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Abstract
The effects of the amount of Cr2O3 (0.5–4 mol%) on the microstructure and the electrical properties have been studied in a binary ZnO–

0.5 mol% V2O5 system. The microstructure of the samples consists mainly of ZnO grains with ZnCr2O4 and a-Zn3(VO4)2 as the minority

secondary phases. The addition of Cr2O3 is found to be effective in controlling the abnormal ZnO grain growth often found in V2O5-doped ZnO

ceramic system, and a more uniform microstructure can be obtained. The varistor performance is also improved as observed from the increase in

the non-linear coefficient a of the Cr2O3-doped ZnO–V2O5 samples. The a value is found to increase with the amount of Cr2O3 for up to 3 mol%

Cr2O3 content. Further increase in Cr2O3 is found to cause a decrease in the a value. The highest a value of 28.9 is obtained for the ZnO–0.5 mol%

V2O5–3 mol% Cr2O3 sample.
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1. Introduction

Zinc oxide ceramics with the addition of small amounts of

other metal oxides exhibit highly non-ohmic behaviour in

current–voltage (I–V) characteristics, and are widely used as a

voltage regulator and surge protector [1–3]. It is believed that

this non-linear I–V characteristics arise from modifications to

the electrical characteristics of the zinc oxide grain boundaries

caused by the segregation of large ionic additives such as Bi [1–

4], Pr [5,6], and Ba [7]. However, studies have shown that the

light-metal oxide V2O5 is a potential varistor-forming

ingredient for ZnO varistors [8–11]. The advantage of

vanadium-doped ZnO varistor system is that the ceramics

can be sintered at a relatively low temperature of about 900 8C,

which allows the material to be cofired with a silver inner-

electrode for applications in multilayer chip components.

Moreover, V2O5 is a better sintering aid compared to Bi2O3

since it has been found that V2O5-doped ZnO materials can be

densified to the same density at a lower temperature compared

to Bi2O3-doped ZnO materials [11].

Transition metal oxides, such as MnO2 and Cr2O3 additives

are generally included to improve the non-ohmic properties of
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ceramics by increasing the surface-state density, through the

formation of interstitial states and deep bulk traps [12]. They

are considered as performance enhancers, in that they improve

the non-linearity of the curve and enhance the energy

absorption capability of ZnO varistor systems. Although there

were numerous studies on the effects of various metal oxides on

Bi2O3- and Pr6O11-doped ZnO varistors [13–16], such studies

on the performance of ZnO–V2O5 varistor systems are limited.

Hence, the purpose of this study is to ascertain whether Cr2O3

beneficially affect the ZnO–V2O5 system, just as they do for the

ZnO–Bi2O3 varistor system. The effects of Cr2O3 content on

the microstructure and the electrical characteristics in a binary

ZnO–0.5 mol% V2O5 system were studied. X-ray powder

diffraction (XRPD), scanning electron microscopy (SEM),

transmission electron microscopy (TEM) and standard elec-

trical measurement procedures were used.

2. Experimental procedures

2.1. Sample preparation

High purity oxide powder starting materials were used for

the preparation of the ZnO varistor samples. The powders were

obtained from Sigma–Aldrich of purity as indicated in wt.%:

ZnO (99.9%), V2O5 (99.6%) and Cr2O3 (99.9%). Cr2O3, in the
d.
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range of 0–4 mol%, was mixed with a mixture of ZnO–

0.5 mol% V2O5 powder by ball milling with alumina balls and

deionised water for 24 h. The mixtures were then dried, pressed

into pellets, and sintered in an atmosphere of ambient air for 4 h

at 900 8C and cooled at 5 8C/min.

2.2. Characterisation

For electrical measurements, the as-sintered specimens were

lapped on both surfaces to ensure flat and parallel surfaces.

They were coated with conductive silver paint on both surfaces,

then heat cured to provide ohmic contacts. The current–voltage

(I–V) characteristics were determined at room temperature

using a variable dc power supply (Kikusui Withstanding

Voltage Tester, TOS 5051). X-ray analysis of the sintered

samples was carried out using Cu Ka radiation on a Shimadzu

Lab X-ray diffractometer. Microstructures were examined by

SEM (JEOL JSM 5310) equipped with energy dispersive X-ray

(EDX) analysis. Specimens for TEM were prepared using

standard ion beam thinning methods and examined using a

JEOL 2010 at 200 kV.

