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Abstract

The in¯uence of additives and secondary phases on the sintering behavior of zinc oxide-based varistors has been investigated in this

study. Addition of Bi2O3 and Sb2O3 to ZnO results in rapid shrinkage of the specimens at around 10008C. This rapid shrinkage is attributed

to the reaction between the pyrochlore phase and ZnO. This reaction has been veri®ed by investigating the system of ZnO and a synthesized

pyrochlore phase ZnBi1.5Sb1.5O7. This pyrochlore phase has a cubic symmetry, with a lattice parameter ao � 10.4438 AÊ . ZnBi1.5Sb1.5O7 is

found to react with ZnO at 10008C to lead to the formation of Bi2O3, which accelerates the sintering rate of ZnO through a liquid-phase

sintering mechanism. On the other hand, the spinel phase a-Zn7Sb2O12 hinders the sintering process as well as the grain growth of ZnO.
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1. Introduction

Zinc oxide has been widely used to fabricate varistors

since 1970s because of its excellent non-ohmic property [1].

Varistors are important protection devices against voltage

surges in solid-state devices and electrical power generation

systems [2]. To improve the electrical characteristics of

varistors, considerable research efforts have been devoted

to study the effects of adding small amounts of various

additives to ZnO [3±7]. The most commonly used additives

are Bi2O3, Sb2O3, Co3O4, MnO2, Cr2O3, and NiO. Each of

these additives plays a different role in enhancing the non-

ohmic property of ZnO [8]. However, the presence of these

additives results also in the formation of secondary phases in

ZnO [9±11] and different microstructures [12,13]. The types

of secondary phases formed depend on the added amount

and the type of additive. In general, pyrochlore phase

ZnBi1.5Sb1.5O7 and spinel phase a-Zn7Sb2O12 are found

to be the two major compounds coexisting with ZnO [10].

Although the effects of additives on the electrical proper-

ties and microstructure of ZnO have been explored, how

these additives and secondary phases in¯uence the sintering

of ZnO, remains unclear. For obtaining highly densi®ed

ZnO-based varistors, the basic study of the sintering phe-

nomena is crucial. Hence, the purpose of the present study is

to investigate the sintering behavior of ZnO-based varistors.

The additives used in this study are Bi2O3, Sb2O3, and their

resultant compounds with ZnO (pyrochlore phase

ZnBi1.5Sb1.5O7 and spinel phase a-Zn7Sb2O12). Since the

preparation of ZnBi1.5Sb1.5O7 has not yet been investigated

in detail, the formation process of ZnBi1.5Sb1.5O7 was

studied ®rst. Then, the synthesized pyrochlore phase was

added to ZnO. The phase evolution and microstructural

development of ZnO, with additives added during sintering,

were examined.

2. Experimental

Pyrochlore phase ZnBi1.5Sb1.5O7 and spinel phase a-

Zn7Sb2O12 were prepared by using reagent grade ZnO,

Bi2O3, and Sb2O3 as raw materials. These raw materials

were weighed according to the desired composition, and

ball-milled, using zirconium oxide balls, in ethanol for 48 h.

The mixed slurry was dried at about 608C in an evaporator.

The dried powders were then pressed and calcined. After

10008C calcination for 4 h, pure ZnBi1.5Sb1.5O7 was

obtained, while pure a-Zn7Sb2O12 was produced after

9008C calcination for 4 h. The ZnO powder was then mixed

and ball-milled with the additives of Bi2O3, Sb2O3,

ZnBi1.5Sb1.5O7, and a-Zn7Sb2O12. The mixing ratio for

each specimen is listed in Table 1. In the ZY3 and ZY4
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systems, 1 mol% ZnBi1.5Sb1.5O7 and a-Zn7Sb2O12 were

added to ZnO, respectively. The dried powders were

pressed into discs and heated at a rate of 108C/min up to

12508C.

The compounds formed in the quenched specimens were

investigated by X-ray powder diffraction analysis (XRD). In

order to calculate the relative fractions of different phases in

the resultant compounds, intensities of the distinct diffrac-

tion peaks, associated with phases (101) for ZnO, (440) for

ZnBi1.5Sb1.5O7, (511) for a-Zn7Sb2O12, (151) for b-

Zn7Sb2O12, and (201) for b-Bi2O3, were measured. The

relative fraction of each compound was calculated from the

ratio of the intensity of the speci®c diffraction peak of each

compound to the sum of the intensity of the speci®c

diffraction peak of all compounds. The sintering behavior

of the samples was examined by a dilatometer. The micro-

structural evolution and particle size of the heated speci-

mens were investigated by scanning electron microscopy

(SEM), coupled with energy dispersive X-ray spectroscopy

(EDS).

