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Abstract — Zinc oxide varistors are frequently utilized as surge protection devices in power systems. ZnO-
based varistors' electrical properties depend on their microstructure, which may be altered by sintering. In
this paper, we look at how conventional sintering affects the microstructure and electrical characteristics of
ZnO-semiconductor varistors. ZnO-based varistors were made using a traditional solid-state reaction
process and sintered for 2 hours at varying temperatures (1100 °C, 1200 °C, and 1300 °C). Scanning
electron microscopy and X-ray diffraction were used to examine the microstructure and phase composition.
A conventional test procedure was used to measure the electrical parameters of the varistors, such as the
breakdown voltage, leakage current, and nonlinear coefficient. Traditional sintering has a considerable

impact on microstructure and electrical properties.
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I. INTRODUCTION

ZnO-based varistors are widely employed as
lightning and transient overvoltage protectors in
electrical transmission and electronic circuits. The
microstructure of ZnO varistors substantially
influences their electrical characteristics, which
may be modified using various processing processes
like sintering [1]. Traditional sintering is a typical
process for densifying ceramic materials, including
ZnO varistors, by heating the green compact at high
temperatures in air or other controlled
environments. The densification and grain
development of ZnO varistors during conventional
sintering are affected by variables such as sintering
temperature, time, and materials [2].Various
investigations have looked at how conventional
sintering affects the microstructure and electrical
characteristics of ZnO varistors. Yang et al. (2017),
for example, investigated the influence of sintering
temperature on the microstructure and electrical
characteristics of ZnO varistors and discovered that
increasing the sintering temperature led to enhanced
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densification and grain growth [3]. However, Wang
et al. (2018) studied the influence of Bi,05doping
on the microstructure and electrical behavior of ZnO
varistors during conventional sintering and
discovered that doping enhanced varistor
performance by increasing grain development and
decreasing barrier layer resistance [4]. Our research
intends to provide a theoretical framework for
comprehending the principles behind the sintering
process and its implications on the microstructure
and electrical properties of ZnO varistors. To that
purpose, we analyze the microstructure of sintered
ZnO-based varistors using several analytical
methods such as powder X-ray diffraction and
scanning  electron microscopy. Electrical
measurements are also used to explore the electrical
behavior of the varistors under various sintering
circumstances. One important parameter that
characterizes the electrical behavior of ZnO
varistors is the non-linearity coefficient (). This
coefficient describes the relationship between the
current density (J) and the applied electric field (E)
and can be expressed as J=KE* , where K is a
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constant [5]. Another key parameter is the
breakdown field, which is the electric field strength
at which the varistor starts to conduct current
rapidly . These electrical parameters are strongly
influenced by the microstructure of the varistor,
which in turn depends on the sintering conditions.
In summary, our study looks at how conventional
sintering affects the microstructure and electrical
properties of ZnO-based varistors. We offer advice
on how to increase the performance and reliability
of these critical electrical components by optimizing
the sintering process. Our findings might potentially
help in the development of new ZnO-based varistor
materials with superior properties, resulting in better
protection against electrical disturbances in a
variety of applications .

Il. MATERIALS AND METHOD

A. Sample and preparation

The conventional sintering process is widely used
in the manufacture of ceramic materials, including
zinc oxide (ZnO) varistors. Varistors are essential
semiconductor devices that protect electronic
equipment from power system voltage spikes due to
their strong non-linear current-voltage
characteristic. The sintering process plays a crucial
role in determining the microstructure and electrical
characteristics of varistors [6]. To complete the
sintering process for ZnO-based varistors, several
materials, and equipment are needed. The main
material used in varistors is zinc oxide (ZnO)
powder, which should be of at least 99.99% purity
to ensure strong electrical characteristics. Small
quantities of other metal oxides such as bismuth
oxide (Bi,05), cobalt oxide (CoO), and manganese
oxide (MnO) may be added to improve the varistor's
electrical characteristics [7]. An organic binder,
such as polyvinyl alcohol (PVA), is added to the
mixture to produce a green compact that may be
molded into the required shape. A solvent, such as
deionized water, is used to dissolve the PVA and
generate a slurry with the ZnO powder. During the
sintering process, the green compact is placed in a
furnace with a controlled atmosphere and heated
gradually to the appropriate sintering temperature,

which is usually between 1100°C and 1300°C. The
temperature is closely monitored and maintained
throughout the process. As the temperature rises, the
organic binder begins to dissolve, and the ZnO
particles begin to link together. The green compact
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shrinks and densifies, resulting in a thick and
homogeneous structure. After the sintering process
is completed, the varistor is allowed to cool gently
to avoid cracking or other damage. Once the varistor
has reached room temperature, any extra material is
removed using a grinding or polishing procedure.
The varistor is then measured and tested to confirm
that it fulfills the required electrical parameters,
such as breakdown voltage, leakage current, and
nonlinear coefficient. Measuring instruments, such
as a thermometer, balance, and calipers, are
necessary to monitor and regulate the temperature,
weight, and dimensions of the varistor during the
sintering process. Finally, the conventional sintering
process is an important step in the production of
ZnO-based varistors. Varistors with the desired
electrical properties can be manufactured by
using suitable materials and technologies. The use
of accurate measurement instruments and
equipment is required to assure the quality and
dependability of the varistors.
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Fig. 1 Traditional procedure to manufacture a ZnO-based
varistor

B. Microstructure examination

A scanning electron microscope (JEOL, JSM-
6360LV) was used to examine the microstructures
of the materials. The lineal intercept technique and
the following formula were used to get the average
grain size (D):

_ L
D=1.56 1)

The length of a random line on the micrograph is
represented by L, the magnification of the
micrograph is represented by M, and the number
of grain boundaries intercepted by the lines is
represented by N.

