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Abstract

SnO, varistors doped with Co30,4, Cr,03, and Sb,Os were prepared by a high-energy milling planetary method. The sintering
temperature of the varistors was optimized to improve the electrical properties, nonlinearity coefficient and breakdown electric field. The
best results were achieved at a sintering temperature of 1350 °C, obtaining a nonlinear coefficient of 33 and a breakdown electric field of
2620 V cm ™', The samples obtained at all sintering temperatures showed not only high density values, reaching 90.5% of the theoretical
density, but also the resulting microstructure was optimized in such a way that the varistors compete with those obtained by chemical
methods, with the advantage that the milling planetary method is cheaper, faster and easier than chemical routes. Based on substitution
equations using the Kroéger—Vink standard notation, an attempt is made elucidate the role of each of the dopants. A processing-
microstructure-property correlation is also reasonably established.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction of current—voltage characteristic is estimated by the non-
linearity coefficient [5]:

Varistors are ceramic semiconductor devices with highly . )
E dj  d(In))

nonlinear current—voltage characteristics. These materials
are commonly used as over-voltage and surge absorbers in
electronic circuits and electrical systems [1-4]. The current—
voltage (j(E)) characteristic of varistor ceramics is fre-
quently approximated by the empirical power-law relation

J=kE”, (1)

where j is the current density, E is the average electric field,
k and o are constants. The degree of the nonlinearity
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giving the ratio of the static resistivity p,=E/j to the
differential resistivity p, = dE/djat fixed current density,
where nonlinearity is high. The integration of Eq. (2) at a
condition o= constant gives the expression (1). The
nonlinearity coefficient « and the electric field strength E
are considered as the main parameters of varistor ceramics.
The greater the value of o, the better the device.

Since it was introduced by Matsuoka, back in 1971, zinc
oxide (ZnO) has been the most extensively studied material
(as the base for a ceramic system) and consequently
became the most important ceramic for the commercial
production of varistors [3,6]. Due to the need for better
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properties, recently there has been increased interest in
other ceramic materials like TiO, [7], SrTiO5 [8], WOs3 [9],
CeO, [10] and SnO, [11].

Tin dioxide (SnO,) is an n-type semiconductor with the
rutile-type structure and space group Dj} [P4;/mnm] [12].
Tin dioxide exhibits interesting physical properties suitable
for various applications [12—15]. Recently there has been a
growing interest in the development of SnO,-based var-
istor [11,16]. Some fact that restricts the application of
this oxide is its low densification rate during sintering
because of the predominance of non-densifying mechan-
isms for mass transport, such as surface diffusion (at
low temperatures) and evaporation-condensation (at high
temperatures) which only promote pure coarsening and
grain growth [17]. This mechanism is triggered by the
easy evaporation of SnO, at high temperatures. This can
depicted by

1
Sn0;(s)— SnO+ EOzT (3)

However, tin dioxide dense ceramics can be obtained by
the introduction of densifying agents, such as CuO, ZnO,
Co0, and MnO, [17-20] or hot isostatic pressure proces-
sing [21], which promotes the densification of SnO, almost
to the theoretical density value. The processing of SnO»-
based material with high density allows considering the
ceramic as a promising material in electronic devices such
as varistors.

In our work, (Co,Cr Sb)-doped SnO, ceramics were
prepared, and the effect of sintering temperature on the
physical and electrical properties of the SnO,—Co304—
Cr,03-Sb,05 varistors was investigated.

2. Experimental procedure

The raw chemicals used in this work, SnO, (Baker),
Co304 (Baker), Sb,Os5 (Aldrich) and Cr,O5 (Baker) were of
analytical grades. The molar composition of the investi-
gated systems was 95.49%Sn0,—4.38%C0304-0.05%
Sb,05-0.08%Cr,03. The powders were processed by a
non conventional method of mixture, through high-energy
milling performed in a planetary ball-mill Pulverisette P7/2
(Fristsh GmbH, Germany) using vials and balls of agate
for 20 min. The resulting powders were uniaxially pressed
in the form of tablets (10.0 mm in diameter and about
1.2 mm thick) at 230 MPa without using any kind of
binder. The tablets were sintered in ambient atmosphere
at 1350, 1375, 1400, 1425 and 1450 °C for 1h with a
heating and cooling rate of 6 °C/min in a tube furnace
(Lindberg/Blue STF55433C-1). For electrical characteriza-
tion, silver electrodes were place on both faces of the
ceramic sintered samples followed by thermal treatment at
800 °C for 6 min. Current—voltage measurements were
taken using a high voltage measure unit (Keithley 237).
The nonlinear coefficient o was evaluated in terms of the

relation:

oy 10g(]z/.]1)
o IOg(Ez/El) ’

where E; and E, are the applied electric field correspond-
ing to the current densities J; and J, respectively. The
breakdown voltage (E,) was obtained at 1 mA/cm?. The J
and E can be obtained through I/s and V/t, where s is the
area of silver electrode and ¢ is the thickness of the tested
sample. The grain voltage (V) was estimated as:

