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SHORT COMMUNICATION
Effect of step sintering on breakdown voltage

of varistors prepared from nanomaterials by
sol gel route

S. C. Pillai**?, J. M. Kelly?, D. E. McCormack? and R. Ramesh*

ZnO varistor materials were prepared by a sol gel route with subsequent drying and calcination.
Varistor discs fabricated from these materials were subjected to a two step sintering schedule.
Therefore in a typical experiment, the samples were heated to 1000°C, then allowed to cool for over
30 min to 900°C and held there for 6 h. The results were compared with commercial varistor samples
sintered in a similar way. Considerably higher breakdown voltages were obtained for the varistors made
from nanosample (1192+30 V. mm~") compared with the commercial samples (723 +30 V. mm™")
sintered under the same experimental conditions. The sintered materials were characterised by X-ray
diffraction (XRD), field emission scanning electron microscopy (FESEM) and density measurements.

Keywords: ZnO, Varistors, Sintering, Nano, Grain growth, Dopants

Introduction

ZnO varistors are used as surge suppressors in most of the
areas of electronic and communication technologies.'”
These are conventionally prepared from ZnO and other
additives (Bi,O3, Sb,0O3;, CoO, MnO, Cr,03, NiO and
Al,O3) using a solid state reaction by plastification,
pelletisation and sintering.'? The pressed discs are then
sintered at 1100-1250°C. They are characterised by a
threshold voltage (breakdown voltage or V), where the
transition from linear to non-linear mode occurs.' It is
well known that the breakdown voltage of a sintered
ceramic body is proportional to the number of grain and
grain boundaries formed in between the electrodes.>’ A
high performing device in a smaller dimension might
therefore be prepared by employing nanosize precursor
materials.”® Additionally, nanoparticles can be sintered
at a lower temperature compared with the coarse grained
ceramics.

A novel sintering procedure has been reported
recently for the sintering of nanocrystalline Y,0s.’
This method uses two steps in the heating schedule.
The pellet is first heated to a higher temperature to
achieve an intermediate density, then cooled down and
held at a slightly lower temperature for several hours. In
the present report, a similar approach is used for
sintering the varistor nanopowder prepared by a sol
gel route and it is compared with commercial samples
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processed in a similar way. It should also be noted that
this type of thermal processing has earlier been studied
on ZnO varistor powder prepared by a modified Pechini
polymeric complex method.'*!

Experimental

Nanovaristor powders have been prepared by a sol gel
reaction using zinc acetate dihydrate, oxalic acid, cobalt
acetate, nickel acetate, aluminium nitrate, chromium
nitrate and magnesium acetate. A detailed experimental
procedure for making varistors from nanopowders has
been explained in previous articles by the authors.’®
Varistor discs produced were sintered using a step
sintering procedure.”'' The samples were heated to
1000°C and held at this temperature for 0 h after which
the temperature was lowered (cooling time 30 min) to
900°C for 6h and then left to cool down room
temperature. Conventional sintering has been performed
for 1000°C (held at this temperature for 2 h).

Current-voltage characteristics (from 0-1 pA to
10 mA) were measured using a Keithley instrument
(model 2410). The breakdown voltage V. is taken as the
voltage at a current density of 1 mA. Scanning electron
microscopy (SEM) characterisations were carried out
using a Hitachi S-4300 field emission scanning electron
microscopy (FESEM) instrument, which was operated
at 5-0 or 20-0 kV. Samples for analysis were mounted on
aluminium stubs and coated with graphite.

Results

Powder characterisations

The powder obtained after the calcination at 500°C was
analysed using X-ray powder diffraction and TEM.
Broadening of the X-ray band allowed an estimate of the
average particle size as 15+3 nm using the Scherrer
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equation. Transmission electron microscopy studies also
showed a similar average particle size of 19+ 3 nm.

Densification

The nanopowder was pelletised, attaining a presintered
density of 49 + 2% theoretical value (commercial sample;
65+2% theoretical density). Table 1 shows the densifi-
cation values of the sintered discs by two sintering
schedules. Almost the same densification was obtained
for nanovaristors sintered by conventional or step
sintering procedure. Note that the densification of the
commercial (micrometre sized) material is poor under
above sets of sintering conditions used here demonstrat-
ing the advantage of working with nanomaterials.
Commercial samples are conventionally sintered at
1100-1250°C. Field emission scanning electron micro-
scopy studies show that average grain sizes of 1:60+0-05
and 2-00£+0-05 pm have been obtained by step sintering
and conventional sintering techniques respectively.

