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Space charge suppression is advantageous to the development of polymeric insulation and
electrical equipment, and can be achieved by introducing deep traps into the polymeric insulation
or by improving the conduction. In this study, we investigated the relationship between the space
charge distribution and the nonlinear conduction. Five types of epoxy-resin-based nanocomposites
were prepared by the introduction of SiC and Al,Oz nanoparticles. The pulsed electroacoustic
(PEA) and DC conduction measurements were used to measure the space charge distribution
and DC conductivity, respectively. The space charge distributions of pure epoxy, epoxy/Al,O3
nanocomposites, and 1 wt% epoxy/SiC nanocomposite reveal that homocharges are injected
from the cathode, whereas that of 10 wt% epoxy/SiC nanocomposite scarcely reveals space
charges. The DC current densities of these nanocomposites are different from each other and
are attributed to the effect of the interaction zone around nanoparticles. Moreover, the 10 wt%
epoxy/SiC nanocomposite shows the strongest nonlinear conduction property, whereas the epoxy/
Al,O3 nanocomposites hardly show it. The discrepancy in the space charge distribution of pure
epoxy and epoxy nanocomposites is discussed on the basis of the variations in conduction and
nonlinearity exponent. The analysis indicates that the nonlinearity exponent plays an important
role in the space charge distribution.

1. Introduction

Space charge accumulation in polymeric insulation can distort the electric field distribution
to overstress the surrounding insulation, accelerating the degradation and aging of the polymeric
insulation."” The space charge accumulation poses a potential threat to the integrity of the
polymeric insulation under electric stress. Therefore, the space charge mechanism and suppression
have attracted significant attention.

Since nanocomposites were proposed by Lewis in 1994, they have been proven to improve the
electrical properties of insulation materials, especially the space charge suppression. The space
charge formation in the low-density polyethylene (LDPE)/MgO nanocomposite was effectively
suppressed compared with that in pure LDPE. The deep traps introduced by the nanoparticles in
the polymeric insulation contribute to the space charge suppression.”) In comparison, the space
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charge accumulation can also be inhibited by the high electrical conduction, for example, the
combination of micro-and nano-fillers in epoxy composites increases the conduction current and
leads to a smaller amount of space charge than that of pure epoxy resin.”)

The prolonged increase in conduction current may suppress the space charge accumulation, but
sacrifices the electrical insulating properties of the polymeric insulation. One of the solutions to
this contradiction is to introduce a nonlinear characteristic into the conduction of the polymeric
insulation, namely, slightly increasing the conductivity at a high electric field to dissipate the space
charge accumulation and presenting a very low conductivity at a low electric field. Such materials
are called nonlinear resistive field grading composites, which can be achieved by introducing the
appropriate amount of semiconducting fillers, such as silicon carbide (SiC) and zinc oxide (ZnO),
into the polymeric matrix, such as LDPE, rubber, and epoxy resin.®> The nonlinear conductivity
in ZnO-filled polyester dissipates the space charge accumulation and inhibits the growth of the
electrical tree, resulting in extended lifetimes.”)

Many investigations are focused on the conductivity mechanism of nonlinear resistive field
grading composites, but very little work on the process of space charge suppression has been
performed. Epoxy resin as a typical insulating material is widely used in high-voltage electrical
power applications and was selected as the polymeric matrix in this study. The nanoparticles of
SiC as a typical semiconductor and Al,O3 as a good insulator were selected as the nanofillers.
Pure epoxy and 1 and 10 wt% epoxy nanocomposites were investigated using space charge and
DC conduction measurements. The results were compared with those obtained from the unfilled
epoxy resin.

