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ABSTRACT

The feasibility of a permittivity-graded epoxy insulator with a low coefficient of thermal
expansion (CTE) was clarified by evaluating the dielectric and thermomechanical
properties of TiO2/SiO2 epoxy composites, which were epoxy composites co-filled with
TiO2 and SiOz particles. Upon varying the filling ratio of TiO2 to SiO2 while keeping the
total filler volume constant, the relative permittivity of the TiO2/SiO2 epoxy composites
varied in the range of 3.5-7.5 in our experiment while the CTE remained similar to that
of an aluminum conductor used in gas-insulated power apparatus. The range of the
relative permittivity of the TiO2/SiO2 epoxy composites with a low CTE satisfied the
condition for realizing a permittivity-graded epoxy insulator. The application of an
appropriate gradient of the permittivity distribution to a permittivity-graded epoxy
insulator with a low CTE resulted in the relaxation of the electric field on the surface of
an insulator.

Index Terms — Epoxy composite, TiO2, SiOz2, coefficient of thermal expansion (CTE),

permittivity, permittivity-graded epoxy insulator

1 INTRODUCTION

THERE has been interest in the application of permittivity-
graded materials to the electrical insulators of high-voltage power
apparatus [1-22]. A permittivity-graded material is a functionally
graded material with an appropriate graded distribution of
permittivity for relaxing the electric field stress inside and/or
around the material. An epoxy insulator comprising a permittivity-
graded material (permittivity-graded epoxy insulator) has been
shown to have a relaxation effect on the electric field stress inside
and/or around the insulator compared with a constant-permittivity
epoxy insulator [1,7,13]. The electric field relaxation effect has
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been clarified by numerical simulation [7,9,13,16,18] and in a
surface breakdown test [2-5,7,8] using insulating spacer models of
gas-insulated power apparatus such as gas-insulated switchgear
(GIS) and gas-insulated transmission line, potentially allowing the
size-reduction of these apparatus. There is active discussion about
fabrication techniques leading to the control of the permittivity
distribution, which include a centrifugal force technique [3,4,6,10-
-12,14,15,17,19,21], lamination [2-4] and 3D printing [23].

However, several problems originating from the thermal and
mechanical properties of permittivity-graded epoxy insulators
have been found in practical use. A permittivity-graded epoxy
insulator is made of a ceramic epoxy composite and has an
appropriate density distribution of the ceramic filler to obtain a
permittivity-graded distribution [3,4,7,13]. While the permittivity



distribution can be controlled by controlling the density
distribution of a high-permittivity ceramic filler (e.g., Al,Os, TiO;,
SrTiOs) [13,16], the coefficient of thermal expansion (CTE)
distributes from high to low depending on the filler density
distribution, which causes practical problems such as delamination
between the insulator and metal conductor.

To obtain a permittivity-graded epoxy insulator whose CTE is
as low as that of a metal conductor, we have proposed the use of
an epoxy resin with a spatial distribution of the filling ratio of a
high-permittivity filler to a low-permittivity filler while keeping
the total filler volume constant [20,22]. In this study, the feasibility
of a permittivity-graded epoxy insulator with a low CTE was
clarified by evaluating the permittivity and CTE characteristics of
a TiO2/SiO, epoxy composite, which is an epoxy composite co-
filled with TiO; particles as a high-permittivity filler and SiO-
particles as a low-permittivity filler as a function of the filling ratio
of TiO, to SiO,. The range in the relative permittivity of the
TiO2/SiO, epoxy composites with a low CTE satisfied the
condition for realizing a permittivity-graded epoxy insulator. The
electric field relaxation effect of the permittivity-graded epoxy
insulator with a low CTE was estimated by electric field analysis.