Phase analysis

During sintering, different dopants migrate either
towards the grain boundary or towards the grains.
Various phases are formed in such a way that the grain
is conducting and the grain boundary is insulating. It is
known that the ZnO-Bi,O3;-Sb,O3; system processed
conventionally forms a pyrochlore phase Zn,Bi3;Sb;04
at lower temperatures (<650°C) and that this further
reacts with ZnO forming a spinel (Zn;Sb,0;,) above
900°C.">3 Usually, there are three major phases identi-
fied in a typical ZnO microstructure:"*° ZnO grains, Bi
rich areas (Bi,O3) and spinel (Zn;Sb,0,,). In order to
identify various phases formed in the system, EDX
analysis was carried out (Fig. 1). ZnO grains (Fig. 1a and
b), bismuth rich phases at intergranular regions and at
triple points (Fig. l¢ and d) and antimony rich area
(Fig. le and f) with a significant amount of zinc (possibly
spinel phase Zn,Sb,0,) were seen in the microstructure.

X-ray powder diffraction (XRD) measurements were
carried out to identify the antimony and bismuth rich
phases found by EDX analysis. X-ray diffraction results
(Fig. 2) show that antimony rich area is Zn;Sb,O;, and
bismuth rich area is Bi,O3; (Refs. 2-5). Commercial
samples also showed similar XRD patterns.

Electrical characterisation

Varistor discs obtained after a two stage sintering
process (1000°C/0 h; 900°C/6 h) were used for electrical
studies. The current-voltage characteristics of nanosam-
ples and commercial samples are given in Fig. 3. A
steeper rise in voltage with current is obtained in
varistors made from nanosize precursors compared with
the commercial varistors. Most significantly, a consider-
ably higher breakdown voltage is also found for
the nanovaristor precursor samples sintered by these
methods compared with the commercial sample made
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Table 2 Breakdown voltages of varistor
sintered at different temperatures

samples

Ve (£30),

Sample Vmm!

Commercial varistor (1000°C/0 h; 900°C/6 h) 723

Nano varistor (1000°C/0 h; 900°C/6 h) 1192
Commercial varistor (1000°C/2 h) 584
Nanovaristor (1000°C/2 h) 951

consistent with an increase in active grain boundaries
present in the sintered nanomaterials.>®

These samples were also compared (Table 2) with
those sintered at 1000°C and held for 2 h. Lower
breakdown voltages were obtained for both commercial
and nanosamples compared with the step sintered
samples. Again, this behaviour may be attributed to
the formation of more active grain boundaries.>®

Discussion

During sintering, various additives used in the varistor
precursor get dispersed in such a way that grains become
highly conductive and the grain boundaries highly
resistive.' 7 High resistive grain boundaries therefore
formed are responsible for obstructing conduction at low
voltages and are the sources for non-linear electrical
conduction at higher voltages. Grain size distribution plays
a significant role in electrical behaviour and in particular,
nanograin sized material exerts superior properties. In
addition, it is well established that the breakdown
voltage of a varistor is proportional to the number of
grain boundaries.’ Based on the outlined information,
the observed higher breakdown voltage of the varistors
prepared from the nanosize powders (19+3 nm) of the
present study can be attributed to the increased number of
grain boundaries formed as a result of smaller grain sizes
arising from low temperature sintering. It is also plausible
to assume that an increase in the number of grain
boundaries leads to an increase in the number of active
grain boundaries per unit volume, which again contributes
to the higher breakdown voltage.'>"?

Conclusions

Controlling the varistor grain size at higher temperature
is a real challenge in sintering varistor ceramics. In
principle, the breakdown voltage could be increased very
significantly if one could sinter the material so as to
obtain submicrometre grain size.

The present study shows that working with nanosized
precursors, it is possible to produce varistors with
adequate density and enhanced electrical characteristics
at temperatures substantially lower than those needed for
conventional micrometre sized materials. Additionally,
using the step sintering method, a varistor with higher
performance characteristics is produced, illustrating the

under the same experimental conditions. This is usefulness of this procedure. This however can again be
Table 1 Densification of varistor samples

Sample Average density, g cm ) Density (+03), %

Commercial varistor (1000°C/0 h; 900°C/6 h) 517 922

Nano varistor (1000°C/0 h; 900°C/6 h) 547 975

Commercial varistor (1000°C/2 h) 5-30 94-7

Nanovaristor (1000°C/2 h) 548 978
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a and b ZnO grains; ¢ and d bismuth rich (Bi»O3) area; e and f spinel phases

1 Field emission scanning electron microscopy and EDX
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2 X-ray diffraction pattern of step sintered varistor sam-
ples prepared from nanosize precursors: *ZnO, x
Zn;Sb,0,, and o Bi,0;
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3 FV curve of varistor samples prepared by step sinter-
ing method (1000°C/0 h; 900°C/6 h): A — nanosamples,
B — commercial samples (average thickness of pellets
was 0-65 mm)

attributed to an increase in number of grain boundaries.
Despite the success reported here, it is clear that an even
greater improvement could be achieved if a sintering
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method could be developed which would allow the
maintenance of smaller particles. Other options are
currently being explored to achieve this.
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