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Processing strategies to control grain growth in ZnO
based varistors
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Abstract

Development of functional microstructure during sintering in ZnO based varistors will determine its electrical properties. Particularly influenced
is the nominal breakdown voltage of the ceramic device, since it is directly related to the ZnO grain size. Bi2O3-doped ZnO varistors sinter
in the presence of a liquid phase which enhances grain growth. Addition of antimony oxide, however, leads to the formation of a spinel type
phase Zn7Sb2O12, which inhibits grain growth. Both phases are formed through reactions that take place during the sintering process. In the
present work, different sintering strategies are performed in order to modify these reactions, so affecting the kinetics of grain growth and
hence the electrical properties from that derived.
©

K

1

v
T
m
s

V

w
t
a
m
b

m
s
o
t
p

mo-
ed

the
ase
ain
the
stor
lves

)

ce of
later
ere-

0
d

2005 Elsevier Ltd. All rights reserved.

eywords:Grain growth; Sintering; Activation analysis; Varistors

. Introduction

Non-linear current–voltage characteristics in ZnO based
aristors depend directly on the material microstructure.1,2

he breakdown voltage of the varistor which is one of the
ost important functional parameters can be related to the

ize of ZnO grains by the following empirical relationship:3

s =
(

d

G

)
Vb (1)

hereVs is the nominal breakdown voltage,d is the specimen
hickness,G is the average grain size andVb is the voltage
cross a single boundary. Although it is a very simplified
odel, this relationship allows an estimation of the varistor
reakdown voltage.

A classical commercial varistor composition consists
ainly of ZnO with small additions of other metal oxides

uch as Bi2O3, Sb2O3, Cr2O3, CoO, etc. The microstructure
f the sintered material comprises a matrix of highly conduc-

ive ZnO grains with two major secondary phases: a Bi-rich
hase surrounding ZnO grains and promoting the formation

of potential barriers to electrical conduction at ZnO ho
junctions, and a Zn7Sb2O12 spinel type phase mainly locat
at the grain boundaries and triple points. Bi2O3 also pro-
vides the medium for liquid phase sintering, enhancing
growth of ZnO grains.4 On the other hand, the spinel ph
inhibits grain growth by pinning the movement of the gr
boundaries.5 These two opposite effects will determine
growth rate of ZnO grains. The consolidation of the vari
microstructure arises during the sintering step and invo
the following reactions:1

2ZnO+ 3
2Sb2O3 + 3

2Bi2O3 + 3
2O2

<900◦C−→ Zn2Bi3Sb3O14 (pyrochlore) (2

2Zn2Bi3Sb3O14 + 17ZnO
900–1000◦C−→ 3Zn7Sb2O12 + 3Bi2O3 (liquid) (3)

The formation of the spinel phase and the appearan
the liquid phase are subordinated to the formation and
decomposition of the intermediate pyrochlore phase. Th
∗ Corresponding author.
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fore, the temperature at which these reactions take place will
lead to different grain sizes, and different electrical proper-
ties will be obtained when fabricating the varistor device. The

d.
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserve
oi:10.1016/j.jeurceramsoc.2005.03.175



3000 M. Peiteado et al. / Journal of the European Ceramic Society 25 (2005) 2999–3003

present study is focused on the control of grain growth kinet-
ics by applying different processing strategies that modify
the sintering reactions.

2. Experimental

The influence of sintering reactions on grain growth was
studied by applying three different processing strategies with
the same standard composition: ZnO (97.2 mol%), Bi2O3
(0.5%), Sb2O3 (1%), MnO2 (0.5%), Cr2O3 (0.5%) and CoO
(0.3%).

BatchSH: prepared by a classical mixed-oxide route includ-
ing ball milling for 2 h in ethanol.
Batch Sp: mixed oxide route as in SH, but substituting the
Sb2O3 for the equivalent amount of a previously synthe-
sized Zn6.99Sb2.01O12 cubic spinel phase. Around 1000◦C,
this phase transforms into the orthorhombic Zn7Sb2O12 sto-
ichiometric structure.6

Batch SHC: prepared same as SH powder, but including a
pre-calcination treatment at 950◦C/1 h before sintering. At
this temperature, the reactions have already commenced but
without significant growth of ZnO grains.

The dried powders were sieved under 100�m and uni-
axially pressed at 80 MPa into pellets approximately 12 mm
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Fig. 1. XRD patterns of the three starting powders previous to sintering.
Zn = ZnO, Bi = Bi2O3, Sb = Sb2O3, Sp = Zn6.99Sb2.01O12 spinel phase and
Py = Zn2Bi3Sb3O14 pyrochlore phase.

expected that at temperatures above 900◦C this pyrochlore
would have decomposed into spinel and bismuth phases.
XRD pattern of batch SHC shows, however, that after 1 h
at 950◦C, this decomposition reaction is only partially com-
pleted. The spinel phase detected comes both from the binary
reaction between ZnO and the excess Sb2O3 and from the de-
composition of the pyrochlore. The amount of possible Bi2O3
formed in this reaction must be, however, under the detection
limit of the technique.

