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A novel approach to tailoring the microstructure and electrical
characteristics of ZnO-based varistor ceramics via inversion-boundary

(IB) induced grain growth

ZnO-based varistors with exceptional current-voltage (I-U) nonlinearity are widely used in the over-
voltage protection of electrical equipment and devices at voltages ranging from a few volts to several
hundred kilo-volts. Their breakdown voltage is strongly influenced by the average ZnO grain size: a
coarse-grained microstructure results in a low breakdown voltage for the ceramics, while a fine-
grained microstructure is required for a high breakdown voltage. The grain size in high-voltage
varistor ceramics is controlled by the addition of a spinel-forming additive, typically Sb,O;. The
concept of grain-growth inhibition due to the reduced grain-boundary mobility caused by the pinning
effect of the spinel particles largely defines the composition of the ZnO-based varistor ceramics with
additions of 7 to 10 wt.% of varistor dopants to the ZnO. Spinel-forming dopants such as Sb,0;, TiO,
and SnO; also result in the formation of inversion boundaries (IBs) in the ZnO grains. We have
identified an IB-induced grain-growth mechanism which primarily controls the microstructure
development, while the role of the spinel is subordinated. This understanding enabled us to prepare
varistor ceramics with excellent I-U nonlinearity and breakdown voltages, ranging from 120V/mm to

350V/mm with the amount of varistor dopants added to the ZnO reduced to only about 3 wt.%.

INTRODUCTION

Electrical transients and overvoltage protection

The most common sources of electrical transients
are lightning strikes. These are unpredictable, related
to the release of an extremely large amount of energy,
and result in very high currents and a voltage in-
crease. Hence, lightning strikes are the most dange-
rous source of electrical transients to any installation,
building and equipment, and also to people in the
building using that equipment. Installing a lightning
conductor can prevent the effects of a direct strike
into a building. However, there are number of
secondary effects. The direct strike injects an extre-
mely powerful shock current into the conductor (from
a few kA to 200kA) and produces a surge voltage.
The current wave travels the path of least resistance
to ground and resembles a voltage source transient
wave to other equipment that is impedance insulated.
Such a voltage surge may be several thousand times
greater than the insulating capacity of the device, not
to mention their rated operating voltages. Indirect
transients on overhead lines are caused by cloud-to-
cloud discharges that create magnetic fields and in-
duce voltage on the conductors. Hence, the electrical
current spreads to neighbouring buildings over con
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necting electrical, telephone, gas or water networks,
causing damage and destruction. Over-voltage influ-
ences are, therefore, the result of ohmic, inductive
and capacitive connections. In practice it has been
shown that the influence of a lightning strike spreads
in a radius of 1.5 km from the centre of the strike,
which can be a building or in the cloud. At such a
distance a major redistribution of charge can induce
70,000V on a 1000-m power cable. If the buildings
are interconnected with networks then the influence
on the equipment is from an even greater distance.
Consequently, any line can provides a direct path to
your building (AC power lines, DC communication
lines, gas and water networks) and equipment through
which voltage surges and electrical transients can
travel and cause damage. Research suggests that
realistic U.S. lightning costs and losses may exceed
$5 to $6 billion per year.

Although the life span of the transient electrical
surges is very short, the amount of energy that is
carried can be extremely high. A typical transient
event occurs in the nano- to milli-second time domain
carrying several thousand to several tens of thousands
of volts and up to a few hundred or even several tens
of thousands of amps of current. Hence, transients can
damage or even destroy equipment and installations,
cause huge fires and endanger human lives and
property. It is of essential importance in our modern,
technologically highly developed, interconnected and
mutually dependent society in which our working
places and homes are equipped with sensitive systems
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and equipment (telecommunications, PCs and PCs
peripherals, audio-video equipment, home appliances,
etc.) to ensure their undisturbed operation. An
estimated 24,000 people are killed by direct lightning
strikes around the world each year and about 240,000
are injured. While these losses of lives can be reduced
only by people’s awareness of lightning danger and
appropriate behaviour in the time of thunderstorms,
the installation of a properly planned protection
system can effectively prevent costs due to property
damage and destruction, the loss and expense of
valuable production time and contributes to a higher
quality and safety of human lives at the workplace
and in homes. Surge protection devices (SPDs) are
used for the protection of power and telecommu-
nication lines, buildings and their electrical installa-
tions, equipment, devices and personnel against tran-
sient electrical surges [1,2]. Metal oxide varistors
(MOVs) are often used as the active core of the SPDs.

