shown in Figure 4. SEM cross-sections of the epoxy composite without doped nanoparticles
at the scale of 100 µm and local magnification at 5 µm are shown in Figure 4a. It is obvious
in the figure that micron silicon carbide particles are uniformly dispersed in the epoxy
resin. A small fraction of micrometer silicon carbide particles is nearly tightly connected in
the matrix. Most of the particles are interspersed with epoxy resin and are not in contact
with each other. The smooth and flat matrix between the particles and the absence of
noticeable other particles can be seen in the partial magnification. Figure 4 shows SEM
images of the micro-nano composites after adding 1 wt% SiC nanoparticles (Figure 4b)
and 1 wt% O-MMT (Figure 4c), respectively. It can be seen that the nanostructured SiC
is uniformly dispersed in the matrix without apparent aggregation. The matrix is shown
in Figure 4c contains only micron SiC and O-MMT. Therefore, the small flaky particles in
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SEM images at the 5 µm scale are O-MMT. It can be more clearly seen that the lamellar
O-MMT exfoliates better. O-MMT is uniformly distributed in the epoxy resin in lamellar
form without apparent aggregation. The incorporation of nanostructured SiC and the
incorporation of O-MMT resulted in the filling of nanoparticles between micron silicon
carbide particles. Therefore, the analysis shows that the addition of nanofillers affects the
properties of epoxy composites.
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3.2. Effect of Packing Type on Surface Conductivity Characteristics

In this paper, we obtained the nonlinear surface conductivity characteristics of different
micro-nano composites by testing the surface conductivity currents of two micro-nano
composite specimens with both nanostructured SiC and O-MMT doping contents of 1 wt%.
The variation of the conductivity of the composite material with the field strength is shown
in Figure 5a. Compared with the epoxy composites, the electrical conductivity of the
micro-nano composites was significantly increased after doping with nanofillers. The
threshold field strength of the micro-nano composites did not change considerably after
doping with nanofillers. The most significant increase in conductivity was observed for
the specimens doped with SiC nanoparticles. The conductivity of the 1 wt% SiC specimen
at a field strength of 0.1 kV/mm reached 1.39 × 10−9 S, an improvement of two orders of
magnitude compared to the DECJ specimen. The conductivity of the 1 wt% MMT specimen
was smaller than that of the 1 wt% SiC specimen but larger than that of the DECJ specimen.
It shows that the doping of nanofillers results in a significant improvement in the electrical
conductivity properties of the composites.
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The change of nonlinear coefficients before and after the threshold field strength is
shown in Figure 5b. The dependence of the conductivity on the electric field strength
is weak before the threshold field strength. The dependence of the conductivity on the
externally applied field strength becomes larger after the threshold field strength. It shows
a small nonlinear coefficient before the threshold field strength and a large nonlinear
coefficient after the threshold field strength. Comparing the doping of two different
nanoparticle composites revealed that the nonlinearity coefficient of the 1 wt% SiC specimen
was higher than that of the 1 wt% MMT specimen and the DECJ specimen at the same
doping concentration, and it was increased by 36.25% relative to the DECJ specimen. It is
illustrated that the nonlinear properties of the micro-nano composites formed after doping
with nanostructured SiC fillers are superior to those of the single-doped micron composites.

The influence of inorganic fillers on the nonlinear surface conductivity properties of
micro- and nanocomposites was analyzed for the following reasons.

First, incorporating micron silicon carbide particles gives the epoxy micron composite
its nonlinear electrical conductivity properties. The epoxy resin composites contain multiple
grain boundary regions inside the micron silicon carbide particles. The externally applied
electric field causes the carriers to concentrate on some of the grains on one side of the
silicon carbide particles, resulting in a significant value of the field distortion there. The
carriers are shot into the polymer matrix. Due to impurities in silicon carbide crystals,
intermediate energy levels are introduced in the forbidden band, and the impurity energy
levels are close to the conduction band, contributing electrons to the conduction band to act
as a conductor [25]. As the externally applied electric field increases, the grain boundary
potential tilt intensifies, and the carrier mobility becomes more extensive, leading to a
gradual increase in the material conductivity. After reaching a particular field strength,
the silicon carbide grain boundary potential barrier disappears. The high conductivity
of silicon carbide makes the carriers concentrate rapidly on one side of the particles, and
the field distortion is more serious. The pages jump across the polymer matrix, which
makes the conductivity of the composite specimen larger rapidly with the increase of the
field strength.

