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Abstract

Chemical routes, based on a modified citrate gel synthesis, were developed for the production of ZnO-based varistor powders and

compared with the conventional mixed-oxide route. Green bodies of powders prepared by the chemical routes were found to
undergo densification in one or two discrete steps (at 770 and 910�C) compared to multiple-step densification of the conventional
powder. In addition, it was found that the microstructures and electrical properties of the sintered pellets, although of nominally

similar chemical composition, varied according to the synthesis procedure. Pellets from the chemical routes showed smaller grain
sizes, higher densities, more evenly distributed intergranular phases and higher non-linearity coefficients than those from the con-
ventional mixed-oxide route. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

From a technical standpoint several electrical para-
meters are required of commercial varistors, including
particular breakdown voltages, nonlinearity coefficients
and energy handling capabilities.1 In order to obtain the
requisite values of these parameters much work has
focused on subtle adjustments of the type and propor-
tions of minor additives and of the sintering conditions.
However, most commercial varistors are prepared by a
mixed-oxide synthesis procedure, in which all of the
components are mixed together as fine powders and
then sintered.
The non-linear electrical properties of ZnO varistors

are determined by grain boundary phenomena, whilst
the low-current behaviour is a function of both the
quality of the grain boundaries and the intergranular
phases. The conductivity of the grains, which influences
the varistor performance at high currents, is dependent
on the granular chemical composition. The minor com-
ponents added to commercial ZnO varistors have been

found to influence not just the grain conductivity but
also the grain growth, intergranular phases and grain
boundaries. In accordance with common usage, the
minor components shall be referred to here as dopants
(grain conductivity enhancers) and additives (grain
boundary formers).
One perceived problem with the mixed-oxide route is

that no differentiation is made in the method of incor-
poration of additives and dopants. In addition impu-
rities due to abrasion from the milling equipment may
render the situation more complex. Generally high sin-
tering temperatures and long sintering times are required
to improve homogeneity and obtain satisfactory var-
istor pellets. However, chemical synthesis may offer
routes to more homogeneous green bodies, requiring
shorter sintering times at lower temperatures.
Dosch et al.2 describe a process for ZnO varistor

powder synthesis in which a co-precipitation process
from chlorides was used. An interesting feature of this
approach is related to the sequence of precipitation of
the various constituents. The strategy employed was to
separate the manufacturing process into several steps
and to use the constituents in the appropriate step based
on their later functionality. In this respect, the dopants
were co-precipitated with ZnO, since they were required
within the grains to enhance the electrical conductivity.
After a calcination step, additives were precipitated
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onto the surface of the doped ZnO grains. The additives
were mostly responsible for the intergranular Schottky
barrier formation and were also required to provide the
flux for the liquid-phase sintering process. Related pre-
cipitation procedures are described by Haile3 and Wes-
tin4. In these cases pure ZnO was covered by a coating
of dopant and additive oxides.
In this work the citrate gel process was combined with

the strategies of co-precipitation employed by Dosch2

and precipitation by Westin4 to prepare ZnO-based
varistors. However, the citrate-gel process commonly
employed5,6 was modified by using acetates instead of
nitrates of the relevant metals (except for Bi and Al for
which nitrates were used and Si for which the tetraeth-
oxide was used). Acetates were preferred over nitrates as
they produced less toxic side products during powder
calcination.

2. Experimental

Varistors composed of the following were prepared:
ZnO with Co, Mn, Al, Ni, and Cr dopants, and Bi, Sb,
Ba, Si, and B additives. The total amount of dopants
and additives equalled 7 at.%.
The conventional mixed-oxide route, used to prepare

reference samples, is denoted as route 0. Powders pre-
pared by this route were obtained from Siemens-Mat-
sushita.
Route 1 synthesis involved a first step in which doped

