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High-field varistors in the system ZnO-CoO-MnO-Bi,0, were fabricated using powders
prepared by a previously developed coprecipitation process. Following calcination, the pow-
ders were compacted and densified by conventional pressureless sintering at temperatures
below 750° C in air. The effects of sample green density, sintering temperature, and grain-
growth inhibitor on densification and microstructure development were investigated. Addition
of aluminium at the 125 p.p.m level was used to inhibit grain growth. Samples with densities
>0.98 theoretical and grain sizes <1 um were fabricated by high-pressure cold-isostatic press-
ing followed by sintering at 730° C. For compatison, typical commercial varistor devices have
grain sizes of about 20 um and switching fields of approximately 2kVcm™ after sintering at
1200 to 1400° C. As a result of the fine grain size, our high-field varistors had switching fields
of 456kVcem™ at a current density of 10 Acm™2. Consistent with earlier work on extremely
high-density varistors (>0.98 theoretical) prepared from similar powders, nonlinearity coef-
ficients of about 10 were measured for current densities between 2.5 and 10 Acm™2.

1. Introduction

Metal oxide varistors formed by sintering a mixture of
ZnO with small additions of Bi,0; and other oxides
constitute a novel class of electronic materials that
exhibit the basic property of highly nonlinear current—
voltage characteristics. In general, the functional
dependence of the current density, J, on the electric
field, E, in the varistor’s nonlinear region can be
described by an equation of the form

J = kE* (1)

where £ is a constant, and «, referred to as the non-
linearity coeflicient, varying from 2 to 50. For a given
varistor material, o is not a constant but goes through
amaximum as J is increased. Zinc oxide varistors have
found numerous applications as voltage regulators
and transient voltage suppressors in electronic devices.
In operation, the varistor is connected between the
power source and the ground; when the electric field
exceeds the switching field, E,, the surge is carried
away through the varistor, thus protecting the circuit.
It is therefore desirable to control varistor characteris-
tics in order to optimize specific protection needs and
device size requirements.

Numerous investigators [1-13] have studied the
effects of processing and microstructure on electrical
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conduction in ZnO varistors. The non-linear current-
voltage characteristic is achieved by doping with Bi,0,
and any of several oxides, including CoO, MnO,
Cr,05, Sb,0; and SnO,. It is generally believed
{1, 14-20] that doping results in the formation of
electrostatic barriers at the grain boundaries with
characteristic voltage drops of 2 to 4V per grain
boundary [21, 22]. The increase in conductivity has
been attributed to the temporary breakdown or lower-
ing of the electrostatic barriers. The actual mechanism
of breakdown has been explained as being due to the
breakdown of charge-depletion layers or to electron
tunnelling (see, for example, a review by Levinson and
Philipp [14]).

Most previous work on fabrication of ZnO varis-
tors has utilized conventional, pressureless sintering at
1200 to 1400° C for up to 24 h, or hot pressing. For the
fabrication of high switching field (> 10kVem™)
varistors, one main disadvantage of the elevated tem-
perature sintering process is liquid formation and
pronounced grain growth [23]. Zinc oxide varistors
fabricated by elevated temperature sintering generally
have grain sizes of 53 to 20 um. Thus, the devices used
in high-voltage applications (> 1kV) tend to be large.
In order to reduce grain growth during densification,
a number of researchers have utilized hot-pressing
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techniques. Snow et al. [8] prepared ZnQO varistors
using conventional mixing techniques followed by hot
pressing in an oxidizing atmosphere. Samples that
were hot pressed below ~ 850°C contained almost
zero porosity and had grain sizes of <1um. The
switching field and « were typically > 10kVcm ™' and
20, respectively. Lauf and Bond [10] used a sol-gel
processing technique to prepare the doped ZnO
powders, followed by vacuum hot pressing below
800°C. The fabricated samples were subjected to
subsequent heat treatment in air at temperatures
between 700 and 1000°C to develop their varistor
properties. The electrical properties were found to be
dependent on the initial hot-pressing temperature and
the subsequent heat-treatment temperature. Samples
that were heat treated at 1000° C showed E; values of
1.5to 10kV ecm ' and « values of 25 to 40 with average
grain sizes of 3 to 5um.