Secondly, the doping of nanostructured SiC can optimize the nonlinear electrical
conductivity properties of the micro-nano composites. The doping of micron fillers can
improve the electrical conductivity as well as the nonlinear coefficient of epoxy composites.
However, the doping of a large number of micron particles will precipitate during the curing
process of epoxy resin composites and therefore affect the performance of the composites.
Nanoparticles doped with appropriate concentrations can reduce the doping content of
micron silicon carbide while increasing the electrical conductivity of the composite. A
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SiC nanoparticle does not mean that it is a complete crystal with a grain–grain boundary
structure. There is a particular concentration of free electrons inside the grain, and the
conductivity is much larger than that of the grain boundary layer. The special structure
of the grain–grain boundary layer is the root cause of the semiconducting properties
of semiconducting nanomaterials. The free electrons are trapped by traps in the grain
boundary region and form an electron depletion layer on the grain surface. Under the
action of the externally applied electric field, the grain boundary potential barrier is tilted,
and the electrons migrate directionally with a certain probability in thermal motion to
form carriers. The addition of nanostructured SiC, as shown in Figure 3, corresponds to an
increase in the effective contact area between the micron SiC particles, which reduces the
potential barrier for electron jumping and thus increases the carrier mobility, resulting in
macroscopically increasing the conductivity and nonlinear coefficients.

Finally, the doping of SiC nanoparticles enhanced the nonlinear conductivity prop-
erties of the composites more than the doping of O-MMT. The doping of O-MMT can
introduce many impurity ions into the composite, which can be activated at low tempera-
ture and participate in the conductivity and increase the carrier concentration. As shown in
Figure 3, the reaction heat released by the organically modified montmorillonite during
the curing reaction of the epoxy resin has damaged the interlayer force of the montmo-
rillonite to some extent and changed the lamellar structure. The epoxy resin molecular
chain segments are inserted into the montmorillonite lamellae to peel them off and form
a large number of interfaces. The orderly distribution of epoxy resin molecules in the
interface area can homogenize the molecular spacing within the composite. The carrier
mobility can be improved by converging the binding barriers that need to be overcome for
carrier migration. However, the effect of increasing the carrier mobility by homogenizing
the molecular spacing within the composite is lower than that of increasing the carrier
mobility by increasing the conductive pathways. Therefore, the electrical conductivity
and nonlinear coefficients of the micro-nano composites doped with organically modified
montmorillonite were higher than before the incorporation. However, it is lower than the
micro-nano composite after doping with nanostructured SiC.

3.3. Effect of Nanoparticle Content on Electrical Surface Conductivity Characteristics

The variation patterns of surface conductivity and nonlinearity of micro-nano com-
posites doped with different contents of nanostructured SiC are shown in Figure 6. From
Figure 6a, it can see that the conductivity of micro-nanocomposites shows a trend of in-
creasing and then decreasing with the increase of nanostructured SiC content after the
threshold field strength. The highest conductivity was achieved at a nanostructured SiC
content of 1 wt%, reaching 1.39 × 10−9 S at a field strength of 0.12 kV/mm. The threshold
field strength is shifted back in the doping concentration at 0.5 wt%, and the threshold field
strength is the same at 3 wt% and 4 wt% doping concentration. Figure 6b shows that the
nonlinear coefficients of the micro-nano composites after the threshold field strength change
significantly compared to the nonlinearity before the threshold field strength. The nonlinear
coefficient gradually becomes more significant at 3 wt% and 4 wt% of SiC nanoparticles,
and the nonlinear coefficient is the largest at 4 wt%, which is 1.781.