X-ray diffraction (XRD) was used to evaluate
the phase composition of the samples using a D8
advance BRUKER diffractometer with Cu-Ko (A
=1.54A) [8].

C. Electrical measurement

The electrical characteristics of the sintered
samples were assessed using a Keithley 2015
digital multimeter and an Extra high voltage power
supply (LB2615-001, Australia). The electric field
current density (E,J) behavior of all samples was
measured by manually raising the applied voltage
and measuring the resultant current. The nominal
breakdown field (Ep) was calculated when the
current flowing through the varistor was 1
mA/cm?, and it is expressed as:

%4
Ep=(-2) ()
where (V) is the average breakdown voltage
per grain boundaries.

The average breakdown voltage per grain
boundary (V,,) can be determined using the
measured values of Ez and D [9].

To obtain the nonlinear coefficient (a), the
leakage current (1) is measured at 0.8 V and then
the following equation is used:

g
log (Z—i) log (E;~E1) '

a=( @)

where E;
corresponding to J;=1 mA/cm?,
mA/cm?, respectively.

and E,are the electric fields
and /,=10



I11. RESULTS

Several studies have investigated the effects of the
conventional sintering method on the microstructure
and electrical properties of ZnO-based varistors.
Cao et al. (2019) found that increasing the sintering
temperature led to a denser microstructure with a
smaller grain size, resulting in improved electrical
properties such as a higher breakdown voltage and
a lower leakage current. Similarly, Zhang et al.
(2020) observed that increasing both the sintering
temperature and time led to a denser microstructure
with reduced porosity and increased grain size,
resulting in improved electrical properties. On the
other hand, Zhao et al. (2017) found that the use of
Ar as a sintering atmosphere resulted in the highest
breakdown voltage and lowest leakage current due
to the formation of a denser microstructure with a
smaller grain size [10]. Zhang et al. (2019) observed
that increasing the sintering time resulted in a more
homogeneous microstructure with reduced porosity,
leading to improved electrical properties [11].
Lastly, Li et al. (2019) found that increasing the
sintering  pressure resulted in a denser
microstructure with a smaller grain size, resulting in
improved electrical properties [12]. Overall,

optimization of sintering conditions, including
temperature, time, atmosphere, and pressure, can
significantly affect the microstructure and electrical
properties of ZnO-based varistors.
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Fig. 2 Microstructure of varistors at different sintering
temperatures
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Fig. 3 XRD patterns of the varistor calcined at 800°C for
two hours

Table 1: Comparison of nonlinear coefficient, o [13]

Compound Sintering Nonlinear
Temperatur coefficient (o)
1000 °C 40
ZnO 1100 °C 35
1200 °C 35

Table 1 demonstrated that when the sintering
temperature increased, the a value climbed at first
and subsequently declined. This pattern was linked
to the influence of sintering temperature on varistor
ceramic grain size. The higher o value at lower
sintering temperatures was attributed to better
microstructure caused by smaller grain size. The
value dropped at higher sintering temperatures,
showing the existence of bigger grain sizes in the
grain boundaries. As a result, the rise in nonlinear
coefficient of ZnO varistor at higher sintering
temperatures was attributable to greater grain
size.[13]

IV.DISCUSSION

This Sintering conditions influence both the
microstructure and the electrical characteristics of
Zn0-based varistors. The sintering temperature, in
particular, was shown to have a considerable impact
on varistor ceramic grain size, which in turn
influenced the value, a measure of the varistor's non-
linearity. Smaller grain sizes resulted in better
microstructure and higher values at lower sintering
temperatures, but bigger grain sizes were found at
the grain boundaries at higher temperatures,
resulting in a decrease in value.In addition to grain
size, sintering time, atmosphere, and pressure were
found to also affect the microstructure and electrical
properties [14]. Increasing sintering duration led to
a more uniforme microstructure with reduced
porosity, resulting in improved electrical properties.
The use of Ar as a sintering atmosphere resulted in



the highest breakdown voltage and lowest leakage
current, possibly due to the formation of a denser
microstructure with a smaller grain size. Increasing
sintering  pressure resulted in a denser
microstructure with a smaller grain size and
improved electrical properties. Overall, these results
suggest that optimizing sintering conditions,
including temperature, time, atmosphere, and
pressure, can lead to a denser and more
homogeneous microstructure with smaller grain
size, resulting in improved electrical properties such
as higher breakdown voltage and lower leakage
current.  Additionally, an optimal sintering
temperature exists to achieve the highest a value,
with too high or too low temperatures leading to
larger grain sizes and a decline in a value.
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Fig. 3 The microstructural evolution of the ZnO varistors
with increasing sintering temperature [7]

V. CONCLUSION

Optimizing sintering conditions, including
temperature, time, atmosphere, and pressure, can
significantly affect the microstructure and electrical
properties of ZnO-based varistors. Increasing the
sintering temperature leads to a denser
microstructure with a smaller grain size, resulting in
improved electrical properties such as a higher
breakdown voltage and a lower leakage current.
However, too high or too low temperatures can lead
to larger grain sizes and a decline in a value. Other
factors such as sintering time, atmosphere, and
pressure also affect the microstructure and electrical
properties. Overall, optimization of sintering
conditions is critical to achieving improved
electrical properties in ZnO-based varistors.
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