(4)

Vp=—, Q)

where, E, is the breakdown electrical field, and n is the
number of grains per unit length calculated from:

L
5 s (6)

being L the sample thickness and G the mean grain size.

The values of linear shrinkage y were calculated accord-

ing to the expression:

Dy—D
"= "D (7
where D, and D are diameters of the sample before and
after sintering, respectively.

Density measurements of the sintered samples were
made using the Archimedes method and the percentage
of residual porosity was calculated using the following
formula:

n—=

%P = (1— ps&) % 100, ®)

PTheoretical

where psample is the measured density of the sample and
PTheoretical 18 the theoretical density of the sample calcu-
lated using the rule of mixtures:

pe= D _fipi=Lipi+Sopr+ +Lups )

where p. is density of the simple, p;, p>, ..., p, are the
densities of each component within the simple and f;, f5,
..., f are the volume fractions of each component.

Scanning electron microscopy (SEM) (Philips XL30
ESEM) allowed the microstructural analysis of the sintered
samples. The mean grain size was determined by analyzing
SEM micrographs using the Image Analysis Software
(Image-Pro Plus 4), ASTM-E112 standard procedures.
Grain and grain boundary compositions were investigated
by energy dispersive X-rays (EDX, EDAX). The ball-
milled powders and all sintered samples were characterized
by X-ray diffraction (XRD) using Cu Ka radiation in a
Philips diffractometer, for which the X-ray diffraction
patterns were collected at room temperature for 20 degrees
between 15 and 80° in steps of 0.02°.

3. Results and discussion

Fig. 1 shows the XRD patterns of the reference material
(without sintering) and specimens sintered at 1350, 1375,



J.A. Aguilar-Martinez et al. | Ceramics International 39 (2013) 44074412 4409

*SnO?
1 * 1 Co,Sn0,
=1 .00304
T *
1 *
o
2 |
<
>
o | *
c *
2
£ % *
| L SO \__1450°C
1. o Lo .. 1425°C
| PSR L | PR U\ 1400°C
| e [ _)__ 1375°C
] U ) ‘ 4 1350°C
_——--—~j L.!._JU u\._,.reference
20 30 40 50 60 70
20 (degrees)

Fig. 1. X-ray diffraction patterns for the powder utilized (reference) and
sintered samples at 1350, 1375, 1400, 1425 and 1450 °C.

Table 1

Densities, shrinkage and residual porosity of the sintered samples.
Sintering Shrinkage y,  Density p Relative Residual
temperature (%) (g/cm3) density porosity
) pr (%) (%)
1350 19 6.216+0.052 90.48 9.51
1375 19 6.200 +0.026  90.25 9.74
1400 19 6.2524+0.015 91.00 8.99
1425 19 6.1104+0.009 88.94 11.05
1450 19 6.24540.008 90.90 9.09

Theoretical density of samples sintered: 6.87 g/cm® obtained from the rule
of mixtures.

1400, 1425 and 1450 °C. It is worth noting that SnO, peaks
appear in all the diffractograms, while Co;0, is detected
only in the reference material. On the other hand, the
Co0,Sn0y4 phase is identified in all sintered specimens. The
absence of Co3;04 and the presence of Co,SnQOy4 in the
sintered specimens are closely related and explained in
terms of the decomposition reaction undergone by Co3;0y4
as will be shown in the next paragraphs. The use of
4.33 mol% Co304 in this work confirms a statement
reported in previous work [19] in which it is mentioned
that in the tin oxide varistor system, the Co,SnO,4 phase is
formed when cobalt oxide is used in amounts exceeding
2 mol%.