2. Sample Preparation and Experiment Details

The pure epoxy resin was prepared from a mixture of the bisphenol-A epoxy resin E-51, the
hardener MeTHPA, and the accelerator DMP-30. This was used as the base polymer material. The
nanofillers used in this study are commercially available SiC and Al,O3 nanofillers. The average
particle size of the SiC nanoparticles is 40 nm, whereas that of the Al,O3 nanoparticles is 20 nm.
The nanoparticle surface was treated by using a silane coupling agent (KH550) for preparing the
epoxy nanocomposites. The filler loadings of epoxy nanocomposites were 1 and 10 wt%.

The preparation of epoxy nanocomposites followed the standard steps, namely, mixing,
degassing, and casting. The nanofiller was dispersed into the epoxy resin matrix at 50 °C and
premixed for 20 min before other components of the mixture were added. Vacuum degassing was
carried out for 20 min. The nanocomposites were cured at 80 °C for 4 h, and then post cured at
120 °C for 8 h. The samples have a thickness of about 0.23 mm.

The space charge distribution was measured by the pulsed electroacoustic (PEA) method under
30 kV/mm at room temperature for 30 min. The PEA measurement setup shown in Fig. 1 was
made by Shang Hai Xiangtie Electromechanical Device Co., Ltd., China. The samples used for
PEA measurement were evaporated with an Al electrode on both sides with a diameter of 25 mm.

DC conduction was measured by a DC conduction measurement system as shown in Fig. 2 at
30 °C in a drying oven. The samples were placed in a three-electrode system and the measuring
electrode was 30 mm in diameter. The steady-state current was measured at 30 min after applying
a DC electric field and recorded for each electric field. The DC conductivity was then obtained
according to the steady-state current and applied electric field.
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Fig. 1. (Color online) Schematic of PEA measurement setup.
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3. Results
3.1 Space charge distribution

Figure 3 shows the space charge distributions of pure epoxy and epoxy nanocomposites under
10 and 30 kV/mm after poling for 30 min. Under 10 kV/mm, all samples reveal almost no space
charges, which indicates that space charges are difficult to be formed in the bulk regardless of the
filler type and filler content under a low applied electric field.

However, space charges can be observed under 30 kV/mm, as shown in Figs. 3(a)-3(d). These
results reveal that the formulation of space charges in the sample may occur under a high applied
electric field. For the pure epoxy, a small number of negative homocharges are injected from the
cathode under 30 kV/mm, as shown in Fig. 3(a). Similar space charge distribution can be found in
Figs. 3(c) and 3(d). The difference in space charge distribution is due to the fact that the number of
injected homocharges of the mentioned epoxy nanocomposites, namely, 1 wt% epoxy/SiC and 10
wt% epoxy/Al,O3 nanocomposites, is much greater than that of pure epoxy. In addition, a small
number of heterocharges originating from the ionization of impurities or ionized charge transport
also accumulate in the bulk, as shown in Figs. 3(b)-3(d).

In comparison, for the 10 wt% epoxy/SiC nanocomposite, neither homocharges nor
heterocharges can be clearly observed under 30 kV/mm, as shown in Fig. 3(e). Moreover, the
electric field distributions under 30 kV/mm after poling for 30 min shown in Fig. 4 indicate that the
electric field distribution of the 10 wt% epoxy/SiC nanocomposite can be nearly approximated by
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Fig. 3. (Color online) Space charge distributions of pure epoxy and epoxy nanocomposites under 10 and 30
kV/mm after poling for 30 min. (a) Pure epoxy, (b) 1 wt% Al,O3 nanocomposite, (¢) 1 wt% SiC nanocomposite, (d)
10 wt% Al,O3 nanocomposite, and (e) 10 wt% SiC nanocomposite.

an ideal distribution, whereas those of the other samples are distorted at different levels due to the
presence of space charges. These results indicate that the 10 wt% epoxy/SiC nanocomposite has a
positive effect on the space charge suppression.

To further analyze the variation in space charge in the bulk of pure epoxy and epoxy
nanocomposites, the total number of charges, O, in the samples is usually used and denoted as®

L
Q=f0 o ()]- S - dx, M
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Fig. 4. (Color online) Electric field distributions of pure epoxy and epoxy nanocomposites under 30 kV/mm after
poling for 30 min.

where p(x) is the space charge profile at the end of the polarization period and S is the area of the
electrodes used in the PEA measurement.