The effect pattern of doping different contents of O-MMT on the electrical conductivity
and nonlinearity of the micro-nano composites is shown in Figure 7. Figure 7a shows the
variation curves of conductivity of micro-nano composites with O-MMT doping concen-
tration for doped O-MMT content of 0.5, 1, 3, and 4 wt%. It can be seen that the trend of
the conductivity of the micro-nano composites also increases and then decreases, with the
highest conductivity reaching 4.23 × 10−10 S at 1 wt% of O-MMT content. The threshold
field strength is slightly changed with increasing doping concentration. Figure 7b shows
the nonlinear coefficients of the O-MMT doped micro-nano composites before and after the
threshold field strength. The nonlinear coefficients with doped nanostructured SiC micro-
nano composites were found to offer a similar pattern. However, the nonlinear coefficients
at contents of 1, 3, and 4 wt% were smaller than those of the SiC doped nano specimens.
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The analysis concluded that the content of inorganic fillers has both promoting and
inhibiting effects on the nonlinear electrical conductivity properties of the micro-nano
composites. The impact of nanostructured SiC and O-MMT on the conductivity of the
composites show similar patterns. Still, products on nonlinearity are different and need to
be analyzed on a case-by-case basis.

For one, the carrier concentration as well as the mobility inside the micro-nano com-
posite changes as the nanostructured SiC concentration continues to increase. Therefore,
it will affect the nonlinear conductivity characteristics of the composite. The analysis
concluded that the doped silicon carbide nanoparticles have considerable surface energy.
When the nanoparticle surface is in contact with the epoxy resin matrix, the epoxy resin
molecular chains in connection with the nanosurface are restricted to uniformly aligned. As
a result, the atomic spacing decreases, reducing the original barrier width and height. In the
presence of an applied electric field, the electrons in the higher energy state penetrate the
potential barrier and move to another atom. The addition of silicon carbide nanoparticles
increases the effective contact area between the micron carbide particles and allows for
more carrier transport paths. When the nanoparticle concentration increases, some of the
nanoparticles have smaller spacing, the formed interfacial states appear to overlap, and
the carrier flow path rises further. When the decrease in the simplicity of energy levels
between atoms is significant, the high-energy electrons can move freely in the periodic
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potential field formed in the interface. Therefore, the carrier concentration and conductivity
in the local region are increased. Due to the large specific surface energy of nanoparticles,
the charge attraction at the particle interface is strong. Therefore, the nanoparticles have a
deep trap energy level distribution. As the nanofiller content increases, more charges are
attracted, the concentration of carriers decreases, and the electrical conductivity decreases.
The interface of nanoparticles can have an impact on the nonlinear properties of micro-nano
composites. The trapping of electrons around nanoparticles results in the accumulation of
space charge if nanoparticles appear around micrometer silicon carbide, which may raise
the migration potential of electrons or impurity ions. However, the nanoparticle content
decreases the carrier concentration after more than 1 wt%. Nonetheless, after reaching
the threshold field strength, with the further increase of field strength, a large number
of trapped electrons will gradually break away from the trap to become carriers into the
epoxy resin medium to participate in the conductivity. This increases the amount of carrier
concentration change, which increases the nonlinear slope after the threshold field strength.

Secondly, the conductivity characteristics of doped organically modified montmoril-
lonite composites are influenced by traps in the montmorillonite interface region. This
is because the higher the O-MMT content, the more montmorillonite lamellae need to be
stripped in the curing reaction. At the same time, the number of resin molecules between
the silicon carbide particles is certain, resulting in incomplete stripping of montmorillonite,
more loosening of the connection with the substrate, and more significant trap density in
the interface region. At higher field strengths, the carriers trapped by the traps gain enough
energy to be strapped, so the conductivity increases with the increase of O-MMT content.
The trap in the composite increases dramatically when the O-MMT content exceeds 1 wt%,
causing an increase in the amount of trapped charge. Thus, the carrier concentration
decreases, causing the conductivity to start falling. After the conductivity reaches the
threshold field strength when the O-MMT content is 4 wt%, due to the high content of
trapped charges, a slight increase in the electric field can cause many leaders in the web
to leave the trap to form carriers to participate in the conductivity. At this point, the web
can no longer capture new pages, which leads to a large conductivity. Therefore, the
nonlinear coefficient after the threshold field strength gradually becomes larger as the trap
density increases.