3. Results and discussion

3.1. X-ray powder diffraction

For all the samples, other than the major ZnO phase,

ZnCr2O4 and a-Zn3(VO4)2 were detected as minor secondary

phases. A typical XRPD trace is shown in Fig. 1. The formation

of the ZnCr2O4 spinel phase (JCPDS 22-1107) is often reported

in Bi2O3-doped ZnO varistor systems containing Cr2O3 [14–

16]. This occurs when the amount of added Cr2O3 is much

higher than the amount of Sb2O3 (if present) and when the

solubility of Cr2O3 in Bi2O3 is exceeded. The occurrence of the

Zn3(VO4)2 phase is also common for all reported ZnO–V2O5

system [8–11]. It was proposed that the V2O5 additives can

enhance the densification and grain growth behaviour of the

ZnO–V2O5 materials due to the formation of Zn3(VO4)2, which

acts as a liquid-phase sintering aid at high temperature [8]. It

was earlier reported that different types of Zn3(VO4)2
Fig. 1. A typical XRPD trace (Cu Ka) for a ZnO–V2O5–Cr2O3 sample.
polymorphs were formed in the V2O5-doped ZnO varistors,

and the polymorph types are dependent on the type of additives

oxides introduced into the system, as well as on the V2O5

content [9]. Later studies [17,18] have queried the existence of

polymorphism in Zn3(VO4)2, and it was confirmed that neither

b- nor g-Zn3(VO4)2 phases exist. In fact, it was deduced that the

b-phase is the Zn4V2O9 phase, and the g-phase may be another

oxide compound composing of zinc, vanadium and manganese

or a mixture of compounds. In the current study for the

specimens containing Cr2O3, only the a-Zn3(VO4)2 phase

(JCPDS 34-378) was identified.

3.2. Microstructural observations

In general, the microstructural observations are consistent

with the reported liquid-phase sintering mechanism for ZnO

varistors containing V2O5. ZnO has a eutectic reaction with

Zn3(VO4)2 at �890 8C [19], and for sintering at �900 8C, the

liquid phase of Zn3(VO4)2 will enhance densification by

solution and reprecipitation of ZnO. In all our specimens, the

microstructure consisted of ZnO grains surrounded by a V-rich

phase of Zn3(VO4)2, indicative of liquid-phase sintering. TEM

observation (Fig. 2) revealed the existence of the minor

secondary phases localized at the grain boundaries or

distributed in the ZnO grains. The distributions of the a-

Zn3(VO4)2 and ZnCr2O4 phases along the grain boundaries

could be observed. The a-Zn3(VO4)2 phase was found to be

embedded at the triple or multiple grain junctions, and the

observation is consistent with our previous studies [9]. The

ZnCr2O4 grains were found scattered along the grain

boundaries. This is consistent with the observations reported

by Kim et al. [14] in their Cr2O3-doped ZnO–Bi2O3 varistor

system, where ZnCr2O4 grains of �1 mm in size were found as

aggregates located at the grain boundaries.

Low magnification SEM images (Fig. 3) were obtained to

determine the average ZnO grain size of V2O5-doped ZnO

varistors. The average ZnO grain sizes shown in Table 1 were
Fig. 2. TEM micrograph of ZnO–0.5 mol% V2O5–2 mol% Cr2O3 (ZVCr2)

sample showing the secondary minor phases.



Fig. 3. SEM micrographs of V2O5-doped ZnO varistors containing various amounts of Cr2O3.
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obtained from the SEM micrographs by multiplying the

average linear intercept length of the grains by 1.56 [20]. The

binary system (ZV) showed exaggerated ZnO grain growth

which previous studies have also reported [8–11]. It is also

noted that every exaggerated grain contains a (0 0 0 1)

inversion boundary (IB), which is the cause of the exaggerated

grain growth in ZnO ceramics [21,22]. The microstructure

consists of a few large grains (�10 mm) surrounded with

numerous smaller grains (�1 mm). Hence, it should be noted

that the average grain size of 6.9 mm may not be an accurate

representative of the actual grain size for sample ZV.