2 PERMITTIVITY-GRADED EPOXY
INSULATOR WITH LOW CTE

Figure 1 shows a conceptual diagram of a permittivity-
graded epoxy insulator with a low CTE. Two types of ceramic
filler having different permittivities are filled in the epoxy resin.
The CTEs of these fillers are lower than that of the epoxy resin.
To increase the permittivity of epoxy composites, a high-
permittivity filler such as TiO; particles is used. To decrease the
CTE of epoxy composites without increasing the permittivity,
a low-permittivity filler such as SiO particles is used. The
spatial distribution of the filling ratio of TiO, to SiO; is graded
in the epoxy resin while keeping the total filler volume constant.
It was reported that various permittivity-graded distributions
brought about relaxation of the electric field stress inside and/or
around an insulator [7,9,13,16,18]. A U-shaped (or V-shaped)
permittivity distribution was found to be appropriate for
relaxing the electric field stress around both an upper electrode
and a lower electrode [12,13], where the high-permittivity
material near both the upper and lower electrode was an epoxy
composite with a high volume fraction of TiO, and the low-
permittivity material around the center of the insulator was an
epoxy composite with a low volume fraction of TiO..

3 EXPERIMENTAL

3.1 PREPARATION OF EPOXY COMPOSITES

A TiO,/SiO, epoxy composite was prepared by combining
an epoxy material, TiO; particles and SiO- particles. The epoxy
material was bisphenol-A epoxy resin cured with an anhydride
hardener. The relative permittivity and CTE of the epoxy
material were 3.4-3.5 and 70-80 ppm/K, respectively. The
material of the TiO particles was TiO- rutile crystal with a
relative permittivity of 114 and a CTE of 7.1 ppm/K. The
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Figure 1. A conceptual diagram of a permittivity-graded epoxy insulator
with a low CTE, which has a spatial distribution of the filling ratio of the high
permittivity filler (TiO, particle) and low permittivity filler (SiO; particle) in
epoxy resin while keeping the total filler volume constant..

material of the SiO; particles was fused silica with a relative
permittivity of 4 and a CTE of 0.6 ppm/K. The average
diameters of the TiO, and SiO; particles were 0.6 um and 40
um, respectively. The silica filler size of several tens of um
makes it possible to increase the filler amount required for
realizing low-expansion epoxy composite [24].

To control the relative permittivity of the TiO/SiO; epoxy
composites while keeping the CTE low, the filling ratio of TiO;
to SiO, was changed from 0:50 to 20:30 while maintaining a
total volume fraction of 50 vol%. The total volume fraction was
set to the maximum amount at which these particles were
uniformly filled in this experiment. The TiO./SiO, epoxy
composites with different filling ratios are denoted as, for
example, TiOz (0%)/SiO2(50%) and TiO2(20%)/Si02(30%),
where the TiO2(0%)/SiO2(50%) epoxy composite corresponds
to the SiO, epoxy composite. For comparison, epoxy
composites containing only TiO, were fabricated with the filler
volume fraction of TiO, varied from 0 to 20 % denoted as
Ti02(0%) to TiO2(20%), where TiO2(0%) denotes the unfilled
epoxy.

The TiO; and SiO; particles were dispersed in a mixture of
bisphenol-A epoxy resin and an anhydride hardener by
planetary stirring. After degassing the mixture, it was formed
into sheets and bulks. These samples were then thermally cured
at 60 °C for 6 h then at 100 °C for 10 h. The sheet samples used
to measure the relative permittivity were 0.5 mm in thickness
and 50 mm in diameter. The bulk samples used to measure the
CTE were the cuboids with dimensions of 5 x 5 x 10 mm.

3.2 CHARACTERIZATION

The internal cross section of the TiO»/SiO, epoxy composites
was observed by field-emission scanning electron microscopy
(FE-SEM) and energy dispersive X-ray spectrometry (EDX) to
examine the dispersion state of the TiO, and SiO, particles in
the epoxy resin.



TABLE 1. Volume fraction of filler in TiO,/SiO, epoxy composites.

