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Abstract

High non-linear J� E electrical characteristic (a=41) were obtained in the Nb2O5 and Cr2O3 doped CoO highly densi®ed SnO2

ceramics. X-ray di�raction analysis showed that these ceramics are apparently single phase. Electrical properties and microstructure

are highly dependent on the Cr2O3 concentration and on the sintering temperature. Excess of Cr2O3 leads to porous ceramics
destroying the material's electrical characteristics probably due to precipitation of second phase of CoCr2O4. Dopant segregation
and/or solid solution formation at the grain boundaries can be responsible for the formation of the electrical barriers which origi-

nate the varistor behaviour. # 1998 Elsevier Science Limited and Techna S.r.l. All rights reserved

1. Introduction

The current density (J) and the applied electrical
®elds (E) of non-ohmic ceramic materials are related by
the following relationship:

J � C:E� �1�

where a is the non-linear coe�cient and C is a constant
that is related with the microstructure. The non-linear
coe�cient is conventionally obtained for current den-
sities around 1mAcmÿ2 [1]. In that current density the
electrical breakdown ®eld can be calculated through the
relationship:

Er � vb
�d

�2�

with vb the barrier voltage and �d the average grain size.
For electrical ®eld higher than Er the electrical conduc-
tion starts to be highly non-linear [2].

The ®rst known ceramic material showing that prop-
erty is the silicon carbide (SiC). This ceramic material

consists of SiC particles (ranging from 50 to 100 mm in
size), intimately bonded to a silica rich vitreous matrix
[3]. Single phase BeO doped SiC varistors was devel-
oped by hot isostatic pressing [4]. Despite having
superior electrical resistance than multiphase SiC var-
istors, the ceramic's non-linear coe�cient remained low
(a=5). High non-linear varistor materials (a=50) were
developed by Matsuoka [1]. Those ceramics have com-
plex chemical composition constituted by ZnO as major
component, and small amounts of Bi2O3, Sb2O3, CoO,
MnO2 and Cr2O3. Their microstructure is multiphase
being formed by ZnO grains as predominant phase and
many other phases like the spinel (Zn7Sb2O12), pyro-
chlore (Zn2Bi3Sb3O14) and several polymorphic phases
of bismuth oxide (a,b,d±Bi2O3), distributed in the
structure. Those phases can be present in di�erent pro-
portions in the microstructure, depending on the heat-
ing and cooling rates used. Moreover, they can
solubilize in di�erent proportions as cobalt, manganese,
chrome and antimony oxides [5±8]. Other known var-
istor systems are based in composite materials of a
semiconductor (SiC), a conductive (a nickel compound),
an insulator (vaporised SiC) and a binder (rubber). The
non-linear coe�cient of this material can range from 7.9
to 11.7 and the breakdown voltage ranges from 2.2 to
8.3KV cmÿ1, depending on the metal/semiconductor

Ceramics International 25 (1999) 1±6

0272-8842/98/$Ðsee front matter #1998 Elsevier Science Limited and Techna S.r.l. All rights reserved

PII: S0272-8842(97)00076-X

* Corresponding author.



rate in the chemical composition [9]. TiO2-based var-
istor system doped with tantalum, niobium, barium,
strontium and calcium oxides developed for relatively
low voltage applications (1 to 20 Volts), with non-linear
coe�cient ranging from 3 to 7 [10]. Recently barium
and bismuth oxide doped TiO2 varistors were devel-
oped with better electrical properties [11]. Those var-
istors were classi®ed as being multiphase due to the
existence of small quantities of BaTi4O9 and BiTi2O7

phases located in the grain boundaries of the TiO2

matrix. The best non-linear coe�cient obtained for this
system was 9.5 for a system with a grain boundary
breakdown voltage of 0.8V.

In former work [12] we described a SnO2 based sys-
tem, similar to the multicomponent ZnO varistor, con-
stituted by SnO2.CoO.Nb2O5.Cr2O3. In the present
work microstructural and electrical modi®cations in
those materials is presented according to variations on
chemical composition and sintering temperature.