Dosch et al. [24] developed an aqueous coprecipi-
tation process to prepare highly active doped ZnO
powders that when sintered at temperatures below
750° C produced varistors with E; > 40kVcem ™' and
o < 30; further work on these highly active powders
has been performed by Gardner and Lockwood
[25, 26] and Kimball and Doughty [27]. The objective
of this study was to investigate the densification
characteristics of powders produced by this process.
In order to reduce grain growth and maintain the
high-field properties, sintering temperature was chosen
to be below 750° C. High-temperature X-ray diffrac-
tion, dilatometry and TEM analysis of quenched
varistors (710 to 750° C) indicate that a liquid phase is
highly likely below 750°C. The breakdown field and
the non-linear exponent of the fabricate samples were
measured; however, the optimization of the electrical
properties with processing and microstructure devel-
opment will be the subject of a future study.

2. Experimental procedure

Doped ZnO powders in the system ZnO-CoO-MnO-
Bi,0, were prepared by the method developed by
Dosch et al. [24, 25]. Basically, an aqueous solution of
the chloride salts of zinc, cobalt and manganese of the
desired stoichiometry were hydrolysed with a NaOH
solution. The hydrous oxide coprecipitate was con-
verted to mixed oxalates by adding a solution of oxalic
acid. The oxalates were calcined and then bismuth was
precipitated on the surface of the resulting oxide by a
local hydrolysis reaction, followed by drying. The
dopants consisted of 0.56 mol % Bi,O;, 0.25mol %
Co0, and 0.25mol % MnO. A second powder was
prepared that contained, in addition, 125p.p.m. Al as
a grain-growth inhibitor {27]. Samples of the doped
powders were compacted under three different con-
ditions to obtain powders of different green densities
for investigations on the effect of powder packing.
First, the powders were ground lightly in a mortar and
pestle and pressed uniaxially in a die at ~ 10 MPa to
give samples (10 mm diameter by 5 mm) with a relative
density of 0.48. Higher uniaxially applied pressures
produced laminated cracks in the samples. Second, the
die-compacted samples were pressed isostatically at
~ 800 MPa to increase the density to 0.70. Third, the
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powders were milled while dispersed in toluene, in a
polyethylene container using high-purity zirconia
balls as a milling medium. After drying, the powders
were pressed uniaxially in a die at 15 MPa to produce
samples a with a relative density of 0.60.

Sintering was performed initially at a constant heat-
ing rate of 4 Cmin~' up to 750°C to investigate the
dependence of the densification rate on temperature.
Subsequently, most sintering experiments were per-
formed at 730° C. The isothermal sintering tempera-
ture was reaching in ~8min. A two-stage sintering
process was also used; the sample was first sintered
isothermally at 660°C for 1 to 5h followed immedi-
ately by a second isothermal sintering step at 730°C
for up to 3h. All sintering experiments were carried
out in flowing dry air (50 cm® min=").

The mass and dimensions of the samples were
measured before and after sintering and the final den-
sities were verified using Archimedes method. The

average grain size of the sintered samples was esti-
mated from scanning electron micrographs of fracture
surfaces. Data for the electrical properties were
obtained from standard d.c. resistivity measurements
over the range of current densities from 107° to
107* Acm™2. Pulse measurements were used for cur-
rent densities ranging from 0.1 to 10Acm~>. The
non-linear exponent, «, was calculated from Equation 2
for the desired current densities

« = log (J,/J))log(E,/E,) (2

3. Results and discussion
3.1. Densification and microstructural
development

Doped ZnO powder (0.56 mol % Bi,05, 0.25mol %
Co0, and 0.25mol % MnO) containing 125 p.p.m. Al
(used as a grain-growth inhibitor) were used in the
experiments to study the effects of green density, sin-
tering temperature and heating schedule. The results
will be discussed separately in the following sections.

3.1.1. Constant heating rate sintering
Fig. 1 shows the axial shrinkage, AL/L,, plotted
against temperature for a sample sintered at a con-
stant heating rate of 4°Cmin~" up to 750°C (L, =
initial length, AL = L, — L, where L is the instan-
taneous length). The initial density of the sample was
0.48, based on the calculated theoretical density of
5.64 gm > for the doped powder. It is seen that the
shrinkage (i.e. densification) rate is appreciable above
~ 710° C (denoted as Region Il in Fig. 1). An interest-
ing feature of the results is an initial increase in the
shrinkage rate at ~ 650°C, referred to as Region I.
This increase may be due to a presently unknown
chemical reaction between the powder constituents
that leads to the formation of a pre-eutetic liquid
phase. It is also seen from Fig. 1 that a convenient
temperature for isothermal sintering experiments is
730° C, which is somewhat below the reported ZnO-
Bi,0, eutetic temperature (750° C), and at which tem-
perature the densification rate is appreciable.