ZnO-based varistor ceramics

Zinc oxide (ZnQO) varistors are ceramic devices
with highly nonlinear current-voltage (I-U) character-
ristics, commonly expressed as I = KU* (K-constant,
a-nonlinear coefficient), and high current- and ener-
gy-absorption capabilities.

.

Fig. 1: Varistors, varistor stacks (top images) and
varistor-based SPDs (bottom image).

The nonlinear coefficient o indicates the degree
of non-ohmic property and typically has values bet-
ween 20 and 70. Because of these unique and superior
physical properties combined with cost-effective
production, ZnO varistors (Fig. 1) are widely used in
a broad range of voltages from a few volts to several
100 kilovolts for the protection of electronic com-
ponents and circuits against voltage surges and as the
valve elements of arresters (Fig. 2) for the voltage
stabilisation of power lines. When the device under
protection is subject to a transient overvoltage, the
varistor in parallel to it is immediately active and

switches in a matter of nano-seconds from a highly
resistive to a highly conductive state; it forms a
preferential route for the flow of the disturbance
energy to earth, and prevents a rise in the transient
voltage and damage to the equipment [3-5].

The I-U non-linear characteristic of the ZnO
varistor is a phenomenon of the grain boundaries
between semiconducting ZnO grains. The voltage
across the non-ohmic grain boundary is ideally about
3.2 V at breakdown [6,7]. The breakdown voltage of
varistor ceramics is directly proportional to the
number of grain boundaries per unit of thickness and
therefore to the inverse of the ZnO grain size. The
breakdown voltage of the varistor can be controlled
by the thickness of the varistor and through the
microstructure (i.e. ZnO grain size) of the ceramic
body. For high-voltage applications fine-grained va-
ristor ceramics are required and for low-voltage
applications a coarser-grained microstructure is pre-
ferred. While at low currents, in the pre-breakdown
region, the electrical characteristics of the varistor
ceramics are determined by the resistivity of the grain
boundaries, at high currents, in the upturn region of
the I-U characteristics, a high conductivity of the ZnO
grains is required.

V...varistor block
H...silicon housing

Fig 2: Schematic presentation of arrester (left),
typical varistor blocks (middle) used in
arresters and 24-kV arrester (vight).

ZnO-based varistor ceramics are obtained by the
addition of about 7 to 10 wt. % of oxides of Bi, Sb,
Ti, Co, Mn, Ni, Cr, Al and others to ZnO powder,
followed by sintering in air. Each of the dopants have
a distinctive role in forming the electrical cha-
racteristics of the varistor ceramics. The Bi,053 is the
basic dopant, which creates the nonohmic behavior of
ZnO-based varistor ceramics by forming the elec-
trostatic barriers at the grain boundaries. Other do-
pants are added to enhance the nonlinear chara-
cteristics and control the microstructure development.
During the firing process, which usually takes place
at a temperature between 1100° and 1300°C, dopants
react with the ZnO and the microstructure of the
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varistor is formed in the presence of a Bi,Os-rich
liquid phase. The typical microstructure of varistor
ceramics is rather complex (Fig. 3), composed of the
matrix of the ZnO grains with Bi-rich secondary
phases and Zn;Sb,0O;, spinel along the grain bo-
undaries and at the triple junctions. Depending on the
starting composition and the heat-treatment regime
the Bi3Zn,Sb;0y4 pyrochlore-type phase can be pre-
sent as well. The ZnO grains incorporate cobalt,
manganese and nickel, which enhance their con-
ductivity. These varistor dopants also incorporate in
significant amounts into the spinel phase. The spinel
phase is generally considered to inhibit the growth of
the ZnO grains; therefore, Sb,O3 is commonly added
to high-voltage varistor ceramics. The spinel phase
can be formed either by the reaction of Sb,O; with
ZnO and/or via a Sb;ZnBi30y4 pyrochlore phase. The
pyrochlore phase in the reaction with the ZnO phase
decomposes into the spinel phase and a Bi,Os-rich
liquid phase at temperatures above 900°C. The
microstructure development is therefore strongly
influenced by the Sb/Bi ratio, which affects the
temperature of formation of the liquid phase. At the
Sb/Bi < 1 the liquid phase forms already at 740°C by
the melting of the eutectic in the system ZnO-Bi203.
When Sb/Bi > 1, all the Bi203 is bound into the
pyrochlore phase and the liquid phase appears only
after the decomposition of the pyrochlore phase at a
higher temperature [8-10].