2. Experimental procedure

Analytical grades of SnO2 (Merk), CoO (Riedel),
Nb2O5 (Aldrich) and Cr2O3 (Vetec) were used in this
work. The oxides were ball mill mixed in alcohol media
with the following composition (in mole %): (98.95ÿx)
SnO2+1.00 CoO+0.05 Nb2O5+x Cr2O3, with x ran-
ging from 0.05 to 0.5mole%. The resulted powders were
uniaxial dry pressed (10MPa) in cylindrical shape
(10.5�1.0mm) and isostatically pressed at 210MPa.
The samples were sintered in a box furnace (Lindberg)
at 1300 and 1350�C for 1 h, and slowly cooled down to
the room temperature. The ceramic samples were
thermally etched at 1290�C during 5min and the scan-
ning electron microscope (SEM, JEOL JSM - T330A)
were used for microstructural analysis. Ceramic crystal-
line phases were determined by X-ray di�raction
(SIEMENS D-500). Current-voltage electrical char-
acteristics were determined by using a stabilized voltage
source (Tectrol TCH 3000-2) along with two digital
multimeters (Fluke 8050 A). The non-linear coe�cient
values (a) were obtained by linear regression of the log-
scale plot of current density vs applied electrical ®eld in
the region around 1mAcmÿ2 and the breakdown elec-
trical ®elds were obtained at this current density. Grain
sizes were determined by using SEM micrographs and
the equation proposed by Mendelson [13].

3. Results and discussion

Current density vs electrical ®eld curves for the SnO2

based ceramic containing di�erent concentration of
Cr2O3 and sintered at 1300�C for 1h are shown in Fig. 1.
A high degree of non-linearity was observed for the

sample containing 0.05mole% of Cr2O3. However var-
istor behaviour was not observed for samples sintered at
the same temperature but with Cr2O3 concentration
higher than 0.05mole%.

Fig. 2 shows current density vs applied electrical ®eld
for samples with the same composition but sintered at
1350�C during 1 h. At this temperature varistor beha-
viour was observed for samples containing 0.05 and
0.10mole% Cr2O3. Ceramic samples containing
0.3mole% of Cr2O3 and sintered at this temperature
exhibited a non-linear behaviour at low current densities
before assuming a linear behaviour, which is an indica-
tive of a high electrical resistance inside the grains that
leads to early initialisation of the post-failure region
[14]. For Cr2O3 concentrations higher than 0.5mole%
the characteristic electric curves are linear. Parameters a
and Er obtained from the current density vs applied

Fig. 2. Ln J vs ln E for the SnO2 based varistor system sintered at

1350�C during 1 h with the composition (all in mole%) (98.95ÿx)
SnO2+1.00 CoO+0.05 Nb2O5+xCr2O3 (x ranging from 0.05 to

0.5mole%).

Fig. 1. Ln J vs ln E for the SnO2 based varistor system sintered at

1300�C during 1 h with the composition (all in mole%) (98.95ÿx)
SnO2+1.00 CoO+0.05 Nb2O5+xCr2O3 (x ranging from 0.05 to

0.5mole%).
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electric ®eld curves, as well as the grain size and voltage
barrier are displayed in Table 1.

Analysing the results of Table 1 and Figs. 1 and 2 it is
observed that the electrical properties of SnO2 based
ceramics are deeply dependent on the Cr2O3 concentra-
tion and on the sintering temperature. SnO2 based
ceramic samples containing 0.05mole% of Cr2O3 and
sintered at 1300�C displayed a high non-linear coe�-
cient (a=41) which is very close to those of traditional
ZnO varistors (a�50). The breakdown electrical ®eld
(Er) in this sintering condition is 3990V cmÿ1. Increas-
ing the sintering temperature for this same composition
the non-linear coe�cient drops to a=35 and the
breakdown electrical ®eld drops to 2900V cmÿ1. That
reduction on the breakdown electrical ®eld is related
with the increase of the ceramic's grain size what, as
expected, increase along with the sintering temperature.
Then the number of e�ective electrical barriers decrea-
ses, since that the barrier voltage remained practically
constant, according to Eq. (2).