ZnO powder was prepared by coating a ZnO powder
with a layer of citrates of the dopants using the citrate-
gel technique. Explicitly, individual solutions of each
precursor material were made by dissolving the relevant
dopant metal salts (Co, Mn, Al, Ni, Cr) in aqueous
citric acid solution. At least 2 mol equivalents of citric
acid to each minor component were used. Citrate solu-
tions of each dopant were added sequentially to a sus-
pension of ZnO powder in de-ionised water.
The suspension was stirred with a sawtooth mixer for

up to 18 h and then dehydrated at temperatures up to
70�C under reduced pressure until a dry powder was
obtained. The powder was then dried overnight at 70�C
prior to calcining at 480�C for 4 h.
In the second step the doped ZnO powder was coated

with a layer of the additives. Citrate solutions of the
additives were prepared in the following ways. The bar-
ium and boron salts were dissolved in citric acid with a
minimum amount of water. Si(OEt)4 was diluted in
ethanol. Antimony acetate was added directly to the
citric acid and stirred vigorously for about 30 min. The
bismuth salt, Bi(NO3)3.5H2O, was added to a solution
containing 10 mol equivalents of citric acid. A solution
of 5 mol dm�3 NH4OH was added dropwise under vig-
orous stirring until a pH value of 7 was achieved, coin-
ciding with complete dissolution of the salt.

The doped ZnO powder was added to a reaction ves-
sel containing the bismuth salt solution, which was stir-
red continuously. Subsequently, the citrate solutions of
the other additives were transferred sequentially to the
reaction vessel and the resulting suspension stirred for
about 18 h. The solvent was removed completely in a
rotary evaporator under reduced pressure to yield a
solid material that was then calcined under an ambient
atmosphere at 480�C for 4 h. This second calcination
step led to doped ZnO powders which were coated with
a layer of additive oxides.
For route 2, as for route 1, a doped ZnO powder was

produced initially. The doped powder was prepared by
co-precipitation of zinc citrate and citrates of the
dopants from an aqueous solution.
Individual citrate solutions of the dopants, as descri-

bed above for route 1, were added to the clear, colour-
less zinc-citrate solution. After stirring for about 30 min
the solution was dehydrated in a rotary evaporator
under reduced pressure to produce a highly viscous gel.
Crystallisation of the gel occurred by ageing for 16 h at
room temperature or slightly above. The citrate powder
was then calcined in air at 480�C for 4 h to remove the
organic components.
The second step of route 2, to coat the doped ZnO

powder with a layer of additives, was identical to that
described for route 1 above.
The powders from routes 0, 1 and 2 were individually

ground with a pestle and mortar. Each powder was then
granulated with the addition of an organic binder mix-
ture (2%, obtained from Siemens-Matsushita). The
granules were dried and sieved prior to palletising. Four
hundred milligrams of a given powder was uniaxial
pressed to form each 10 mm diameter pellet.
After thermal removal of the binder at 400�C green

bodies were formed. Using a dilatometer, measurements
of the normalised change in sample thickness (linear
expansion, �L=L0) were made with increasing tem-
perature (heating rate 3�C min�1 in air) on green bodies
prepared by the three routes. The differential length
change with temperature (differential linear expansion,
d(�L)/dT) was also calculated.
Sintered pellets were prepared from the green bodies

by heating in air to 1000�C for 90 min (heating rate 3�C
min�1, cooling rate 1�C min�1) which yielded dark grey
ceramic bodies of approximately 1.2 mm thickness.
The distribution of the intergranular phase of each

sintered and polished specimen was observed by scan-
ning electron microscopy (SEM, Zeiss DSM 950). Grain
size measurements were made on samples that had been
thermal etched after polishing.
In order to make electrical measurements varistor

samples were polished and contacted on both opposing
faces with fired-on silver paste received from Siemens-
Matsushita. The geometric area of each contact was 20
mm2. Several samples (2–7) were prepared for each
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route and the reported values represent an average of
these measurements.
The nonlinear coefficients � were evaluated by the

relationship given in Eq. (1).

� ¼
logI2 � logI1
logV2 � logV1

ð1Þ

where V1 and V2 are the voltages corresponding to the
currents I1 and I2 respectively. The nonlinearity coeffi-
cient, �1 was calculated I1=10 mA and I2=1 mA. �2
was calculated when I1=1 mA and I2=10 A.
ZnO-based varistors are often characterised by a

breakdown field strength that marks the transition from
the linear pre-breakdown region to the non-linear
region. We have chosen to measure the breakdown field
strength (EV) at a current of 1 mA. From EV and the
SEM measurements of grain size the average voltage per
grain boundary Vgb was calculated.