Volume fraction of
filler [vol%]

TIOZ S|02 Total

TiO,(0%) epoxy composite 0 0 0

(denotes unfilled epoxy)

TiO,(5%) epoxy composite 5 0 5
TiO,(10%) epoxy composite 10 0 10
TiO2(15%) epoxy composite 15 0 15
TiO2(20%) epoxy composite 20 0 20

Ti0,(0%)Si0,(50%) epoxy composite 0 50

(denotes SiO, epoxy composite)

TiO,(5%)Si0,(45%) epoxy composite 5 45

TiO,(10%)Si0,(40%) epoxy composite 10 40 50

TiO2(15%)Si0(35%) epoxy composite 15 35

TiO2(20%)Si02(30%) epoxy composite 20 30

The capacitance and dissipation factor of each sheet sample
were measured using an LCR meter after depositing an
aluminum electrode (with a guard electrode) with a diameter of
40 mm on the sheet sample. The measurement frequency was
from 100 Hz to 1 MHz and the measurement temperature was
between 22 and 26 C.

The rate of increase of the length of a bulk sample (dL/L)
with increasing temperature was measured using a
thermomechanical analyzer. The CTE was determined from the
slope of the dL/L curve. The temperature range was from 25 °C
to 100 °C. Since the variation of dL/L was too large to evaluate
the CTE exactly, three samples were prepared for each filling
condition of the epoxy composites.

4 RESULTS AND DISCUSSION

4.1 SEM OBSERVATION OF TIO2/SIO; EPOXY
COMPOSITES

Figure 2 shows SEM and EDX images of the
Ti02(20%)/Si02(30%) epoxy composite. Green areas in Figure
2b represent Si (SiO2) and blue areas in Figure 2c represent Ti
(TiO,). According to Figures 2a and b, SiO; particles with a size
of 10 pum order were well dispersed in the epoxy resin.
According to Figure 2c, TiO; particles exist among the SiO;
particles. Figure 3 shows an enlarged SEM image of a region
among SiO; particles. TiO, particles of submicrometer size
were well dispersed inside the epoxy resin.

4.2 RELATIVE PERMITTIVITY
Figure 4 shows the frequency dependence of the relative
permittivity of TiO2/SiO; and TiO, epoxy composites. The
relative permittivity of the TiO2/SiO, epoxy composites

(a) SEM

(b) EDX image of Si(SiOy) (c) EDX image of Ti(TiOy)

Figure 2. SEM and EDX images of TiO,(20%)/SiO»(30%) epoxy composite.
Green areas show Si(SiO;) in (b) and blue areas show Ti(TiO,) in (c).
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Figure 3. Enlarged SEM image of the region among SiO, particles in
TiO,(20%)/Si0,(30%) epoxy composites.

increased with increasing TiO- filler volume and was almost the
same as that of the TiO, epoxy composites for each filler
volume of TiO,. This is because the relative permittivity of
TiO, particles (114) is higher than that of epoxy resin (3.5) and
that of SiO; particles (4).

The frequency dependence of the dielectric loss tangent of
the TiO,/SiO, and TiO, epoxy composites is shown in Figure 5.
No differences in the dielectric loss tangent were observed
among the samples in this experiment.

The relationship between the relative permittivity at 1 MHz
and the TiO, volume fraction is shown in Figure 6. No
differences between the TiO,/SiO, and TiO, epoxy composites
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Figure 4. Frequency dependence of relative permittivity of TiO,/SiO;, epoxy
composites, TiO, epoxy composites. TiO2(0%)SiO»(50%) epoxy composite
and TiO,(0%) epoxy composite denote SiO, epoxy composite and unfilled
epoxy, respectively.

were observed for each filler volume. The increase in the
relative permittivity of the TiO»/SiO, epoxy composites was
mainly caused by the increase in the TiO; filler volume.