To eliminate the effect of the sample thickness, the obtained total number of charges is
normalized as Q' = Q x 230/L. Figure 5 demonstrates the normalized total number of charges
for epoxy samples. The results show that the total number of charges is lower for the epoxy/SiC
nanocomposites than for the epoxy/Al,Oz nanocomposites, and the minimum total number of
charges appears in the 10 wt% epoxy/SiC nanocomposite among the samples. In addition, the total
number of charges in the high filler loading decreases compared with that in the low filler loading
regardless of nanofiller type.

3.2 DC conduction

The relationship between current density and applied electric field for pure epoxy and epoxy
nanocomposites is shown in Fig. 6. It can be clearly seen that the current density of the 1 wt%
Al Os/epoxy nanocomposite is lower than that of the pure epoxy. By contrast, the current densities
of the other epoxy nanocomposites are higher than that of the pure epoxy. The current density is
closely related to the carrier concentration and mobility, which are dependent on the interaction
zone around nanoparticles, so the current density can be affected by the interaction zone.

According to the multiregion structure model, the interaction zone is composed of a bonded
region and a transition region.”’ For low filler loading, the nanoparticles can be regarded as
isolated particles owing to the sufficiently large distance between neighboring nanoparticles,
and the density of mobile carriers is reduced by the effect of the interaction zone, leading to the
reduction in current density, as shown for the 1 wt% Al,Os/epoxy nanocomposite. In comparison,
the semiconduction character of SiC nanoparticles may lead to a low carrier density, and thus the
current density of the 1 wt% SiC/epoxy nanocomposite is higher than of the pure epoxy. With
increasing filler loading, the distance between neighboring nanoparticles becomes shorter and the
transition region may overlap, and the carriers can get rid of the restraint from the interaction zone,
increasing the mobility and density of mobile carriers. In this way, the current density would
present an increasing trend, as shown for the 10 wt% Al,Os/epoxy nanocomposite.

Generally, the relationship between the DC conductivity and the applied electric field can be
expressed as (19
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where y is the conductivity, a is the nonlinearity exponent, £ is the applied electric field, £y is the
switching electric field, and yq is the switching conductivity.

The nonlinearity exponents of pure epoxy and epoxy nanocomposites shown in Table 1 are
obtained by combining Eq. (2) with Fig. 6. Table 1 shows that the epoxy/SiC nanocomposites
present a strong nonlinear conduction character, whereas both the pure epoxy and the epoxy/
Al,O3 nanocomposites present a weak nonlinear conduction character. Moreover, the nonlinear
property of the 10 wt% epoxy/SiC nanocomposite is stronger than that of the 1 wt% epoxy/SiC
nanocomposite. Thus, the nonlinear conduction of epoxy nanocomposites is considerably affected
by the filler type as well as the filler loading. In comparison with the SiC particles as a typical
semiconductor, the Al,Os particles as a good insulator cannot provide a much higher carrier density. As
a consequence, it is difficult for the epoxy/Al,O3 nanocomposites to present a stronger nonlinear
property. For the epoxy/SiC nanocomposites, when the filler loading is low, most of the carriers
provided by SiC particles are restrained by the interaction zone, and the nonlinear exponent is
not very high. With filler loading, the number of mobile carriers that can transport through the
interaction zone increases, and then the nonlinear exponent also increases.

4. Discussion

It is usually considered that the space charge suppression can be attributed to the introduction
of deep trapping states, which can largely capture the mobile carriers and reduce their mobility.!V
Figure 7 shows the relationship between the total charge and the measured maximum current
density of epoxy/Al,03 and epoxy/SiC nanocomposites. For epoxy nanocomposites filled with the
same filler, the total charge decreases with increasing current density. It is indicated that the space
charge accumulation is suppressed by the improvement in electrical conduction rather than the
capture of injected charges by deep trapping states.