As the threshold voltage (breakdown voltage per
unit thickness; V/cm) of the varistor ceramics is
proportional to the ZnO grain size, control of the
grain growth in the processing of varistor ceramics is
essential for the successful application of varistors in
over-voltage protection in a broad range from a few
volts up to several kilovolts. The production of
varistor ceramics with varying breakdown voltages
per unit thickness — low, medium or high — makes it
possible to produce varistors with suitable dimensions
(thickness) for any required voltage. Hence,
microstructure development and grain growth in ZnO
ceramics have been intensively studied in the past and
the main emphasis was given to those varistor
dopants that significantly influence the grain growth:
Bi,05, which not only induces the non-linearity in
ZnO ceramics but also introduces a liquid phase to
the system [11-13], and spinel-forming dopants,
especially Sb,O; [14-16], TiO, [17,18] and Al,O5[19-
22], which are added to control the ZnO grain size in
varistor ceramics. While Sb,O; is a standard dopant
in fine-grained high-voltage varistor ceramics, TiO; is
added to coarse-grained varistor ceramics with a low
breakdown voltage.

Fig. 3: Backscattered-electron (BE) image from scan-
ning electron microscope (SEM) of a typical
microstructure of a nowadays standard va-
ristor ceramic with the addition of 7 to 10
wt.% of varistor dopants to ZnO. Z: ZnO; B:
Bi,0s-rich phase; Py: Bi3Zn;Sh;0,, pyroch-
lore phase; S: Zn;Sb,0;; spinel phase; P:
pore.

The inhibition of the grain growth in Sb,0;-do-
ped [14-16] and also Al,Os-doped [19-21] samples is
generally explained by the reduced mobility of the
ZnO grain boundaries due to the pinning effect of the
spinel grains at the ZnO grain boundaries. A mic-
rostructure similar to that of Sb,O; is obtained with
SnO,-doped varistor ceramics [23]. Sb,O3, SnO, and
TiO, form a spinel phase with ZnO, and they also
trigger the formation of inversion boundaries (IBs) in
the ZnO grains. In the Sb,O3- and SnO,-doped sam-
ples IBs are present in most of the ZnO grains [15,
23], and in TiO,-doped samples IBs are present only
in some, regularly exaggeratedly grown grains [18,
24].