To verify that the relative permittivity of the TiO2/SiO-
epoxy composites was reasonable, we compared the
experimental data with a microstructure-based numerical model
for TiO, epoxy composites [25]. In the model, TiO, particles
(e=114) with an average diameter of 1.18 um were randomly
placed in epoxy resin (&=3.7) by three-dimensional Monte
Carlo simulation. The model exhibited a range of the relative
permittivities of the epoxy composites because several different
configurations of TiO, particles with different particle positions
and directions were created in the random simulations. The
relative permittivity of the model was previously reported to be
in good agreement with the measured permittivity of TiO;
epoxy composites [25]. The range of the permittivities of the
model is shown in figure 6. Our experimental data for the
relative permittivity of TiO2/SiO, epoxy composites with a
TiO filler volume of 10-20 vol% were in this range. However,
the relative permittivity of the TiO./SiO, epoxy composites
with a TiO. filler volume of less than 5 vol% was not in the
range of the model. This may be because of the difference
between the relative permittivity of the epoxy resin in our
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Figure 5. Frequency dependence of dielectric loss tangent of TiO,/SiO, epoxy
composites, TiO, epoxy composites. TiO,(0%)SiO,(50%) epoxy composite and
TiO,(0%) epoxy composite denote SiO, epoxy composite and unfilled epoxy,
respectively.

experiment (&=3.4-3.5) and that in the reference (&=3.7) [25].
For reference, other models in which the permittivity of two-
medium composites were calculated from the volume ratio of
the constituent materials and their permittivities [26] such as by
Looyenga’s Equation [27] and Bruggeman’s Equation [28],
were compared with our experimental data. Although these
models did not correspond to our experimental data as they did
not correspond to the experimental data for TiO. epoxy
composites of other researchers [25], their qualitative behavior
was similar to that of our data. To obtain an approximate
Equation for the experimental data, Looyenga’s Equation is
modified in section 4.4 because this Equation is easy to modify
by considering the two types of filler.

The relative permittivity of the TiO»/SiO, epoxy composites
increased to 7.5 upon increasing the TiO; filler volume to 20
vol% at a total filler volume of 50 vol%. It is possible to further
increase the relative permittivity of TiO2/SiO, epoxy
composites by increasing the TiO; filler volume or by using
higher-permittivity fillers together with an appropriate
fabrication process for the epoxy composites by considering the
filler properties such as the particle size, shape and surface
conditions.
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4.3 CTE

Figure 7 shows the rate of increase of the length of bulk
samples (dL/L) of the TiO2/SiO, and TiO, epoxy composites
with increasing temperature. dL/L for the TiO./SiO; epoxy
composites was lower than that for the TiO, epoxy composites.
Since the temperature increase was not stable near room
temperature, the dL/L lines were slightly distorted. To calculate
the coefficient of linear thermal expansion, the slope of the
straight line in the temperature range of 60 to 100 °C was used.

Figure 8 shows the CTE of the TiO2/SiO; and TiO, epoxy
composites. The CTE of the TiO2/SiO, epoxy composites was
lower than that of the TiO, epoxy composites for each filler
volume of TiO,. The CTE of the TiO»/SiO, epoxy composites
was almost constant even for different TiO, volume fractions
because the total volume fraction of TiO, and SiO; particles was
50 vol%.