All further sintering experiments were performed
isothermally; most experiments were conducted at
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Figure | Axial shrinkage plotted against temperature for doped
ZnO powder compacts (0.56mol % Bi,0,, 0.25mol % CoO, and
0.25mol % MnQ) containing 125p.p.m. Al and sintered at a
constant heating rate of 4°Cmin~! up to 750°C in air.

730° C, but a few were also conducted at 715°C for
comparison.

3.1.2. Effect of green density
Fig. 2 shows the data for the relative density, g, plot-
ted against time, 7, for samples having green densities
of 0.48, 0.59, and 0.70, respectively, and sintered at
730°C. The sintering temperature was reached in
~ 8min, and was maintained to within +2°C during
the course of an experiment. The sintered density
increases almost linearly with green density. Similar
behaviour has been observed [28] for undoped,
commercial powder ZnO powder sintered at 715°C.
The increase is sintered density with increasing
green density can be understood in terms of an
increase in the packing density. This, in turn, leads to
an increase in the volume fraction of pores having a
grain coordination number below the critical value for
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Figure 2 Relative density plotted against time for samples of three
different green densities sintered isothermally at 730°C in air; the
powder composition is described in Fig. 1.

Figure 3 Scanning electron micrograph of the fracture surface of a
sample sintered to a density of —0.86 showing pores with large
grain coordination humbers. The green density of the sample was
~0.55 and the powder composition is described in Fig. 1.

pore shrinkage. As is seen in Fig. 3, the scanning
electron micrograph of the fracture surface of a
sample (initial density ~ 0.55) sintered to a density of
~0.86 shows a number of pores with quite large
coordination number. Further densification of this
sample would require prolonged sintering accom-
panied by extensive grain growth.

A notable feature of the data is the sample pressed
isostatically to a green density of 0.70 and sintered to
a density of >0.98 after only 1.5h. The high green
density suggests that most of the agglomerates present
in the powder were relatively soft and thus easily dis-
rupted mechanically during cold isostatic pressing.

3.1.3. Effect of isothermal sintering
temperature

In addition to the isothermal sintering experiments at

730°C, a few additional experiments were performed

at 715° C to determine whether the sintering tempera-

ture could be lowered without causing a pronounced

reduction in the sintered density. Fig. 4 compares the
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Figure 4 Relative density plotted against time for the powder com-
position described in Fig. 1 and sintered isothermally in air at 715
and 730°C; the green-density of the samples was 0.70.
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Figure 5 Relative density plotted against time for the powder com-
position described in Fig. 1 and sintered according to two different
heating schedules: one sample was densified using a two-stage iso-
thermal sintering schedule of 1 h at 660° C followed immediately by
2 h at 740° C, and the other was sintered isothermally at 730° C. The
green density of the samples was 0.70.

densities of two samples, initial density 0.70, sintered
at 730 and 715°C, respectively. The samples sintered
at 716° C reached a density of 0.94 after 2 h, compared
with a density of >0.98 for the sample sintered at
740° C for 1.5h. There was no appreciable difference
in the average grain sizes of the two samples. Thus, it
appears that in order to achieve near theoretical den-
‘sity coupled with submicrometre grain size an isother-
mal sintering temperature of ~ 730°C is appropriate
for the densification of these powders.

3.1.4. Effect of heating schedule: two-stage
sintering

As seen in Fig. 1, the shrinkage rate of the doped ZnO
powders shows an initial notable increase at ~ 650°C,
followed by a more marked increase above ~ 710°C.
Chemical reaction between the powder constituents
might be responsible for the increase at ~ 650°C.
High-temperature X-ray diffraction experiments at
700° C show crystalline Bi,O; no longer remain (at
600° C, crystalline Bi,O; is observable). A two-stage
isothermal sintering experiment was performed to
determine the effect of an initial soaking at 650°C on
the densification and microstructural development at
730°C, and the resulting electrical properties.