The relative theoretical density (p,) of all samples was
determined by the Archimedes method and the theoretical
density was obtained by the rule of mixture as shown in
Table 1, considering pg, o, = 6.95 glem?, pe, 0,= 607 g/em’,
Psp0,= 3.78 g/em® and Pcro,= 522 glem’. It can be seen
that the density of all samples is around 90% of the
theoretical density. The porosity was calculated by Eq. (6)
for all samples sintered and resulting values are between 9
and 11%. It should be noted that irrespective of the sintering

temperature, all specimens experienced a similar shrinkage of
19% ascribed to the sintering phenomena. The residual
porosity is made evident in the microstructure, associated
to the formation of the spinel phase as agglomerates, as
shown in the SEM photomicrographs of Fig. 2. This is more
notorious in Fig. 2a and b, where the white phase corre-
sponds to SnO,, the gray phase to Co,SnO,4 and the small
dark regions, to porosity. The photomicrographs in Fig. 2a—
also show an apparent increment in grain size with increasing
sintering temperature.

Fig. 3 shows representative logarithmic graphs of cur-
rent density as a function of voltage for specimens sintered
at 1350, 1375, 1400, 1425 and 1450 °C, from which the
nonlinear coefficient (x) and breakdown electric voltage E;,
were calculated. The magnitudes of « and Ey, together with
the grain size and the grain voltage V4, (last column) are
summarized in Table 2. Since the breakdown electrical
field tends to decrease and the grain size to increase with
sintering temperature and as the thickness of the specimen
is constant, then, the grain voltage will also tend to
decrease. Accordingly, and based also on the microstruc-
ture characteristics (percentage porosity, grain size, shown
in Tables 1 and 2), the optimum temperature to enhance
the nonlinear coefficient is 1350 °C.

In the following paragraphs an attempt is made to
explain the role of each of the dopants and the phenomena
occurring with SnO,, together with a correlation of the
processing with the microstructure and properties. The role
of the dopants is explained with the aid of substitution
equations, using the Kroger—Vink standard notation. This
notation has been used to represent point defects in the
SnO, lattice at the high-firing temperature. In general
terms, these defects are represented by a main symbol
followed by a superscript and a subscript. The main
symbol is either the species involved, i.e., chemical symbol
of an element, or the letter V' for a vacancy; electronic
defects also may be found as free electrons (which are in
the conduction band of the crystal) designated as e. The
subscript is either the crystallographic position occupied by
the species involved or the letter i for interstitial atoms.
The superscript denotes the effective electric charge on the
defect, defined as the difference between the real charge of
the defect species and that of the species that would have
occupied that site in a perfect crystal. The superscript is a
prime (') for each negative charge, a dot (e) for every
positive charge, or an (x) for zero effective charge.

It is generally accepted that at high temperatures, tin
oxide does not densify during sintering due to the high
vapor pressure of this oxide, as represented by means of
Eq. (3). Moreover, oxygen vacancies and tin interstitials
would be produced in the SnO, lattice at a high-firing
temperature, a process represented by the following two
equations:

Sn0,— Sn' s, + Ve + 04 +10, (10)

SnO0;y — V" g+ Snt*** +208 (11)
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Fig. 2. SEM photomicrographs of sintered samples at a)1350, b)1375, ¢)1400, d)1425 and ¢)1450 °C.
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Fig. 3. J-E logarithmic plots for all samples.

The high densities obtained in the studied samples can
be attributed to the addition of 4.38 mol% Co0304 to the
studied ceramic system. This oxide induces modifications

Table 2
Effect of the sintering temperature on the electrical properties, average

grain size and grain voltage.

Sintering temperature o E, (V/em)  Grain size (um) V4, (V/b)
(°O)

1350 33 2620 4.49 1.17
1375 10.3 1620 4.88 0.79
1400 6.3 656 6.30 0.41
1425 4.3 258 6.91 0.17
1450 2.7 48 7.34 0.03

in the oxygen vacancy concentration and promotes densi-
fication [22]. At high temperatures, Co3;04 may decompose
in two possible ways, one of them having oxygen and CoO
as reaction products, and the other, leading to CoO and
Co0,05 as products. The first one is represented as follows
[23]:

2C030,°%5 6Co0+ 0, (12)

Consequently, cobalt exhibits Co® T oxidation state. The
substitution of Sn** ions by Co”™ leads to the formation
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of oxygen vacancies and can presumably account for the
densification of tin dioxide. These changes can be
explained with the aid of replacement equations represent-
ing phenomena occurring in the tin oxide lattice. Possible
substitution equations related to the role of CoO resulting
from Co;0, dissociation are as follows:

Co022 Co'' 5+ Vi + O (13)
SnOz 7 B l
CoOZ2 Co gy +2V5+10,1 (14)

