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bstract

he present contribution deals with the development of an empirical approach that will describe the evolution of the breakdown voltage in ZnO-

ased varistors as a function of the sintering variables. This relationship is described through the kinetic analysis of the grain growth process. It
s found that for a certain range of sintering conditions the varistor breakdown voltage could be calculated from the average size that zinc oxide
rains achieve, provided that the varistor microstructure evolves in a gradual and controlled manner and the distribution of the electrical interphases
emains stable.

2007 Elsevier Ltd. All rights reserved.

ies

o
S
g
t
g
p
M
t
o
s
p
o
Z
a
t
i
o
z
p

eywords: ZnO; Varistors; Grain growth; Sintering kinetics; Electrical propert

. Introduction

ZnO based varistors exhibit highly nonlinear current–voltage
haracteristics which find application in the field of protection
gainst transient voltage surges.1–3 In doped ZnO ceramics
on-linearity coefficients as high as α ∼ 70 can be achieved with
being defined as a local approximation I ∼ Vα to the electrical

urrent–voltage response.2 In standby, the varistor is subjected
o a voltage below its characteristic breakdown voltage and
nly a leakage current pass through the bulk specimen; during
transient surge the voltage between electrodes exceeds the

reakdown voltage and the varistor becomes highly conductive
iverting the current to ground and so protecting the circuit. The
on-linear response originates on its polycrystalline microstruc-
ure and more specifically on detailed processes occurring at
he grain/grain interfaces. By proper doping, the near grain
oundary region becomes highly resistive while the grain
nterior turn into conductive, and electrostatic potential barriers
uild up at the grain boundaries due to charges being trapped
t interface states.4–6 In this way, varistors are equivalent to

ack-to-back Zener diodes but with much greater current and
nergy handling capabilities that make them suitable for high
oltage applications.

∗ Corresponding author at: Advanced Materials Department, Jozef Stefan
nstitute, Jamova 39, 1000 Ljubljana, Slovenia. Tel.: +386 1 4773629;
ax: +386 1 4773875.
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Typical formulation of ZnO based varistors comprises zinc
xide with small amounts of other metal oxides, such as Bi2O3,
b2O3, Cr2O3, MnO2 and CoO among others.7 Sintering of the
reen compacts takes place in the presence of a liquid phase and
he microstructure thus formed consists of ZnO semiconductor
rains with a bismuth-rich second phase at triple and multi-
le junctions that percolates through the whole ceramic body.
onoatomic layers of bismuth excess and oxygen segregated at

he grain boundaries are responsible for the electrical activity
f the interfaces.8 Besides particles of a secondary Zn7Sb2O12
pinel-type phase are also located at grain boundaries and multi-
le junctions. The formation of this spinel phase and the release
f the liquid take place on sintering through reactions between
nO and the Bi2O3 and Sb2O3 dopants.9 More specifically in
recent work we have found that the thermal evolution of this

ernary system involves two simultaneous reaction paths, orig-
nated both on the partial oxidation of Sb2O3 to Sb2O4.10 In
ne of these paths, part of the oxidized antimony reacts with
inc and bismuth oxides to form an intermediate Zn2Bi3Sb3O14
yrochlore-type phase; around 900 ◦C this pyrochlore decom-
oses to form liquid Bi2O3 and a spinel phase. In the other path,
he remaining antimony reacts with ZnO leading to a tri-rutile
nSb2O6 phase which above 800 ◦C forms more spinel-type
hase. As a result a functional microstructure is obtained in

hich the liquid phase is promoting the densification of the

eramic and the growth of ZnO grains; the spinel particles on the
ther hand, by acting as inclusions that pin the grain boundary
otion, control the ZnO grain growth.

mailto:marco.peiteado@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.046
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aqueous suspension. In the other one, VP5, the powder was pre-
pared by co-precipitating all the components of the formulation
via a citrate-route (Pechini method).15 Table 1 resumes the main
characteristics of each analyzed strategy.