3.4. Effect of Temperature on Nonlinear Surface Conductivity Properties of Micro-Nano Composites

In the experiments, 1 wt% SiC specimens and 1 wt% MMT specimens were tested at 20,
60, 100 and 140 ◦C environments using the controlled variable method with a DC surface
conductivity test system. After each temperature rise, the specimen was put into the dryer
for 30 min to ensure that the sample was heated evenly to reach the test temperature. The
effect of temperature on the nonlinear surface conductivity characteristics of the doped
nanostructured SiC micro-nano composites is shown in Figure 8. The result of temperature
on the nonlinear surface conductivity characteristics of the doped O-MMT micro-nano
composites is shown in Figure 9.

By studying the conductivity characteristics of the composites at higher temperatures,
the conductivity versus field strength curves of the composites at variable temperatures
and fields were analyzed. As seen in Figures 8 and 9, the increase in temperature causes
the conductivity to become larger, and the conductivity is more sensitive to temperature
in low fields. The increasing trend of conductivity is more extensive than that in high
areas. The threshold field strength moves in the direction of the high field when a specific
temperature is reached, and when the temperature exceeds 100 ◦C, the threshold field
strength no longer moves forward. Figure 8a yields a gradual decrease in the post-threshold
field strength slope of the composite specimens doped with nanostructured SiC as the
temperature increases. Figure 9a delivers little change in pitch after threshold field strength
for the O-MMT doped composite models. Figure 8b shows that the nonlinear coefficients
of the composite models doped with nanostructured SiC show a gradual decrease with
increasing temperature. The nonlinearity coefficient gradually decreases from 1.216 to



Energies 2022, 15, 5374 12 of 15

1.071 between 20 ◦C and 140 ◦C. Figure 9b shows that the nonlinear coefficients of the
O-MMT doped composite specimens do not vary much, all fluctuating above and below
1.487 ± 0.028.
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Micron silicon carbide is uniformly dispersed in epoxy resin composites. However,
irregularly shaped micron silicon carbide particles can lead to many intervals between the
particles, which are filled by the epoxy matrix. The increase in nanoparticles introduces
many impurity ions and increases the carrier concentration. Nanoparticles also fill these
intervals, making a portion of nanoparticles present in the gaps. As the temperature
increases, more and more ions gain energy to break through the potential barrier to form
carriers. This results in an increase in carrier concentration and an increase in electrical
conductivity [26]. In summary, the conductivity of the micro-nano composites doped with
SiC nanoparticles and O-MMT increases continuously at both low and high fields as the
temperature increases. However, the nonlinear coefficients of the composites doped with
nanostructured SiC showed a trend of gradual decrease. The nonlinear coefficients of the
composite specimens doped with O-MMT do not vary much. The difference is mainly due
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to the different effects of the two inorganic fillers on the carrier concentration and carrier
mobility in the composites. The specific analysis is as follows.

First, the narrow width of the forbidden band of silicon carbide crystals causes the
electrons in the valence band to be easily excited from the valence band to cross the for-
bidden band and form carriers in the conduction band. These carriers are called intrinsic
carriers and can migrate under the action of electric fields to form currents. Usually, it is
only possible to exhibit the excitation properties of intrinsic electrons in the case of highly
pure crystals. The semiconductor filler used in nonlinear composites undergoes multiple
processes during factory processing, which can cause the semiconductor filler to contain
many impurities, and there are bound to be defects in the crystal. In this case, impurities
and weaknesses in the fill can also provide carriers into the material through the ionization
process. When the material is in the low-temperature region, the dissociation process of
impurities and defections in the crystal offers many carriers. The intrinsic carriers increase
rapidly as the temperature gradually increases. It can be seen that intrinsic carriers and
carriers generated by impurities and defects jointly participate in the process of internal
conductivity of the material. The increase in temperature will inevitably cause the com-
posite volume to expand, resulting in the micron silicon carbide particles not being linked
closely enough to each other. The energy required for carrier jumping becomes large at high
fields, and the conducting pathway does not form well. However, incorporating silicon
carbide nanoparticles increases the carriers to promote the construction of conducting paths.
Nonetheless, in a high-temperature environment, the volume expansion of the composite
material makes the energy required to form carriers from the ion leap potential more
significant, which inhibits the conductive pathway to a greater extent than the addition of
nanoparticles facilitates the construction of the conductive path. This also leads to a shift
in the threshold field strength of the nanostructured SiC composites toward higher fields
as the temperature increases. The concentration of carriers increases after the threshold
field strength, the efficiency decreases, and the nonlinear coefficient becomes smaller. The
threshold field strength does not continue to move forward when the promotion and
suppression effects reach essentially the same level.