The second decomposition reaction for Co3;0y is given
by the following equation:
C0304—>C00+ C0203 (15)

Likewise, possible substitution equations entailing the
formation of oxygen vacancies are:

Co,03—2Colg, + Ver +30% (16)
Co0,0;5 —>2C0f§n+2V5+20“5+02 (17)
Vg td 1 (18)

The likelihood of the occurrence of these reactions is
supported by previous works in which CoO is used as
sintering agent [24]. C.-B. Wang and co-workers used CoO
in their work and argued that at temperatures above
500 °C, CoO is oxidized by air to Co30,, but that around
1000 °C, Co30y is subsequently decomposed back to CoO.
In this context, if the role of cobalt oxide is to promote
oxygen vacancy generation for densification, thus it is
suggested that it is better to use Co3;0, instead of CoO, as
in the present work, because it is the cobalt reduction
reaction the one that entails oxygen vacancy formation.
CoO formation by the dissociation of Co;04 also helps in
explaining the appearance of the spinel phase in the
microstructure of sintered specimens, as shown in the
characterization by XRD (Fig. 1). The Co,SnO, spinel
phase is formed according to the following reaction:

2C00+8Sn0y— CoySnOy (19)

A detailed description of Co,SnO, formation, based in a
pathway determined using simultaneous thermal analysis
(TGA/DSC) is presented elsewhere by the same research
group [25].

As for the role of antimony oxide, without this dopant
the sample appears as an insulator, because of the ultra-
high grain resistivity. However, the introduction of Sb*?
ions in small amounts into the SnO, ceramics leads to the
concentration of ¢’ and V¢, which increases the electronic
conductivity in the SnO, lattice and leads to the semi-
conductivity of the grains. In terms of the Kroger—Vink
notation this can be represented through the following
possible reactions:

Sby052% 2Sby, +2¢ +40% +10,1 (20)

Shy052% 4Sb%, + VI +100% (1)

Sb,05 can also dissociate according to:
Sb, 05 <> Sb, 03+ 0, (22)

and therefore, the following substitution reaction can
also occur, with oxygen vacancy formation:

Sbhy03 2% 2B, + Ve +30% (23)

The effect of Cr,O; has been extensively investigated,
originally on multicomponent ZnO varistors [26]. In ZnO
ceramics it was found that improves the electrical proper-
ties of the varistors, but the increase in concentration has a
deleterious effect on the potential barrier at the grain
boundary. In SnO, varistors it is suggested that Cr,O3
inhibits tin oxide grain growth and densification of the
samples [27]. In addition it results in the formation of two
types of grains, differing in size and morphology. It was
also reported that Cr,O; facilitates the homogeneous
enrichment of grain boundaries with oxygen species,
increasing the performance of the nonohmic features of
SnO»-based varistor system [28]. The addition of Cr,Oj3 to
the SnO, lattice leads to the substitution of Sn*™* by Cr*?
ions, according to the following reaction:

Cry 0,22 2Cr, + Vi +205+10,1 (24)

It is important to recognize that the phenomena occur-
ring at lattice level affects the overall microstructure,
starting with the varistor’s composition, reflected in the
detected phases. It also influences the current—voltage
response and the physical properties (density, residual
porosity, etc.). In this regard, the fact that the relative
theoretical density does not improve with increase in the
sintering temperature and that the shrinkage is the same,
leads to the conclusion that it is not necessary to using
sintering temperatures above 1350 °C. This condition
results in a desirable high value for « and also in a high
value for E,, suggesting that the varistor is suitable for
high voltage applications. Therefore it is fair to say that
the best results were achieved at the sintering temperature
of 1350 °C, obtaining a nonlinear coefficient of 33 and a
breakdown electrical field of 2620 V.em ™.

4. Conclusions

In this work, the effect of sintering temperature on the
microstructure, physical and electrical properties of SnO,
varistors doped with Co304, Cr,Oz;, and Sb,Os was
investigated. The results show that sintering at the lowest
temperature of 1350 °C is sufficient to obtain the highest
nonlinear coefficient, though also with a high value of
breakdown voltage that makes the varistor suitable for
high voltage applications. Sintering at higher temperatures
results impractical because: 1) lowers the magnitude of a, ii)
does not increase the density of the specimens and, iii)
promotes grain growth. Based on substitution reactions by
the Kroger—Vink standard notation, an attempt has been
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made to explain the role of each of the dopants and their
influence on the microstructure and electrical properties.
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