Based on studies of the microstructure develop-
ment in ZnO ceramics doped with Bi,03 and SnO, we
realized that inversion boundaries (IBs) have a major
influence on the grain growth of ZnO, while the
influence of the spinel phase is subordinate to the role
of IBs [25]. We proposed an inversion-boundary-
induced grain-growth mechanism. At temperatures
below those for the formation of the spinel phase, in
the early stage of sintering, IBs nucleate in some of
the ZnO grains. The ZnO grains with an IB, i.c.,
nuclei, anisotropically and exaggeratedly grow in the
direction of the adopted defect (IB) until they collide
with each other, and finally prevail in the micro-
structure. The results showed that the amount of IBs-
triggering dopant (Sb,Os;) influences the number of
nuclei, which indeed results in either a coarse-grained
microstructure for a small number of nuclei or a fine-
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grained ZnO ceramic for a larger number of nuclei
that are formed in the early stage of the sintering.
Higher concentrations of Sb,O; resulted in a fine-
grained microstructure, while at lower additions of
the dopant, coarse-grained ceramics were obtained
with the ZnO grain size much larger than in undoped
Zn0O [26,27]. For the first time a coarse-grained mic-
rostructure was obtained in Sb,Os;-doped ZnO cera-
mics. This completely contradicted the general under-
standing of grain growth in ZnO ceramics doped with
Sb,0O3 and showed that grain growth is primarily
controlled by the inversion boundaries, while the
influence of the spinel phase is subordinated.

The preparation of varistor ceramics, in accordan-
ce with the classical understanding of grain-growth
hindering, required larger additions of Sb,O; for effe-
ctive grain growth inhibition by the increased amount
of the Zn;Sb,01, spinel phase at the grain boundaries.
Hence, to ensure sufficient amounts of Co, Mn and Ni
for doping the ZnO grains and their high con-
ductivity, larger amounts of these dopants had to be
added as well to compensate for their incorporation
into the spinel phase. Understanding of the true
mechanism of IBs-induced grain growth that actually
controls the grain growth in the ZnO ceramics doped
with IBs-triggering dopants opened a new paradigm
for tailoring the microstructure and I-U characteristics
of the varistor ceramics for all breakdown voltages
(low, medium and high) only with the Sb,03, at much
lower amounts of Sb,O; and with a significantly
reduced total amount of varistor dopants added to the
ZnO. While in Sb,0s-doped ZnO only the Zn;Sb,0;
spinel phase is formed, the phase equilibria of the
Zn0-Bi;0;-Sb,03 system, which defines the che-
mistry in the fully doped varistor ceramics, is much
more complex and influenced by the Sb,03/Bi,0; ra-
tio and the reactions of the Bi;Zn,Sb;0,4 pyrochlore
phase. In further work we determined the key com-
positional parameters that influence the IBs-induced
grain-growth mechanism for tailoring the microstruc-
ture in ZnO ceramics doped with Bi,O; and Sb,03
[28]. We succeeded in preparing ZnO ceramics doped
with small amounts of Bi,O; and Sb,O; with the
microstructures ranging from course to fine grained.
Afterwards, we were strongly encouraged that the
IBs-induced grain growth mechanism could also be
successfully used for tailoring the microstructure of
fully doped ZnO-based varistor ceramics.

In this work the possibilities to tailor, under the
influence of IBs, the microstructure and I-U chara-
cterristics of ZnO-based varistor ceramics for a sig-
nificantly reduced amount of varistor dopants added
to the ZnO was investigated. The samples of the vari-
stor ceramics with the addition of only about 3 wt.%
of varistor dopants were prepared by a classical cera-

mic procedure and sintered at 1200°C. The micro-
structural and I-U characterisations of the samples
fully confirmed that varistor ceramics with minimum
amounts of secondary phases at the grain boundaries
having excellent I-U characteristics in a broad range
of breakdown voltages can be successfully prepared.
In this way the primary role of the IBs-induced grain-
growth mechanism in controlling the microstructure
development in ZnO-based varistor ceramics was
clearly demonstrated as well.