Secondly, the doping of O-MMT is equivalent to the introduction of weakly bound
ions. The low- and high-temperature sections can dissociate to produce carriers, so the ionic
conductivity barrier decreases and the conductivity becomes large. For composite materials,
the number of pages generated by weakly bound ions introduced by montmorillonite is
much smaller than that caused by the dissociation of silicon carbide impurity ions. The
pages generated by the dissociation of weakly bound ions do not provide much of a boost
to the conductivity, instead trapping the pages and reducing the carrier mobility. The
pages trapped by the trap under the action of the external thermal field gain energy and
vibration intensification can be strapped. Still, volume expansion of the composite caused
by high temperature increases the energy required for the ion conductivity to overcome the
possible barrier migration. Therefore, the ionic conductivity must overcome not only the
potential barriers of weakly bound and intrinsic ion dissociation but also the high potential
barriers caused by traps. This causes the threshold electric field intensity of the O-MMT
doped composites to shift in the direction of the high electric field at high temperatures.
When steady-state is reached, even if the temperature increases, the threshold electric field
intensity no longer shifts forward, and the nonlinear coefficient does not change much.

4. Conclusions

In this paper, we use epoxy resin composites as a matrix, nanostructured SiC, and
organically modified MMT with nano-sheet structure as nanofillers. Micro-nano composite
specimens were prepared. The microscopic morphology of the composites was character-
ized using scanning electron microscopy. By studying the effects of filler type, content,
and temperature on the surface conductivity properties of the composites, we came to the
following conclusions.



Energies 2022, 15, 5374 14 of 15

1. After doping with nanofillers, the surface conductivity of the micro-nano composites
was significantly higher than that of the micron composites before doping. The
surface conductivity and nonlinear coefficients of SiC-doped micro-nano composites
were more excellent than those of micro-nano composites doped with a nano-sheet
structure O-MMT. The nonlinear coefficient was improved by 36.25% in the epoxy
composites by doping SiC nanoparticles with a content of 1 wt%.

2. The surface conductivity of the micro-nanocomposites showed a trend of increasing
and then decreasing with the increase of nanostructured SiC and O-MMT contents
after the threshold field strength. The highest surface conductivity of the micro-
nanocomposites was observed at 1 wt% of both nanostructured SiC and O-MMT
content, and the threshold electric field intensity shifted backward relative to the dop-
ing concentration at 0.5 wt%. The threshold field strengths are the same for doping
concentrations of 3 wt% and 4 wt%. The surface conductivity of the O-MMT doped
micro-nanocomposites was highest at 1 wt% of O-MMT content, and the threshold
field strength was essentially constant with increasing doping concentration. The non-
linear coefficients of the two micro-nano composites show a similar pattern, and the
nonlinear coefficients after the threshold field strength vary significantly concerning
the nonlinearity before the threshold field strength. The nonlinear coefficient reaches
1.781 at a doped nanostructured SiC content of 4 wt%.

3. The surface conductivity of the micro-nanocomposites doped with nanostructured
SiC and O-MMT increased continuously with increasing temperature at both low
and high fields. However, the nonlinear coefficients of the composites doped with
nanostructured SiC showed a trend of gradual decrease. The nonlinearity coefficient
gradually decreases from 1.216 to 1.071 between 20 ◦C and 140 ◦C. The nonlinear
coefficients of the O-MMT doped composite specimens varied less significantly, all
fluctuating above and below 1.487 ± 0.028.
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