Electrical measurements data collected for samples at
different sintering temperatures and times are resumed on
Tables 1 and 2. No significant changes can be observed
in the non-linear coefficientα, estimated between 5 and
20 mA/cm2, but substantial differences are, however, ob-
tained in the breakdown voltage, measured for a current den-
sity value of 5 mA/cm2. It can be seen that increasing the

Table 1
Evolution of electrical properties and ZnO grain size with sintering
temperature

Batch Eeff (±20 V/cm) α ZnO average grain
size (±0.5�m)

1140◦C/2 h
SHC 3802 56 5.3
SH 3558 55 5.8
Sp 3176 52 6.0

1

1

1

n diameter and thickness. Sintered of green compacts
arried out for 2 h at sintering temperatures of 1140, 1
180 and 1200◦C, and at 1180◦C for sintering times of 1, 2
and 8 h.
Phase characterization of the starting powders was

ormed by X-ray diffraction (XRD) in a D5000 Sieme
iffractometer using Cu K�1 radiation. Densities of sintere
amples were measured using the water-immersion m
nd in all cases values of >97% of the theoretical density
chieved. For microstructural observations, scanning

ron microscopy (SEM) of polished and chemically etc
urfaces was carried out using a Hitachi S-4700 FE-SEM
roscope. ZnO grain size was determined from SEM m
raphs by an image processing and analysis program.

han 800 grains were taken into account. For electrical c
cterization, sintered samples were cut into discs 3 mm
nd Ag electroded. StandardV–I measurements were carr
ut using a dc power multimeter (Keithley 2410).

. Results and discussion

Powder XRD for samples of the three starting mate
s depicted inFig. 1. Peaks of the three main compone
nO, Bi2O3 and Sb2O3 can be observed in batch SH, wher
trong peaks of spinel phase are detected in batch Sp
ected. In the pre-calcinated SHC batch, same peaks
pinel phase are detected, and no trace of Bi2O3 is observed
ecause it has reacted with Sb2O3 to form the intermedi
te pyrochlore phase. As reaction(3) indicates, it should b
-

160◦C/2 h
SHC 3481 56 5.8
SH 3283 53 6.6
Sp 2952 50 7.1

180◦C/2 h
SHC 3245 55 6.3
SH 3096 54 7.0
Sp 2777 48 7.7

200◦C/2 h
SHC 3155 55 6.9
SH 2886 52 8.1
Sp 2590 50 9.0
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Table 2
Evolution of electrical properties and ZnO grain size with sintering time

Batch Eeff (±20 V/cm) α ZnO average grain
size (±0.5�m)

1180◦C/0 h
SHC 4262 60 5.1
SH 3827 54 5.4
Sp 3452 51 6.0

1180◦C/2 h
SHC 3245 55 6.3
SH 3096 54 7.0
Sp 2777 48 7.7

1180◦C/4 h
SHC 3035 50 7.0
SH 2776 48 8.3
Sp 2377 43 9.3

1180◦C/8 h
SHC 2734 46 8.4
SH 2463 46 9.8
Sp 2166 33 10.9

sintering temperature and time results in a decrease of nom-
inal breakdown voltage for samples of the three materials.
Furthermore, samples of batch SHC have always the highest
switching voltage while samples of batch Sp have the low-
est. Such behaviour should be related to the microstructure
of the materials, more specifically to the size of ZnO grains.
According to Eq.(1), an increase in the breakdown voltage
is due to a decrease in ZnO grain size. SEM micrograph in
Fig. 2 illustrates the microstructure of the sample of batch
SHC sintered at 1180◦C/8 h. Similar microstructure is ob-
served in samples of batches SH and Sp but with differences
in ZnO average grain size (seeTables 1 and 2).

Following the previous works by Senda et al.,7 the isother-
mal rate of grain growth, assuming a negligible initial grain
size, can be expressed by the phenomenological kinetic equa-
tion:

Gn = K0t exp

(
− Q

RT

)
(4)

whereG is the average grain size at timet, n is the kinetic
grain growth exponent,K0 includes parameters of the solid

F SHC
s s of
b ich are
s

and liquid phases,Q is the apparent activation energy and
RThas its usual meaning. Expressing Eq.(4) in a logarith-
mic form leads to typical logG versus logt plots in which
the slope of the curve will correspond to the kinetic expo-
nentn. Fig. 3 shows the result of applying Eq.(4) to sam-
ples sintered at 1180◦C. Then values obtained are about
3.5 for batch SH and Sp, indicating a similar kinetic be-
haviour for these two materials, and 4.4 for batch SHC. In all
cases,n is larger than 3 which is usually assumed for pure
ZnO.7

To determine the value ofQ for grain growth, Eq.(4) can
be expressed as:

log

(
Gn

t

)
= log K0 − 0.434Q

R

(
1

T

)
(5)

so that the slopes of the Arrhenius plots of log (Gn/t) versus
1/Tyield values ofQ for grain growth.Fig. 4shows the result
of applying Eq.(5) to samples of the three sintered batches.
With the obtained exponents, it yields an average value for
the activation energyQ around 343± 47 kJ/mol in the three
materials. Again, the activation energy is larger from that
obtained by Senda for pure ZnO, about 224± 16 kJ/mol.