EXPERIMENTAL

The samples of varistor ceramics with varying
compositions for the Sb,03-t0-Bi,O5 ratio (Sb/Bi) at
the same amount of Bi,O; were prepared using
reagent-grade powders of the ZnO and the varistor
dopants Bi203, Sb203, CO304, MH304, NiO and CI'203'
Stable water suspensions with a solids load of about
60% of the powder mixture composed of ZnO with
the addition of about 3 wt.% of varistor dopants were
prepared and dried on a spray drier to obtain gra-
nulates. These granulates were pressed at a pressure
of 150MPa into discs with a diameter of 10 mm and a
height of about 1.5 mm. The samples were sintered in
a chamber furnace at 1200°C for 2 hours in an air
atmosphere. The microstructures of the samples were
prepared by grinding and polishing the sample pellet
in a cross-sectional direction. Half of each micro-
structure was etched with dilute hydrochloric acid.
The microstructures were analyzed on a scanning
electron microscope (SEM) JEOL JSM-5800. Several
SEM/BE images per sample were used for a stereo-
logical analysis of the ZnO grain size and the grain
size distribution. The surface of each grain was mea-
sured and its size was calculated in terms of a dia-
meter for circular geometry; the average ZnO grain
size and the size distribution were determined from
measurements of 200 to 500 grains per sample. The
details are given in references 27 and 28. For the DC
current-voltage (I-U) characterization, silver elec-
trodes were painted on both parallel surfaces of the
discs and fired at 600°C. The nominal varistor volta-
ges (Uy) at ImA/cm” and 10mA/cm® were measured
using a Keithley 2410 Digital SourceMeter and the
threshold voltage Ur (V/mm) and the non-linear
coefficient oo were determined. The leakage current
(IL) was measured at 0.75Vy (1mA/cm?).

RESULTS AND DISCUSSION

The microstructures of the varistor samples with
compositions V1 (Sb/Bi > 1) and V3 (Sb/Bi < 1) are
presented in fig. 4. They show typical microstructures
of the low doped varistor ceramics prepared in this
study with minimum amounts of secondary phases,
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the Bi,O; phase and the Zn;Sb,0,, spinel phase. The
spinel phase is evidently present only in the samples
with the ratio Sb/Bi > 1. It is fine grained with the
grain size around 1 pm and homogeneously distribu-
ted at the grain boundaries of the ZnO and often also
inside the ZnO grains. This last feature indicates that

V1 - unetched

they are easily overgrown and that such fine spinel
particles after all do not represent serious hindering to
the grain-boundary mobility and grain growth. At
lower additions of SbyO;, in the samples with the
ratio Sb/Bi < 1, the spinel phase is hardly detected
and is present only in traces.

Fig 4: Backscattered electron (BE) images from scanning electron microscope (SEM) of the varistor samples
V1 and V3, sintered at 1200°C for 2 hours. Z: ZnO phase; B: Bi;Os-rich phase, S: Zn;Sb;0;; spinel

phase, IB: inversion boundary, P: pore.

However, regardless of the amount of added
Sb,05 and the ratio Sb/Bi, in all the samples, as can
be seen from their microstructures, the inversion
boundaries (IBs) are clearly present, in practically
each ZnO grain. The results of the stereological
analysis (the average ZnO grain size) of the samples
are given in Table 1.

Table 1: Stereological (average ZnO grain size G)
and current-voltage (I-U) characteristics (thre-
shold voltage Uy, coefficient of nonlinearity o
and leakage current I;) of the low doped ZnO-
based varistor ceramics with various com-
positions (V), sintered at 1200°C.

G Ur 1L Ugs

Sample |y | oviem) | | Ay | v
Vi1 7.0 3470 54 0.30 2.4
V2 11.1 2100 38 0.14 2.4
V3 14.4 1750 32 0.20 2.5
V4 21.3 1300 23 1.43 2.8

The size of the ZnO grains increased with
decreasing of the Sb/Bi ratio from the sample V1 to
the sample V4, from 7 to 21 um, respectively. The
observed microstructural characterristics of the
samples clearly demonstrate the key role of IBs in the
grain growth and microstructure development

Having in mind that the electrical characteristics
of varistor ceramics are determined by the chara-
cteristics of the grain boundaries and the grains an
ideal varistor ceramic would be composed only of
highly conductive ZnO grains with the proper size for
the required threshold voltage, separated only by
highly non-linear, varistor-type grain boundaries. The
microstructures as obtained in these samples of the
low doped varistor ceramics are approaching this
ideal. They are in striking contrast to the micro-
structure of the standard varistor ceramic presented in
fig. 3, which contains significant amounts of second-
dary phases. The high microstructural homogeneity
and significantly increased effective contact among
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the ZnO grains could possibly also result in an
enhancement of the I-U characteristics and energy
absorption capability of the low doped ZnO-based
varistor ceramics.