3. Results and discussion

3.1. Preparation of ZnBi1.5Sb1.5O7

In order to determine the optimum condition for prepar-

ing ZnBi1.5Sb1.5O7, the starting materials for

ZnBi1.5Sb1.5O7 were quenched at various temperatures

and analyzed by XRD. The XRD patterns of quenched

specimens are illustrated in Fig. 1. It is found that, at

5008C, only the constituent compounds are present. At

6008C, a small amount of Bi3SbO7 begins to form. At

8008C, BiSbO4 and the pyrochlore phase ZnBi1.5Sb1.5O7

begin to appear. The amount of ZnBi1.5Sb1.5O7 increases

rapidly with a rise in temperature, accompanied by a

decrease in the contents of intermediate compounds. After

heating at 10008C, the formation of ZnBi1.5Sb1.5O7 is

almost complete.

For enhancing the purity of the obtained ZnBi1.5Sb1.5O7,

the starting materials were heated at 10008C for 4 h. The

XRD pattern of the obtained specimen is shown in Fig. 2.

The hkl indexes, d-spacings, and relative intensities are

listed in Table 2. All lines of the diffraction pattern of

ZnBi1.5Sb1.5O7 is indexed in terms of a cubic symmetry,

with a lattice parameter ao � 10.4438 AÊ . The observed

d-values (dexp) are also compared with the calculated

d-values (dcalc), as listed in Table 2.

3.2. Influence of the presence of the secondary phases on

sintering of ZnO

The sintering behavior of mixed specimens and pure ZnO

is illustrated in Fig. 3. As shown in the ®gure, pure ZnO

starts shrinking from about 7008C, and attains a ®nal

Table 1

Composition of the mixtures of ZnO comprising various additives

Sample ZnO Bi2O3 Sb2O3 Pyrochlore

ZnBi1.5Sb1.5O7

a-Spinel

Zn7Sb2O12

ZY1 99.5a 0.5 ± ± ±

ZY2 98.5 0.5 1.0 ± ±

ZY3 99.0 ± ± 1.0 ±

ZY4 99.0 ± ± ± 1.0

a Molar ratio.

Fig. 1. X-ray diffraction patterns of the starting materials of

ZnBi1.5Sb1.5O7 quenched at various temperatures: (a) 5008C, (b) 6008C,

(c) 7008C, (d) 8008C, (e) 9008C, and (f) 10008C.

Fig. 2. X-ray diffraction pattern of pure ZnBi1.5Sb1.5O7 calcined at

10008C for 4 h.
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shrinkage of 14% at 12508C. In the ZY1 system, which

contains 0.5 mol% Bi2O3, the onset temperature for shrink-

age is found to be reduced to 6508C and the ®nal shrinkage

at 12508C reaches 18.5%. The decrease in the onset tem-

perature for shrinkage and the increase in the shrinkage ratio

are attributed to the presence of melting Bi2O3. As for the

ZY2 and ZY3 systems, their shrinkage behaviors are very

similar, exhibiting nearly overlapping shrinkage curves. In

comparison with ZnO, these two systems exhibit a post-

poned shrinkage behavior. The onset temperature for shrink-

age is found to be around 10008C. However, at elevated

temperatures, both systems exhibit a larger shrinkage ratio

than ZnO. On the other hand, in the ZY4 system, which

contains 1 mol% a-Zn7Sb2O12 phase, the onset temperature

for shrinkage increases further to 10508C.

In order to examine the microstructural evolution in ZY2,

ZY3, and ZY4 systems, the specimens were quenched at

10008C and 11008C during the heating process. At 10008C,

the microstructures of all four systems were found to be

nearly identical, appearing highly porous, with a particle

size of around 0.2 mm. This microstructural observation

indicates that these specimens are not densi®ed. A repre-

sentative SEM photo (ZY2 system) is presented in Fig. 4(a).

When the temperature is raised to 11008C, the ZY2 and ZY3

systems rapidly become densi®ed, but not ZY4. The typical

microstructures of ZY2, ZY3, and ZY4, at 11008C, are

shown in Fig. 4(b,c, and d), respectively. Densi®ed features

can be observed clearly for the former two specimens, while

ZY4 still exhibits a porous microstructure. In the ZY2

system, ZnO grains rapidly grow to a size of 6±8 mm,

and some plate-like grains are also formed. The composition

of these plate-like grains was identi®ed by EDS and was

found to be close to that of Zn7Sb2O12. For system ZY3, a

melted microstructure can be observed. These remarkable

microstructural variations, found between 10008C and

11008C in the ZY2 and ZY3 systems, suggest the occur-

rence of a liquid-phase sintering process. On the other hand,

for the ZY4 system, the microstructure at 11008C remains

the same as that at 10008C.