Table 1
Main characteristics of the different processing strategies analyzed in this work

Material Strategy Objective

VP1 Mixed oxides Reactions during sintering
VP2 Mixed oxides and spinel

instead of Sb2O3

No reactions. Formation of liquid
at 740 ◦C (eutectic ZnO–Bi2O3)

VP3 Mixed oxides and
calcination step at 950 ◦C/1 h

Pre-reacted system
868 M. Peiteado et al. / Journal of the Euro

From the above it is deduced that the two essential features of
aristor microstructure determining its non-linear response are
he formation of Bi-enriched active grain boundaries as well as
controlled ZnO grain size. Particularly, the breakdown volt-

ge of the varistor could be related to the size of zinc oxide
rains; provided that the microstructure of the ceramic remain
omogenous with regard to the nature and distribution of phases,
he breakdown voltage decreases linearly as the average size of
nO grains increases11:

B = m · d

G · Vgb
(1)

here VB is the breakdown voltage, d the sample thickness or
istance between electrodes, G the average size of ZnO grains,
gb the voltage across a single potential barrier or a single grain
oundary, and the coefficient m is actually averaging the poten-
ial barrier distribution. This last parameter comes from the fact
hat in real systems there is considerable evidence for substan-
ial variations in the performance of individual varistor grain
oundaries as well as inactive grain boundaries that do not show
aristor effect at all.12 According to this expression, ZnO grains
ecome the construction blocks from which different devices
ould be produced; to meet the requirement for a given techno-
ogical application, changes in the nominal breakdown voltage
ould be achieved either by increasing the varistor thickness
r, for a given thickness, by changing the average size of ZnO
rains. However, the first alternative is usually impeded by the
pecimen geometry, so in most applications the breakdown volt-
ge has to be fitted by strictly controlling the size of ZnO grains.
urthermore, since the final size of ZnO grains is defined by

he applied sintering temperature and time, one could expect
hat the breakdown voltage could be fitted by controlling these
ariables. This gives a special significance to the grain growth
inetics and activation analyses: for a given composition the
onnection between the couple temperature-time and the size of
inc oxide grains is defined by the grain growth activation anal-
sis. At the final stage of sintering, densification has proceed to
large extent and the predominant mechanism is the coarsening
f microstructure by grain growth.13 In dense polycrystalline
olids this grain growth process could be split into two major
ontributions; the first one corresponding to the growth experi-
ented during heating at a constant heating rate and the second

ne taking place under isothermal conditions during the soaking
ime:

(T, t) = A exp

{−Q

RT

}
+ B · t1/n (2)

here G(T,t) will be the expected grain size for a sintering tem-
erature T and a soaking time t, n and Q are, respectively, the
inetic exponent and the activation energy of the grain growth
rocess, and A and B are constants that should be evaluated from

tting the experimental data of the kinetic and the activation
nalyses.

If we now combine Eqs. (1) and (2), an empirical expression
s obtained which directly relates the varistor breakdown voltage
Ceramic Society 27 (2007) 3867–3872

ith the sintering temperature and time variables:

B = m
d · Vgb

A · t1/n + B exp−Q/RT
(3)

As can be seen this approach involves up to five variables.
hese variables can be worked out from a few numbers of experi-
ents in which different sintering temperature-time couples are

ombined, but, once solved, it is expected that the prediction
f the breakdown voltage can be extended to a wider range of
intering temperatures and times.

. Experimental

As mentioned, for the breakdown voltage to be quantitatively
redicted as a function of the sintering conditions, there is one
estrictive condition: the microstructure of the ceramic should
emain homogenous with regard to the nature and distribution
f phases. From an experimental point of view this is straightly
elated to the processing strategy employed to obtain the ceramic
owder. Pursuing this objective, up to five different process-
ng strategies based on both solid oxide powders and chemical
outes were analyzed. In all cases a standard varistor compo-
ition was used comprising ZnO (95.5 mol%), Bi2O3 (0.5%),
b2O3 (1.5%), SnO2 (0.5%), Co3O4 (0.5%), MnO (0.5%) and
iO (1.0%) in mol%. For the batch labeled VP1, the varistor
owder was obtained following a classical mixed oxide route
ncluding ball milling for 2 h in ethanol; in this system the sin-
ering reactions take place as described above. The second batch,
P2, was prepared in the same way but with the Sb2O3 being

ubstituted for the equivalent amount of the previously synthe-
ized Zn7Sb2O12 spinel phase; as a result no reactions will occur
uring the heating of this powder, and the liquid phase will
ppear at lower temperatures, around 740 ◦C, from the eutectic
eaction between ZnO and un-reacted Bi2O3.14 In batch number
hree, VP3, the oxides are mixed and then subjected to a previous
alcination step at 950 ◦C/1 h; in this powder the particles are
re-reacted and the sintering reactions have progressed to a cer-
ain extent. Finally to improve the reactivity of the particles, two
hemical routes were also tested. One of them, VP4, involves
he co-precipitation of bismuth and antimony cations onto a ZnO
VP4 Co-precipitation of Bi and
Sb precursors onto ZnO
aqueous suspension