Fig. 5 shows the relative density versus time for the
sample densified using a two-stage isothermal sinter-
ing schedule of 1h at 660° C followed by 2h at 730°C
compared with that for the sample sintered isother-
mally for 1.5h at 730°C. The green density of the
samples was 0.7. The two-stage sintering schedule
produced a sample with a density of > 0.97 compared
with a value of >0.98 for the sample sintered iso-
thermally at 730° C.

There was almost no difference between the micro-
structures of the two samples. Increasing the soaking
time at 660°C led to a reduction in the final sintered
density.
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Figure 6 Relative density plotted against time for doped ZnO pow-
ders (—--—) with 125p.p.m. Al or ( ) without Al, that were
sintered at the two temperatures shown.

3.1.5. Effect of aluminium

To study the effect of aluminium, which was used as
a grain-growth inhibitor, doped ZnO powder com-
pacts (initial density 0.70) containing 0 to 125 p.p.m.
Al were sintered at 730 and 715°C. The results are
shown in Fig. 6, where the relative density is plotted
against time. It is seen that at both temperatures, the
densification rates of the samples containing no alumi-
nium were, initially, higher than those for the samples
containing aluminium, but after 5 to 10min they
decreased markedly. After sintering under identical
conditions, i.e. for 1.5h at 730°C, the density of the
sample containing no Al (referred to as sample A)
was 0.93 compared with a value of >0.98 for the
sample containing Al (sample B).

The scanning electron micrographs of the fracture
surfaces of samples A and B are shown in Figs 7a and
b, respectively. The effectiveness of aluminium in con-
trolling grain growth is very apparent and similar to
the results of Kimball and Doughty [27]. Sample A
shows extensive grain growth (average grain size
>3um) and some evidence of pore breakaway.
Sample B, however, shows a neatly equiaxed grain
morphology with an average grain size of <1um
and no evidence of pore breakaway. For the sample
containing no aluminium, reducing the sintering tem-
perature to 715°C did not result in any appreciable
reduction in the grain-growth rate or in the extent of
pore breakaway. Thus, for achieving high density
(> 0.95) with nearly uniform submicrometre grain size
by conventional sintering of the powder composition
used, it is seen that the incorporation of a grain
growth inhibitor is essential.

3.2. Electrical properties

The switching field and nonlinearity coeflicient were
measured for two samples; one was sintered isother-
mally for 2h at 730°C, and the other was sintered
using a two-stage isothermal schedule of 1 h at 660°C
followed immediately by 2h at 730°C. The green
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Figure 7 Scanning electron micrographs of the fracture surfaces of two doped ZnO powder compacts (green density 0.70) sintered under
identical conditions, i.e. for 1.5h at 730° C: sample A contained no AL,O, while sample B contained 125 p.p.m. AL,O;.

density and sintered density of both samples were 0.70
and > 0.98, respectively, and their initial dimensions
were 16 mm diameter by 10 mm. The microstructures
of the sintered samples were similar to that of Fig. 7b.

The E, and « values for both samples were 45kV
cm~' (at 10Acm™?) and ~ 10 (measured between 2.5
and 10 A cm™?), respectively. The E, value was ideal
for the intended application but o was about half the
required value. The relatively low « values in varistors
prepared from similarly processed powders have been
seen in thick. (> 1cm), high-density samples in a
previous study by Gardner and Lockwood [26]. Fur-
ther work on the optimization of the microstructure
and properties of the sintered samples are in progress.

4. Conclusions
Chemically prepared zinc oxide powder doped with
0.56 mol % Bi,0;, 0.25mol % CoO, and 0.25mol %
MnO was conventionally sintered to > 0.98 theoreti-
cal density in air at 730°C. The sintered samples
showed a nearly equiaxed grain morphology with an
average grain size of < 1 um. The incorporation of
~125p.p.m. Al as a grain-growth inhibitor, and the
use of high-pressure cold-isostatic pressing to increase
the green packing density resulted in a high-density
(> 98%) varistor with submicrometre grain size.
The switching field (at 10 Acm~?) for the sintered
samples was 45kVem™' and a non linearly coefficient
of approximately 10 was measured. Further work is
required to optimize the density, microstructure, and
electrical properties of these high-field zinc oxide
varistors fabricated by pressureless sintering below
750°C.
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