To verify that the CTE of the TiO,/SiO, epoxy composites was
reasonable, we compared the CTE with the results of a
calculation using a model employing the Schapery Equation
(Equation (1))[22]. This Equation can be applied to epoxy
composites filled with one type of particle. Here, the CTE of
the TiO2 epoxy composite whose volume fraction of TiO; is
50% is referred to as the upper limit of the CTE of TiO./SiO;
epoxy composites and that of the SiO, epoxy composite whose
volume fraction of SiO; is 50% is referred to as the lower limit
of the CTE of the TiO2/SiO, epoxy composites.
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Here, o, is the CTE for the epoxy composite, o is the CTE for
the filler (7.1 ppm/K for TiO; or 0.6 ppm/K for SiO5), ae is the
CTE for the epoxy resin (74 ppm/K), VE is the volume fraction
of the filler (TiO or Si0O,), Kk is the bulk modulus for the filler
(141 GPa for TiO. or 37 GPa for SiO,) and Ke is the bulk
modulus for the epoxy resin (3.1 GPa). K¢ is the bulk modulus
for the epoxy composite (7.4 GPa for the TiO, epoxy composite
or 6.4 GPa for the SiO, epoxy composite), which was obtained
from the theoretical formula established by Hashin [30] using
the moduli of the constituent materials. Figure 9 shows the CTE
of the TiO,/SiO, epoxy composites as a function of the TiO,
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filler volume. The CTE of the TiO2/SiO; epoxy composites was
in the range between the upper and lower limits of the CTE
obtained from the Schapery Equation. The CTE of the
Ti02/SiO; epoxy composites was 23-29 ppm/K, close to that of
aluminum of 24 ppm/K [24], which is used for the metal
conductor in gas-insulated power apparatus. The application of
a TiO2/SiO, epoxy composite as an insulator inside such
apparatus is expected to prevent cracks or delamination
between the aluminum conductor and the insulator.

4.4 PERMITTIVITY AND CTE AS A FUNCTION OF
FILLING RATIO OF TIO2 TO SIO2

Figure 10 shows the relative permittivity and CTE of the
TiO,/SiO; epoxy composites as a function of the filling ratio of
TiO2. The relative permittivity of the TiO2/SiO, epoxy
composites increased from 3.5 to 7.5 with increasing TiO:
volume fraction while maintaining a low CTE. The following
approximate Equation for the relative permittivity of TiO2/SiO-
epoxy composites was obtained by modifying Looyenga’s
Equation on the basis of the experimental data (Equation (2)).

g3 = a (Vy/100)er™® + b (0.5 — Vi /100)es> + ¢ 0.5 g1/3 -+ (2)

where & is the relative permittivity of the TiO2/SiO. epoxy
composite, &7 is the relative permittivity of the TiO, particles
(114), s is the relative permittivity of the SiO- particles (4) and
€k is the relative permittivity of the epoxy resin (3.5). Vr is the
volume fraction of TiO; particles, and the total filler volume of
TiO and SiO- is 50 vol%. a is the coefficient for TiO; particles
in the epoxy composite, b is the coefficient for SiO; particles in
the epoxy composite and c is the coefficient for epoxy in the
epoxy composite. a, b and ¢ were determined as 0.76, 0.97 and
1.00, respectively, from the experimental data.

The following approximate Equation for the CTE of
TiO,/SiO, epoxy composites was obtained by modifying a
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Figure 10. Estimation Equations for relative permittivity and CTE of
TiO,/SiO, epoxy composites based on experimental data.

linear combination Equation based on the experimental data
(Equation (3)).

a. =d(Vy/100)ap +e(0.5— V;/100)as + f 0.5 g - (3)

where o is the CTE of the TiO./SiO; epoxy composite, or is
the CTE of the TiO; particles (7.1 ppm/K), as is the CTE of the
SiO; particles (0.6 ppm/K), ag is the CTE of the epoxy resin
(74 ppm/K). d is the coefficient for TiO- particles in the epoxy
composite, e is the coefficient for SiO, particles in the epoxy
composite, fis the coefficient for epoxy in the epoxy composite.
d, e and f were respectively determined as 1.00, 1.00 and 0.69
to correspond to the average CTE of 26 ppm/K obtained from
the experimental data.

The above investigation revealed that the relative
permittivity of the fabricated TiO./SiO, epoxy composites
could be changed in the range from 3.5 to 7.5 while keeping the
CTE as low as 26 ppm/K on average, which was close to the
CTE of the aluminum conductor in gas-insulated power
apparatus.