For SnO2 based ceramics containing 0.10mole%
Cr2O3 and sintered at 1350�C the non-linear behaviour
decrease (a=29) associated to a high value of break-
down electrical ®eld (Er � 6800 V cmÿ1). Compared
with the SnO2 based ceramic containing 0.05mole%
Cr2O3 and sintered at the same temperature a strong
dependence between the breakdown electrical ®eld and
the Cr2O3 concentration is observed. As observed in
Table 1 the grain size decrease from 7.5 to 5.0 mm when
the Cr2O3 concentration increases from 0.05 to
0.10mole%. This decrease in grain size is not su�cient
to explain the large increase of the single grain bound-
ary breakdown electrical ®eld. Then, as observed in
Table 1 the voltage barrier (vb) is dependent on Cr2O3

concentration and increases from 2.2 to 3.4 volts/barrier
when the concentration increases from 0.05 to
0.10mole% in SnO2 based ceramics sintered at 1350�C.
This voltage barrier increase can be associated to the
increase of the Cr2O3 concentration at the SnO2 grain
surface through creation of the atomic defect Crsn or
due to segregation of this oxide at grain boundary. The
highest value of the single grain boundary breakdown
voltage (vb) for the SnO2 varistor system (3.4V) is

essentially the SnO2 band gap, and this supports models
in which electrical nonlinearity is explained as a con-
sequence of minority carrier creation [15]. This means
that the number of e�ective voltage barrier increases
with increasing concentration of Cr2O3 reaching the
maximum value for 0.10mole%.

In Fig. 3 the current density vs applied electric ®eld
curves measured at room temperature for SnO2 based
samples containing 0.05mole% of Cr2O3 and sintered at
1300 and 1350�C are compared. In addition to lower
non-linear coe�cient obtained for samples sintered at
1350�C, the current leakage is higher. Considering that
the voltage barrier (vb) remains essentially the same for
both sintering temperatures, the increase of current
leakage can be associated to the reduction of the aver-
age number of barriers since that the grain size increases
from 5.4 to 7.5 mm.

X-ray di�raction spectra of SnO2 based samples with
di�erent Cr2O3 compositions and sintered at 1300�C are
displayed in Fig. 4. It is observed in this ®gure that,
independent of the Cr2O3 concentration, no other
crystalline phase besides cassiterite (SnO2) is observed
indicating that the system is single phase within the
detection precision of the X-ray di�raction. The same
trend is observed for samples sintered at 1350�C.
The addition of 1.0mole% of CoO to SnO2 ceramics
promotes densi®cation as high as 98.5% of theoretical
density when sintered at 1300�C during 1 h. However,
the addition of 0.05mole% to that ceramics lowers the
density to 96.3% of theoretical density when sintered in
the same condition [15]. Moreover, the addition of
Cr2O3 to the SnO2 ceramic containing CoO and Nb2O5

modify the ®nal density when this ceramic is sintered at
1300 and 1350�C as showed in Table 2. According to
this table, additions of Cr2O3 up to concentration of
0.3mole% do not change signi®cantly the ®nal density
of SnO2 based ceramic when sintered at 1300 or 1350�C.
However, increasing the Cr2O3 concentration to

Table 1

Non-linear coe�cient values (a), breakdown electrical ®eld (Er), average

grain size (d), and barrier voltage (vb) for the systemwith the composition

(all in mole%): (98.95ÿx) SnO2+1.00 CoO+0.05 Nb2O5+xCr2O3,

sintered at 1300 and 1350�C during 1h

1300�C 1350�C

Molar

%

a Er

(V/cm)

d

(mm)

vb

(V/b)

a Er

(V/cm)

d

(mm)

vb

(V/b)

0.05 41 3990 5.4 2.2 35 2900 7.5 2.2

0.10 ± ± 4.5 ± 29 6800 5.0 3.4

0.30 ± ± 3.1 ± ± ± 3.4 ±

0.50 ± ± 2.4 ± ± ± 3.0 ±

Fig. 3. Ln J vs ln E for the SnO2 based varistor system with the com-

position (all in mole%) 98.90% SnO2+1.00 CoO+0.05 Nb2O5+0.05

Cr2O3, sintered at 1300 and 1350�C during 1 h.
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0.5mole% the ®nal density of the ceramic decreases
substantially when sintered in both temperatures.
According to the results presented on Table 2 these
variations cannot be associated to mass loss during sin-
tering. For sintering of the SnO2 based ceramic at
1300�C the mass loss decreases with increasing Cr2O3