3. Results and discussion

As shown in Figs. 1–3, by the differential linear
expansion with temperature, the green bodies from

route 1 showed a slightly earlier onset of densification
than for routes 0 and 2 (680� compared with 730–750�C,
respectively). However, more strikingly the densification
of materials from routes 1 and 2 was largely complete
(the magnitude of �L=L0 was 95% of the maximum
value) at 1100 and 980� respectively, compared with
>1200�C for the route 0 material.
Local maxima were observed close to 770�C for the

green bodies from routes 0 and 2 (Figs. 1 and 3,
respectively) which may be attributed to the formation
of a bismuth-rich liquid,7 whereas the route 1 green
body showed only a single local maxima at 910�C
(Fig. 2).
The formation of an extensive liquid phase in the

route 1 material at 770�C was presumably inhibited by
the minor components. Because the route 1 and 2 green
bodies densified at different temperatures it may be rea-
soned that the two strategies produced green bodies
which differed in their local distributions of minor
components. The most obvious and probable difference
would have arisen from the incomplete diffusion of the
dopants (Co, Mn, Al, Ni, Cr) into the ZnO grains under
route 1.
The low surface concentration of dopants and high

surface concentration of additives under route 2, and in
localised regions of the green bodies under route 0, was
suitable for the formation of a liquid phase at �770�C.
A further densification process at �910�C was common
to pellets from all three routes and may have involved
the formation of a liquid phase containing both addi-
tives and dopants. Hence the route 1 powder would
have densified primarily through the formation of a
single liquid phase, whereas the route 2 powder under-
went a two-stage densification. Densification of the
route 0 powder proceeded through a number of steps (at
least three) reflecting the large variations in the local
dopant and additive concentrations arising from the
precursor powders.
From Table 1 the green bodies of samples derived by

routes 1 and 2 had lower densities than those from the
conventional route 0. After sintering, the densities of all

Fig. 1. Dilatometer curve (heating rate 3�Cmin�1) for a route 0 sample.

Fig. 2. Dilatometer curve (heating rate 3�Cmin�1) for a route 1 sample. Fig. 3. Dilatometer curve (heating rate 3�Cmin�1) for a route 2 sample.
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three types of pellets increased. The sintered body den-
sities increased in the order route 0<route 1<route 2,
as may have been expected from the more rapid densi-
fication of the novel materials.
SEM examination of the routes 1 and 2 samples

showed similar homogeneous distributions of the inter-
granular phases and ZnO grains. This contrasted with
the route 0 sample, which showed a distinctly inhomo-
geneous distribution. In particular aggregates of inter-
granular material of �4 mm diameter were clearly
visible. Thus, some of the inhomogeneity of the starting
materials was retained, even after sintering at 1000�C.
The average grain sizes (Table 1) were similar for the

two chemical routes (5.6 and 5.9 mm) and significantly
less than the route 0 sample. A more homogeneous dis-
tribution of spinel phases, which inhibit grain growth,8

in both the routes 1 and 2 pellets as compared with
those from route 0, may explain the larger grain size of
the conventional material.
The values of the characteristic field strengths and

non-linear coefficients are listed in Table 2. From which
it may be noted that the �1 and EV values for the sam-
ples prepared by routes 1 and 2 are higher than those
previously reported from the citrate gel route6 (EV=443
V mm�1, �=27.8), possibly due to the lower sintering
temperatures employed in this work (1000�C as com-
pared with 1200�C). Also the values of �1 are similar for
the route 1 and 2 samples and significantly higher than
those of the route 0 material. This would imply that
more homogeneous interfaces were produced by the
modified citrate-gel routes. However, it should be noted
that the values of Vgb were within experimental error of
one another and close to those reported previously.9

The values of �2 (Table 2) may be taken to indicate
that the high-current behaviours of the pellets produced
by the three routes were similar.

4. Conclusions

Dense, doped ZnO ceramic pellets were produced by
three different synthetic methods; conventional mixed-
oxide, precipitation and co-precipitation citrate gel. The
two non-conventional routes produced precursor pow-
ders which sintered more readily and in fewer distinct
stages (one or two compared with many) than a powder
prepared by the conventional mixed-oxide route. This
was attributed to the tailored microstructural variations
in minor component concentrations for the novel routes
compared with the random, inhomogeneous nature of
the conventional, mixed-oxide material.
ZnO-based varistors prepared by a modified citrate

gel route showed higher values of characteristic field
strengths and non-linear coefficients (�1�70) when
compared with varistor ceramics produced by the
mixed-oxide route (�1=47). However, the values of Vgb

and �2 were similar. Because the citrate-gel routes led to
smaller grain sizes (and Vgb was relatively constant) the
breakdown field strengths were higher than samples
prepared by the mixed-oxide route.
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