4.5 ELECTRIC FIELD RELAXATION EFFECT OF
PERMITTIVITY-GRADED EPOXY INSULATOR

To ensure that the range of the relative permittivity of the
TiO,/SiO, epoxy composites with a low CTE satisfied the
condition for realizing a permittivity-graded epoxy insulator,
the electric field relaxation effect of the permittivity-graded
epoxy insulator was estimated by electric field analysis. The
cylindrical spacer model used in our electric field calculation is
shown in Figure 11. The model was a gas / solid composite
insulation model in which a cylindrical spacer was sandwiched
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between parallel plate electrodes. The voltage applied to the
high-voltage electrode was 100 kV. The height of the spacer
was 10 mm. COMSOL Multiphysics 4.4 was used for electric
field simulation software.

To reduce the electric field strength on the upper and lower
electrode surfaces, the permittivity distribution assigned to the
cylindrical spacer was a V-shaped distribution with high-
permittivity near the electrode and low-permittivity at the
center of the spacer. To incorporate the possibility of various
manufacturing methods for a permittivity-graded material, such
as additive manufacturing and the centrifugal force technique,
the continuous and stepwise distributions of permittivity shown
in Figure 12 were applied to the spacer. The range of the
permittivity distribution was set to 3.5-7.5. The stepwise
distribution had 17 steps, corresponding to the case of additive
manufacturing with the laminates less than 0.6-mm-thick [23].

Figure 13 shows the distributions of the electric field strength
of the cylindrical spacer model with a uniform spacer (Figure
13(a)) and with a permittivity-graded material whose
permittivity distribution is continuous (Figure 13(b)). The field
strength was the root mean square of the electric field
components in the z and r directions. The electric field
distribution inside and around the spacer was controlled by the
application of the permittivity-graded material.

Figure 14 shows the electric field strength along the spacer
surface indicated in Figure 11 at a distance of 10 um from the
spacer surface. The electric field strength around the triple
junction of the gas, electrode and spacer (TJ) was relaxed by the
application of the permittivity-graded material with both the
continuous distribution and the 17-step distribution. The field
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Figure 13. Distribution of electric field strength of the cylindrical spacer
model with uniform spacer and with permittivity graded material whose
permittivity distribution is continuous.
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Figure 14. Electric field strength along spacer of the spacer model with
uniform permittivity material, permittivity graded material whose
permittivity distribution is 17 stepwise and permittivity graded material
whose permittivity distribution is continuous.

relaxation effect of the permittivity-graded material was about
25%. The above results indicate that the application of a
permittivity-graded epoxy insulator with an appropriate
gradient of the permittivity distribution and a low CTE results



in an electric field relaxation effect on the surface of an
insulator.

5 CONCLUSIONS

This study clarified the feasibility of a permittivity-graded
epoxy insulator with a low CTE by evaluating the permittivity
and CTE characteristics of TiO2/SiO, epoxy composites. The
epoxy composites with the filling ratio of TiO, to SiO;
controlled from 0:50 to 20:30 while keeping the total filler
volume constant exhibited a change in the relative permittivity
in the range of 3.5-7.5 together with a low CTE similar to that
of the aluminum conductor used in gas-insulated power
apparatus. The application of a permittivity-graded epoxy
insulator composed of a TiO./SiO; epoxy composite as the
insulator inside such apparatus is expected to prevent cracks or
delamination between the aluminum conductor and the
insulator. The range of the relative permittivity of the TiO./SiO;
epoxy composites with a low CTE satisfied the condition for
realizing a permittivity-graded epoxy insulator. The electric
field analysis revealed that the permittivity-graded epoxy
insulator having a V-shaped permittivity distribution with
permittivity in the range of 3.5-7.5 reduced the electric field
stress around the surface of a cylindrical spacer model by up to
25%. The application of a permittivity-graded epoxy insulator
with an appropriate gradient of permittivity distribution and a
low CTE resulted in an electric field relaxation effect on the
surface of an insulator.

To apply a permittivity-graded epoxy insulator with a low
CTE to various types of insulators, it is necessary to widen the
range of the permittivity distribution. This will be possible by
increasing the filler volume or by using higher-permittivity
particles together with an appropriate fabrication process for the
epoxy composites according to the filler characteristics such as
the particle size, shape and surface conditions.
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