concentration from 0.1 to 0.5mole%. Increasing the
sintering temperature to 1350�C the mass loss remain
practically constant with increasing Cr2O3 concentra-
tion from 0.1 to 0.5mole%.
Figs. 5 and 6 show the characteristic microstructures of
the SnO2 based ceramics sintered at 1300 and 1350�C,
respectively. These ®gures clearly show the e�ect of
Cr2O3 concentration on the microstructure of SnO2

based ceramics. Increasing Cr2O3 concentration leads to
microstructure with decreasing grain size for both sin-
tering temperatures. The decrease in grain size could be
associated to precipitations of secondary phases in the
grain boundaries as it occurs during sintering of ZnO
varistors with the formation of spinel phase [16]. No
secondary phase precipitated at grain boundaries was
observed by X-ray di�raction or by SEM observations.
However it was formally observed by high resolution
TEM that small amount of CoSnO4 phase precipitates
from solid state at grain boundaries when the SnO2

ceramics containing 1.0mole% CoO is sintered at

1300�C [17]. Whenever the Cr2O3 forms a secondary
phase with CoO or SnO2 is not well understood yet in
this ceramic. However there is a possibility of formation
of CoCr2O4 phase that could precipitate at grain
boundaries. If this occurs, the decrease in the ®nal

Table 2

Relative densities variation with Cr2O3 composition for the system

with the composition (all in mole%): (98.95ÿx) SnO2+1.00

CoO+0.05 Nb2O5+xCr2O3 sintered at 1300 and 1350�C during 1h

1300�C 1350�C

Molar

%

r
(g cmÿ3)

rT
(%)

Wt loss

(%)

r
(g cmÿ3)

rT
(%)

Wt loss

(%)

0.05 6.37 91.7 1.19 6.36 91.5 1.13

0.10 6.38 91.8 1.02 6.49 93.4 1.13

0.30 6.36 91.5 0.99 6.43 92.5 1.04

0.50 6.03 86.8 0.89 6.00 86.3 1.04

Fig. 5. Microstructure variation of the SnO2 varistor system sintered

at 1300�C during 1 h with the composition (all in mole%) (98.95ÿx)
SnO2+1.00 CoO+0.05 Nb2O5+xCr2O3: (a) x=0.05; (b) x=0.10;

and (c) x=0.30.

Fig. 4. X-ray di�raction spectra for the SnO2 based varistor sintered

at 1300�C during 1 h with the composition (all in mole%) (98.95ÿx)
SnO2+1.00 CoO+0.05 Nb2O5+xCr2O3 (x ranging from 0.05 to

0.5mole%).

4 S.A. Pianaro et al./Ceramics International 25 (1999) 1±6



density of SnO2 based ceramics could be associated to
the decrease of oxygen vacancy formation in the grain
boundary due to reaction of cobalt ions with the Cr2O3

forming CoCr2O4. In this case the sintering and grain

growth rate would decrease with increasing amount of
Cr2O3 as observed in this study (Figs. 5 and 6). Con-
sidering that the formation of electrical barriers essentials
for the varistor behaviour is prevented by porosity and
that the sintered density of SnO2 based ceramic decrease
for Cr2O3 concentrations above 0.3mole%, it is expected
that the varistor behaviour of SnO2 ceramics decreases
with higher concentration of Cr2O3. Lower concentration
of Cr2O3 favour microstructure development since that
does not a�ect the mass transport for sintering as well as
favours the oxygen adsorption at grain boundaries
increasing the varistor behaviour.

Considering the high non-linear behaviour of the
SnO2 based ceramics it is opportune compare with the
well-known multicomponent ZnO varistor systems that
show great non-ohmic characteristic. Characteristic
curves of the two varistor systems one being the ZnO
based varistor, studied in a former work [18] and other
the SnO2 based varistor reason of this study are depict
in Fig. 7. Table 3 shows data of non-linear coe�cient
(a) and the breakdown electrical ®eld (Er) extracted
from its respective characteristic curves, along with their
compositions and microstructure details. The electrical
behaviour of these two systems are very similar as
observed in the displayed characteristic curves of Fig. 7.
The non-linear coe�cient values are almost the same for
the two systems (a=41 for the SnO2 based varistor and
a=42 for the ZnO based varistor). However, there are
signi®cant di�erences in the electrical breakdown ®eld
value, as SnO2 based varistor showed superior value
than the ZnO based varistor. ZnO based varistor
showed also lower current leakage, indicating a higher
electrical resistance of the grain boundary.