The I-U characteristics of the samples are given
in Table 1. The threshold voltages Ur (breakdown
voltage per unit thickness of ceramics; V/cm) of the
samples are in the range from 3500V/cm to 1300
V/em and clearly correlate with the average ZnO
grain sizes, which are in the range from 7 to 21 pm,
respectively. Most of the samples had excellent I-U
nonlinearity with a coefficient of nonlinearity o
ranging from 30 to 50, which is also demonstrated by
a sharp transition from a highly resistive to a highly
conductive state in the curves of the electric field (E)
vs. current density (J) presented in fig. 5. The samples
also have a very low leakage current I of about 0.2
HA. An estimation of the average breakdown voltage
of the individual ZnO grain boundary Ugg (V) from
the average ZnO grain size G and the threshold
voltage Ut (V/cm) in accordance with the expressions
Ugg = U/N (where N = 10000/G(um) .... number of
grain boundaries per unit thickness) gave values in
the range from 2.4V to 2.8V. Such values indicated
the excellent varistor characteristics of the grain
boundaries in all the samples of the low doped
varistor ceramics. This can also mean that 75 to 90%
of all the grain boundaries in the samples are varistor
active in regard to the ideal Ugg, which is about 3.2V.
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Fig. 5: Electrical field (E) vs. current density (J) of
the varistor samples sintered at 1200°C.

CONCLUSIONS

In recent years we discovered that inversion
boundaries (IBs) play a key role in controlling the
grain growth and microstructure development in ZnO
ceramics doped with Sb,O; (or other dopants which
form a spinel phase in the reaction with ZnO and also
trigger the formation of IBs) while the role of the
spinel phase is subordinated. We also demonstrated
that an IBs-induced grain-growth mechanism enables
tailoring of the microstructure from a coarse- to a

fine-grained one in the case of ZnO ceramics doped
with Sb,03 and also ZnO ceramics doped with Bi,O3
and Sby0;. These results strongly indicate that using
the primarily role of IBs in the grain growth and
microstructure development should also enable the
preparation of the coarse- or fine-grained ZnO-based
varistor ceramics with a broad range of breakdown
voltages at significantly reduced amount of varistor
dopants added to the ZnO. The prospects of these
expectations were studied in this work. The samples
of low doped varistor ceramics with the addition of
only about 3 wt.% of varistor dopants to ZnO (typical
additions are 7 top 10 wt.%) were prepared by the
classical ceramic procedure and sintering at 1200°C.
All the samples had a highly homogeneous micro-
structure with the minimum amounts of secondary
phases, namely the Bi,O; phase and the Zn;Sb,Oy,
spinel phase. Subtle variations of the starting compo-
sition for the Sb,0s-to-Bi,O5 ratio enabled tailoring
of the average ZnO grain size of the sample in the
range from 7 to 21 um and hence the threshold volta-
ges Ur in the range from 3500V/cm to 1300V/mm,
respectively. All the samples had good I-U non-
linearity (coefficient of nonlinearity o from 25 to 55)
and a low leakage current I (< 1pA).

The results fully confirmed the expectations and
showed that an IBs-induced grain-growth mechanism
enables tailoring the microstructure and hence I-U
characteristics in broad range of voltages also in fully
doped ZnO-based varistor ceramics. Varistor cera-
mics with excellent I-U characteristics can be prepa-
red with compositions containing a significantly re-
duced amount of varistor dopants added to the ZnO.
This means significant savings on raw materials and a
reduction of the production costs for the varistors.
The microstructure of such varistor ceramics, which
contains minimum amounts of secondary phases,
approaches an ideal one, composed only of highly
conductive ZnO grains of suitable size for certain
breakdown voltage, separated only by highly non-
linear grain boundaries.
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