High reactive system

VP5 Pechini method High reactive system
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non-linear coefficient α as well as a very high level of leakage
currents in sample VP5 sintered at 1180 ◦C/2 h. Such a poor
behavior in this system should be attributed to the small grain
size and high reactivity of its particles, making this powder to

Table 2
Average ZnO grain size of samples sintered at 1180 ◦C/2 h

Material GZnO (±0.5 �m)

VP1 7.0
VP2 7.7
VP3 6.3
VP4 6.1
VP5 4.7
Fig. 1. FE-SEM micrographs of samples of th

Green compacts of the five varistor powders were uniaxially
ressed at 80 MPa into pellets of approximately 12 mm in diame-
er and thickness and then subjected to identical sintering cycles.
iring of the pressed bodies was carried out in air for sintering

emperatures ranging from 1140 to 1240 ◦C and soaking times
rom 0 to 8 h. Densities of sintered samples were measured using
he water-immersion method of Archimedes and in all cases
alues of >97% of the theoretical density were achieved. For
icrostructural observations the surfaces of the samples were

olished and chemically etched with oxidizing HCl, and field
mission scanning electron microscopy (FE-SEM) was carried
ut using Hitachi S-4700 microscope. ZnO grain size was deter-
ined from FE-SEM micrographs by an image processing and

nalysis program. More than 800 grains were taken into account.
or electrical characterization, sintered samples were cut into
mm thick discs and Ag electroded. Standard I–V measure-
ents were carried out using a dc power multimeter Keithley

410. The varistor breakdown voltage VB was estimated at a
urrent density of 5 mA/cm2. The density of leakage currents JL
as measured at a voltage corresponding to the 85% of the break-
own voltage. Finally the non-linear coefficient a was measured
n the current density range between 5 and 20 mA/cm2.

. Results and discussion

Fig. 1 depicts the SEM micrographs of samples of each batch
fter sintering at 1180 ◦C for 2 h. At this temperature, a similar
icrostructure is obtained in all cases with the only appreciable

ifferences coming from the average size of ZnO grains. This
s more clearly illustrated in data of Table 2 which resumes the
nO grain size. As observed the smallest size corresponds to

he sample prepared by the Pechini method (VP5), which is in

greement with the high reactivity of the particles obtained by
his route. Besides Table 2 also shows that batches VP3 and VP4
ead to a more controlled grain size than that of the other two
owders prepared by mixing the oxides.
varistor batches sintered at 1180 ◦C for 2 h.

But, with regards to the homogeneity of the systems, the
trongest differences appear when measuring the electrical
ehavior of the samples. As can be seen in Fig. 2, when sin-
ering at 1180 ◦C for 2 h the first four batches show a similar
hape of the I–V curve, with a sharp transition from the zone
f low currents to the non-linear region. Only sample of batch
P5 shows a much rounded transition, which is an indication
f a poor electrical response. This is confirmed when measuring
he varistor functional parameters. Table 3 shows indeed a low
Fig. 2. I–V curves of samples sintered at 1180 ◦C/2 h.
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Table 3
Electrical properties of samples sintered at 1180 ◦C/2 h (batch VP5 was also
sintered at 950 ◦C/4 h (marked with asterisk))

Material VB (V) α JL (mA/cm2)

VP1 3096 54 0.026
VP2 2777 48 0.033
VP3 3245 55 0.011
VP4 3274 46 0.049
VP5 2981 10 1.406
VP5* 16108 34 0.303
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Table 4
Evolution of ZnO average grain size (GZnO) and breakdown voltage (VB) of
samples of batch VP3 with the sintering variables