The most remarkable di�erence in those systems is
the clear di�erence in microstructure aspects of both

Fig. 6. Microstructure variation of the SnO2 varistor system sintered

at 1350�C during 1 h with the composition (all in mole%) (98.95ÿx)
SnO2+1.00 CoO+0.05 Nb2O5+xCr2O3: (a) x=0.05; (b) x=0.10;

and (c) x=0.30.

Fig. 7. Ln J vs ln E characteristic curves for SnO2 and ZnO based

varistors at 28�C. Varistors with the following composition (all in

mole%): (a) 98.90 SnO2+1.00 CoO+0.05 Nb2O5+0.05 Cr2O3; (b)

94.9% ZnO+0.5% Bi2O3+1.5% CoO+1.5% Sb2O3+1.5%

MnO2+0.1% Cr2O3.
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varistor systems. ZnO varistor system is a multiphase
one being the ZnO grains as predominant phase and
several secondary phases as the spinel phase
(Zn7Sb2O12), pyrochlore phase (Zn2Bi3Sb3O14) and a
polymorphic phase of bismuth oxide. The ZnO varistor
microstructure formation is very complex, going to
liquid phase formation and precipitation of several
phases in the material microstructure. Those phases
play important role in the formation of the varistor
microstructure and, consequently, in its electrical prop-
erties [19]. Otherwise SnO2 based varistors are appar-
ently single phase and its microstructure development
occurs by solid state sintering. This means that dopant
solid solution or/and solid state phase precipitation at
grain boundaries controls the varistor electrical proper-
ties. Moreover the amount of secondary phase formed
by solid state precipitation at grain boundaries, if
occurs, is too low to a�ects signi®cantly the electrical
properties degradation. For this reason the processing
conditions for SnO2 based varistors such as, heating and
cooling rates, are not so critical parameters making an
easier sintering process. The relatively simple chemical
composition of the SnO2 based varistor compared with
ZnO based varistor also should be noticed. The appli-
cation of ZnO based varistors is restricted by its easy
degradation face to chemically aggressive environments,
as the zinc oxide is easily attacked by weak acid or
alkaline environments [6,20]. Otherwise, SnO2 is chemi-
cally non reactive and thus can be used in aggressive
environments, without easy chemical degradation.
For example, SnO2 ceramics is used as conductive
fusion electrodes for making special glasses, once this
oxide is resistant to glass attack which is done at
high temperatures [3]. Then the new SnO2 based var-
istor can be a very attractive alternative to ZnO based
varistors. However, nothing is known about electrical
degradation of this system. This study is still being
conducted in our laboratory and it is going to be pre-
sented in near future.

4. Conclusion

Highly non-linear electrical properties were obtained
for high densi®ed SnO2 ceramics. Contrary to ZnO
varistors, these new ceramic materials are obtained by

solid state sintering and the amount of possible second-
ary phase precipitated at grain boundary, if exist, is very
small. Being this way their electrical properties are
closely related to dopant solid solution formation and/
or solid state precipitation of a new phase at the
grain boundary. Then the electrical barrier to electronic
transport is created leading to high non-ohmic
character. The ceramic microstructure is strongly
dependent on the Cr2O3 concentration and on the sin-
tering temperature. This oxide form solid solution seg-
regated at grain boundaries and could react with CoO,
also segregated at grain boundary, precipitating as
CoCr2O4 in the grain boundary and could control the
sintering and grain growth rates. Thus, excess of it in
the chemical composition leads to formation of porous
microstructure that is deleterious for varistor behaviour.
Otherwise small additions of this oxide create extremely
favorable microstructure for non-ohmic conduction.
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Table 3

Comparison of chemical composition, electrical properties and microstructure aspects of ZnO and SnO2 based varistors

Chemical Composition Ts (
�C) d (mm) Phases a Er �V=cm�

98.9% SnO2+1.0% CoO+

0.05% Nb2O5+0.05% Cr2O3

1300 5.4 SnO2 41 3990

94.9% ZnO+0.5% Bi2O3+1.5% Sb2O5+

1.5% CoO+1.5% MnO2+0.1% Cr2O3

1250 10.0 ZnO+b-Bi2O3+

a-Zn7Sb2O12+Zn2Bi3Sb3O14

42 2290
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