The results of the activation analysis indicate that grain
growth is inhibited in the three systems, although different
mechanisms should govern the process. If we assume the
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ig. 2. Polished and chemically etched surface of sample of batch
intered at 1180◦C/8 h. A similar microstructure is observed in sample
atches SH and Sp. Differences arise in ZnO average grain size, wh
hown inTable 2.
ole of the spinel phase in controlling ZnO grain growth
inning the movement of the boundaries, the Zener rela
hip indicates that a limiting ZnO grain size will be reach
he magnitude of which is determined by the size and
me fraction of the secondary spinel phase:5 Gmax= 4r/3f,
hereGmax is the maximum grain size of the host phase,r is

he radius of the second phase particles andf is the volume
raction of this secondary phase. Although a lot of assu
ions had to be used in deriving this relationship,Table 3
learly shows that even having the same spinel size (vo
raction∼ 0.17), only samples of batch Sp follow this me
nism, whereas batches SH and SHC present always a
rain size from that predicted by the Zener equation. Th

ore, another mechanism is contributing to decrease the
rowth rate in batches SH and SHC. The reason of thi
aviour should be found on the differences promoted in

ig. 3. logGvs. logtplot for samples of the three batches sintered at 118◦C
slope = 1/n).
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Fig. 4. log (Gn/t) vs. 1/T Arrhenius plots for the three sintered batches
(slope =−0.434Q/R).

Table 3
Evaluation of Zener effect for samples of three batches sintered at 1180◦C

Batch r(Sp) exp.
(±0.1�m)

G(ZnO) Zener G(ZnO) exp.
(±0.5�m)

1180◦C/0 h
Sp 0.9 7.1 6.0
SH 0.7 5.9 5.4
SHC 0.8 6.3 5.1

1180◦C/2 h
Sp 1.0 7.8 7.7
SH 1.0 7.8 7.0
SHC 1.0 7.8 6.3

1180◦C/4 h
Sp 1.2 9.4 9.3
SH 1.2 9.4 8.3
SHC 1.2 9.4 7.0

1180◦C/8 h
Sp 1.4 11.0 10.9
SH 1.4 11.0 9.8
SHC 1.4 11.0 8.4

sintering reactions by the three applied processing strategies.
In batch Sp, the incorporation of the previously synthesized
spinel phase avoids such reactions and the liquid phase ap-
pears on the material around 740◦C, which is the formation
temperature of the eutectic liquid between ZnO and Bi2O3.8

The liquid enhances grain growth, but this effect is coun-
teracted by the presence of the spinel grains which tend to
control ZnO grain size as predicted by the Zener equation.
On the other hand, the calcination pre-treatment in batch SHC
also avoids the reactions during sintering, but this time the
appearance of the liquid is delayed to the pyrochlore decom-
position above 900◦C (Eq.(3)). In this gap between 740 and
900◦C, the material may evolve in solid state,5 so decreas-
ing the kinetics of grain growth. This situation, in addition
to the pinning effect of the spinel particles, leads to a more
effective control of grain growth from that of the batch Sp.
In batch SH, the reactions take place during heating as in
batch SHC, however, since sintering is a dynamic process, a
certain amount of Bi2O3 will also react with ZnO to form the
eutectic liquid around 740◦C, giving place to a larger ZnO
grain size than in batch SHC and a similar kinetic behaviour
of that of batch Sp.

4. Conclusions
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Reactions between the varistor constituents during th
ering step could be avoided by incorporating the spinel
ndary phase as well as by including a pre-calcination t
ent. These two alternatives lead to different grain gro

ontrol mechanisms based on the modification of the
erature at which the Bi-rich liquid phase appears on th
amic. When the liquid is formed at the ZnO–Bi2O3 eutectic
emperature around 746◦C, the main mechanism for co
rolling grain growth is that of the particle pinning of gra
oundaries by the presence of the spinel inclusions. W

he appearance of the liquid is delayed till the pyroch
ecomposition above 900◦C, additional solid state mech
isms will be added to the spinel pinning effect improving
rain growth control. Such differences in the microstruct
evelopment involve different electrical properties mak
ossible to design varistors with desired breakdown volt
ithin a controlled margin of reproducibility.
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