3.3. Reactions occurring in the secondary phases-added

ZnO

In order to investigate the correlation between the formed

compounds and sintering behavior, the specimens were

quenched at elevated temperatures. The XRD patterns of

ZY3 system, quenched at 9008C, 10008C, 11008C, and

12508C, are presented in Fig. 5. Notably, the ZY3 system

consists of ZnO and pyrochlore phase ZnBi1.5Sb1.5O7. At

9008C, only ZnBi1.5Sb1.5O7 coexists with ZnO; while at

10008C, a small amount of a-Zn7Sb2O12 is formed. From

11008C, the amount of ZnBi1.5Sb1.5O7 rapidly decreases

and b-Zn7Sb2O12 is formed. On heating further to 12508C,

nearly all ZnBi1.5Sb1.5O7 is consumed, and b-Zn7Sb2O12

and Bi2O3 are formed. The results in Figs. 3 and 5 reveal that

the rapid shrinkage and remarkable microstructural varia-

tions in ZY3 is caused by the reaction between the pyro-

chlore phase and ZnO.

Variations in the relative amounts of secondary com-

pounds formed in systems ZY2, ZY3, and ZY4 are shown

in Fig. 6. It is found that, at 10008C ZnBi1.5Sb1.5O7 is

present in ZY2 system. However, after 11008C heating, b-

Zn7Sb2O12 is formed, along with a decrease in

ZnBi1.5Sb1.5O7. Therefore, in ZY2 and ZY3 systems, the

following reaction, proposed by Inada [11], is believed to

occur:

17ZnO� 4ZnBi1:5Sb1:5O7 ! 3�-Zn7Sb2O12 � 3Bi2O3

(1)

The presence of pyrochlore phase in ZY2 and ZY3 plays a

similar role in the sintering of ZnO, regardless of whether

pyrochlore phase is added to ZnO (in ZY3) or produced by

the reactions between the additives and ZnO (in ZY2).

When pyrochlore phase reacts with ZnO at 10008C, b-

Zn7Sb2O12 and Bi2O3 are formed. The latter compound

accelerates the sintering rate of ZnO through a liquid-phase

sintering mechanism. The melting point of pyrochlore phase

Table 2

X-ray diffraction data of ZnBi1.5Sb1.5O7

hkl dexp
a dcalc

b I/Io

311 3.1499 3.1489 2

222 3.0125 3.0149 100

400 2.6093 2.6110 38

331 2.3964 2.3960 5

511 2.0078 2.0099 2

440 1.8448 1.8462 47

622 1.5739 1.5745 39

444 1.5068 1.5074 9

800 1.3057 1.3055 4

662 1.1973 1.1980 9

840 1.1672 1.1677 8

a Observed d-value obtained by experiment.
b Calculated d-value based on ao � 10.4438 AÊ .

Fig. 3. Shrinkage curves of pure ZnO, and ZnO mixed with various

additives.
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Fig. 4. Scanning electron micrographs of (a) ZY2 quenched at 10008C, and (b) ZY2, (c) ZY3 and (d) ZY4 quenched at 11008C.

Fig. 5. X-ray diffraction patterns of ZY3 quenched at (a) 9008C, (b)

10008C, (c) 11008C, and (d) 12508C.

Fig. 6. Variations in the relative amounts of secondary compounds formed

in (a) ZY2, (b) ZY3, and (c) ZY4 as a function of temperature.
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has been reported to be 12808C [11]. Therefore, the rapid

shrinkage of ZY2 and ZY3 systems at around 10008C (Fig.

3) is caused by the reaction between ZnO and pyrochlore

phase, rather than the direct melting of the pyrochlore phase.

The remarkable microstructural variations (Fig. 4) in the

ZY2 and ZY3 systems are confirmed to result from the

formation of liquid phase through the reaction of pyrochlore

phase.

In the ZY4 system, no pyrochlore phase is formed at

elevated temperatures, and, consequently, no rapid shrink-

age is observed around 10008C. Only a and b-Zn7Sb2O12

compounds are found to coexist in the ZY4 system. b-

Zn7Sb2O12 is formed from the phase transformation of a-

Zn7Sb2O12, rather than from the reaction between ZnO and

pyrochlore phase. Apparently, the spinel phase a-

Zn7Sb2O12 does not react with ZnO to form secondary

phases. Furthermore, based on the results in Figs. 3 and

4, the presence of spinel phase appears to postpone the

sintering process, and hinders the growth of ZnO grains.

4. Conclusions

The shrinkage behavior of ZnO-based varistors has been

investigated in this study. With the addition of Bi2O3 and

Sb2O3, the specimen rapidly shrinks from 10008C. The

rapid shrinkage is related to the reaction between the

pyrochlore phase and ZnO. This reaction has been con-

®rmed by investigating the system of ZnO and a synthesized

pyrochlore phase (ZnBi1.5Sb1.5O7 with ao � 10.4438 AÊ ).

This pyrochlore phase is found to react with ZnO at

10008C to result in the formation of Bi2O3, which accel-

erates the sintering rate of ZnO through a liquid-phase

sintering mechanism. On the other hand, addition of spinel

phase a-Zn7Sb2O12 not only postpones the sintering process

of ZnO, but also hinders the growth of ZnO grains.
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