Sintering conditions GZnO (±0.5 �m) VB (V)

t = 2 h 1140 ◦C 5.3 3176
1160 ◦C 5.8 2952
1180 ◦C 6.3 2777
1200 ◦C 6.9 2590
1220 ◦C 7.4 2460

Ta = 1180 ◦C 0 h 5.1 3452
4 h 7.0 2377
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he measurement uncertainties were of 3% for the breakdown voltage VB, of
% for α and of 25% for the density of leakage currents JL.

inter at lower temperatures. Being this so, any excess of tem-
erature would only lead to a deterioration of the microstructure
nd consequently of the electrical properties. Thus when sinter-
ng this batch at 950 ◦C for 4 h, its electrical response, although
till far from that of the other systems, improves noticeable with
n � value above 30 (Table 3). Besides its breakdown voltage
s remarkably high, up to 16 kV. This is due to a really smaller
rain size, now close to only 1.4 �m at this 950 ◦C/4 h. How-
ver, from the point of view of the energy handling capability,
his will represent a serious problem in bulk samples, particu-
arly in the case of high voltage applications where a high level
f energy is involved. Hence although this processing strategy
ould find utility in low voltage circuits, we can discard it now
or our present objective.

Table 3 also shows that the problems arising with the Pechini
ethod can be overcome with the other chemical route, the co-

recipitated one (VP4). However it is also observed that the
lectrical response attained with this strategy does not improve
ubstantially the behavior obtained with the solid oxide pow-
ers. Hence since the nature of the co-precipitation technique
nvolves a more sophisticated processing, we finally focused
ur interest on the three systems prepared by mixing the oxides.
n a previous contribution we found that the smoothest variation
f ZnO grain size with the sintering conditions was obtained for
hat one including the previous calcination step (VP3).16 This
beys to a higher degree of homogeneity in this batch. Therefore
n our search for a strategy leading to an improved grain growth
ontrol, the solid oxide processing with the incorporation of a
re-reaction step shows the most interesting results. According
o this, the activation analyses were then carried out on samples
f this batch VP3.

.1. Activation analysis

Table 4 first shows the evolution of ZnO grain size and the
reakdown voltage as a function of the sintering conditions for
amples of batch VP3. As expected the average size of zinc oxide
rains increases as the sintering temperature and soaking time
re increased. Parallel the breakdown voltage decreases. With
hese data and following the kinetic studies of Senda and Bradt,17
kinetic exponent of n = 6.4 was obtained. There has not been
satisfactory explanation for any mechanism of grain bound-

ry migration with a grain growth exponent higher than 5, even
hough a similar behavior has been previously observed.18,19 In

i
w
d
i

8 h 8.4 2166

act, the physical significance of the n values determined from
rain growth data can be certainly doubtful, primary because
he many approximations used in the derivation of the kinetic
quations. Furthermore the fitting of experimental data to pro-
uce n values that are integer numbers may not be realistic
ecause the occurrence of simultaneous mechanisms is expected
o give n values that are not integers. Even so, to complete the
ctivation analysis the kinetic exponent should be fitted to an
nteger number. In doing so, Senda and Bradt first fitted an n
alue of 6 from different slopes as the more reasonably for ZnO
eramics doped with antimony oxide.18 Besides, in the unique
vailable paper to date concerning on grain growth kinetics for
ZnO–Bi2O3–Sb2O3-based varistor composition, an average

alue of 6 for the kinetic exponent is also reported.20 This value
lso seems to be in good agreement with our experimental results
o finally we took n = 6 for our varistor system.

With the value of the kinetic exponent, the activation energy
for the grain growth process can be determined from the

lopes of the Arrhenius plots log(Gn/t) versus 1/T.17 A value of
= 613 ± 20 kJ/mol was obtained. It is consistently larger than

hat of pure ZnO (224 ± 16 kJ/mol),17 which evidences an inhi-
ition of grain growth in this varistor system. Following, with
he values of n and Q, the constants A and B were calculated from
he fitting of the experimental data in Eq. (1) leading, respec-
ively, to A = 1.54 �m s−1/6 and B = 1.25 × 1022 �m. In the same
ay the value of the correction factor m was obtained by intro-
ucing the experimental data of G and VB (Table 4) on Eq. (2);
ssuming a constant value of Vgb = 3.2 V for the voltage across
single grain boundary,12 a value of m = 0.68 was obtained for