An interesting phenomenon that the total charge nearly decreases with increasing nonlinearity
exponent can be found among all the samples except the 1 wt% epoxy/Al,O3 nanocomposite.
Figure 8 shows the relationship between the total charge and the nonlinearity exponent of the pure
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Table 1
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Nonlinearity exponents of pure epoxy and epoxy nanocomposites.

Materials Pure epoxy 1 wt% AlL,O3 1 wt% SiC 10 wt% AL,O3 10 wt% SiC
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Fig. 8. (Color online) Relationship between total
charge and nonlinearity exponent of pure epoxy and
€poXy nanocomposites.

epoxy and epoxy nanocomposites. The charges injected from the electrodes or generated by the
ionization of impurities are usually captured by traps in the polymeric insulation when they move
towards the opposite electrode under the applied electric field. The trapped charges would lead to
the increase in local electric field. Equation (2) suggests that a large nonlinearity exponent gives
rise to a high conductivity under the same electric field and the charges trapped in the trap center
can easily move out, such as in the case of the 10 wt% epoxy/SiC nanocomposite. By contrast,
when the nonlinearity exponent is very small and even close to 0, such as in the case of the 10 wt%
epoxy/Al,O3 nanocomposite, the conductivity can hardly increase with the electric field and the
trapped charges would stay in the trap center for a long time.

The nonlinear relationship between the current density and the applied electric field can be
caused by the field-dependent hopping and is described as

. AgE
J=A-sinh (—) 3
SN\ 2% ©

where J is the current density, 4 is the hopping distance, ¢ is the elementary charge, k is
Boltzmann’s constant, and 7 is the Kelvin temperature. Accordingly, the hopping distance as given
in Table 2 is obtained on the basis of Eq. (3) with Fig. 6. The experimental data fit well with the
hopping conduction mechanism owing to the large R-square. The hopping distances seem to be of
the same order of magnitude as the available hopping distances in a report.(!?)

It can be learned from Fig. 9 that the nonlinearity exponent increases, whereas the total charge
almost decreases among all the samples except the 1 wt% epoxy/Al,Oz nanocomposite when the
trap state density, which is equal to A, decreases. Thus, it is considered that a decrease in trap
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Table 2
Hopping distances of pure epoxy and epoxy nanocomposites.

Materials Pure epoxy 1 wt% Al,O3 1 wt% SiC 10 wt% Al,O3 10 wt% SiC

A (nm) 79 5.6 4.8 2.6 12.8
R-square 0.99 0.98 4.8 0.99 0.99
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Fig. 9. (Color online) Relationships between trap state density and total charge as well as nonlinearity exponent
for pure epoxy and epoxy nanocomposites.

state density leads to an increase in carrier density and/or mobility; then, the nonlinearity exponent
increases and the space charge accumulation decreases.

5. Conclusions

Pure epoxy, epoxy/Al,03, and epoxy/SiC nanocomposites were prepared. The space charge
distribution and DC conduction were investigated by using a PEA measurement setup and a
DC conduction measurement system. The PEA measurement results showed that the epoxy/
Al,O3 nanocomposite tends to exhibit space charge accumulation, whereas the epoxy/SiC
nanocomposite is helpful in space charge suppression. The DC conduction results showed that
the nonlinear conduction of epoxy nanocomposites is considerably affected by the nanofiller type
along with filler loading, and that the 10 wt% epoxy/SiC nanocomposite presents the strongest
nonlinear conduction character among all the samples. The space charge suppression of epoxy
nanocomposites may contribute to the reduction in trap state density and the resulting large
nonlinearity exponent. This investigation provides for space charge suppression and nonlinear
grading materials at room temperature. In the future, the dependence of the space charge and
nonlinear conduction on electric field and temperature will be worth studying.
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