he samples of this batch VP3.
Once all the variables of the proposed approach are obtained,

he range of application must be evaluated. Table 5 compares the
reakdown voltage calculated from Eq. (3) with that measured
xperimentally. More specifically, data in bold represent those
heoretical values that reproduce the experimental ones with

deviation margin below 10%. The study has been extended
o a wider range of sintering conditions than the strictly used
n obtaining the variables of the approach and as can be seen
he prediction widely fits to these samples of batch VP3. Only
n the farthest experiments, that is low sintering temperatures

ith short soaking times as well as high temperatures with long
wells, the prediction is not working so suitably. All these exper-
ments have been repeated for several times to find out that at
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Table 5
Range of application of the empirical approach developed to determine the
varistor breakdown voltage as a function of the sintering conditions (values
in volts)

VP3 ( ◦C) 0 h 2 h 4 h 8 h

Vexp. Vcalc. Vexp. Vcalc. Vexp. Vcalc. Vexp. Vcalc.

1140 5526 4898 3802 3761 3492 3343 3149 3008
1160 4492 4680 3481 3570 3254 3240 2911 2885
1180 4262 4298 3245 3343 3035 3052 2734 2735
1200 3989 3829 3155 3052 2863 2771 2471 2538
1220 3417 3191 2860 2666 2684 2452 2028 2265
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Fig. 4. SEM micrograph of sample of batch VP3 sintered at 1140 ◦C for 0 h,
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ata in bold correspond to those calculated values of the breakdown voltage
Vcalc.) that reproduce the experimental ones (Vexp.) with a deviation margin
elow 10%.

ow sintering temperatures with short soaking times there is a
ack of reproducibility which can be detected even inside one
ingle sample. This is clearly depicted in the I–V curves of Fig. 3
hich compares the electrical response of different slices of one

ample sintered at 1140 ◦C for 0 h and one sintered at 1180 ◦C
or 2 h. While the discs of the sample sintered at 1180 ◦C give
lace to practically the same behavior, those of the sample sin-
ered at 1140 ◦C lead to a high scattering of the electrical data.
he microstructural analysis of these samples showed that this

ack of reproducibility arising at low sintering temperatures with
hort soaking times comes from macroscopic heterogeneities in
he sintered samples; these low-energy treatments cannot avoid
he development of large accumulations of secondary phases as
hat observed in Fig. 4, that gather on cooling and lead to the for-

ation of preferential conduction paths inside the material. This
nally results in the dispersion of the measurement depending
n the number and size of these clusters of secondary phases
n the varistor specimen. An increase in the energy supplied to
he system however reduces the presence of these accumulations
nd consequently increases the macroscopic homogeneity.

On the other hand the degradation on the electrical response
t high temperatures with extended dwell times evidence either

decrease in the height of the potential barriers or a decrease in

he number of active boundaries. Such behavior is believed to be
riginated on a bismuth loss by vaporization, since as previously
entioned one of the essential features determining the varis-

ig. 3. I–V response of different slices of samples of batch VP3 sintered at
140 ◦C/0 h and 1180 ◦C/2 h.

t
a

A

0
g
f

R

howing a large accumulation of secondary phases; dark-grey zones correspond
o ZnO grains, whereas light-grey regions correspond to the spinel-type grains
nd white brilliant regions to the Bi-rich phases.

or non-linear behavior is the formation of Bi-enriched active
rain boundaries. In a previous contribution we observed a bis-
uth loss up to 60% when sintering these materials at 1240 ◦C

or 4 h,21 with the subsequent deterioration of the electrical
esponse.

. Conclusions

Different processing strategies based on both solid oxide
owders and chemical routes have been analysed in the search
f a highly homogeneous system that will allow a better con-
rol of the varistor electrical properties. Solid oxide processing
ith the incorporation of a pre-reaction step shows the most

nteresting results for bulk samples. Then it is possible to obtain
n empirical expression that quantitatively predicts the varistor
reakdown voltage as a function of the sintering conditions. The
arameters defining this expression can be obtained from a few
umbers of experiments, and the final range of temperatures and
imes over which this expression can be successfully applied is
gain a function of the microstructure homogeneity.
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