With the addition of Cr2O3 to the ZnO–0.5 mol% V2O5

ceramic system, microstructures of more equiaxed and homo-

geneous ZnO grains were obtained. The initial addition of

0.5 mol% Cr2O3 saw an increase in the ZnO grain size.

Subsequent increase in Cr2O3 content up to 4 mol% saw a

gradual decrease in the average ZnO grain size. The results

suggest that the addition of Cr2O3 has a beneficial effect in

suppressing the exaggerated ZnO grain growth that is often

observed in ZnO–V2O5 systems, and it is an effective grain
Table 1

Summary of sample composition, average ZnO grain size and electrical results fo

Sample Composition Average ZnO

size (mm)

ZV ZnO–0.5 mol% V2O5 6.9

ZVCr0.5 ZnO–0.5 mol% V2O5–0.5 mol% Cr2O3 20.2

ZVCr1 ZnO–0.5 mol% V2O5–1 mol% Cr2O3 18.3

ZVCr2 ZnO–0.5 mol% V2O5–2 mol% Cr2O3 6.7

ZVCr3 ZnO–0.5 mol% V2O5–3 mol% Cr2O3 5.5

ZVCr4 ZnO–0.5 mol% V2O5–4 mol% Cr2O3 5.0

a Electric field at 1 mA/cm2.
b Current density at 0:8E1 mA=cm2 .
c a = log(J2/J1)/log(E2/E1) where J1 = 10 mA/cm2 and J2 = 100 mA/cm2.
growth inhibitor. Addition of Cr2O3 as a grain size inhibitor has

also been reported in studies on ZnO–Bi2O3 varistor systems [13–

16]. The grain size reduction was suggested to be attributed to the

contiguity of the grains. The degree of contact, or the contiguity,

of ZnO grains for specimens containing Cr was observed to be

larger than those without Cr. This suggests that there is lower

wettability of the liquid phase during sintering for the Cr-

containing specimens. Therefore, it is believed that the addition

of the Cr changed the nature of the liquid phase during sintering,

which lowered the wettability, resulting in reduced grain growth

and control the abnormal ZnO grain growth in ZnO–V2O5

systems. In addition, the presence of the secondary minor phases

(Zn3(VO4)2 and ZnCr2O4) at the grain boundaries may also play a

role in controlling the ZnO grain growth in this ceramic system.

3.3. Current–voltage characteristics

The effects of Cr2O3 addition on the electrical properties of

the V2O5-based ZnO materials were characterised by their

electric field–current density (E–J) properties. Typical E–J
r the different ZnO–V2O5–Cr2O3 varistor ceramics

grain E1 mA=cm2

(V/cm)a

Jleak

(�10�4 A/cm2)b

Non-linear

coefficient, ac

80 7 10.3

100 7 12.7

200 5 13.4

1200 4.8 27.2

1800 4 28.9

2000 4 17.2



Fig. 4. The electric field–current density (E–J) curves for the various ZnO–

V2O5–Cr2O3 samples.
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curves are shown in Fig. 4. The corresponding parameters

obtained from these curves are summarised in Table 1, where

the point at which non-linearity begins is given by the onset

electric field E1 mA=cm2 and leakage current density Jleak.

The effects of Cr2O3 content on the various electrical

parameters are presented graphically in Fig. 5. The leakage

current density Jleak is not affected much by the addition of

Cr2O3. However, the onset electric field E1 mA=cm2 and the non-

linear coefficient a are greatly affected by the Cr2O3 content.

E1 mA=cm2 increases as the amount of Cr2O3 is increased. The

increase in the breakdown electric field as Cr2O3 increased is

mainly attributed to the decrease in the grain size, which give

rise to an increase in grain boundaries. Kim et al. [14] also

observed similar trend in their study of the effects of Cr2O3 in a

multi-component ZnO–Bi2O3 varistor material.

The non-linear coefficient a, on the other hand, exhibits a

different trend. The a value increases steadily as Cr2O3 content
Fig. 5. Effects of Cr2O3 content on (a) average ZnO grain size; (b) onset electric fie
increases up to 3 mol%. When Cr2O3 content was further

increased to 4 mol%, the a value decreased. Such improvement

in the a value with the addition of Cr2O3 has also been reported

in ZnO–Bi2O3 multi-component varistor system [13]. It has

been postulated that transition metal oxides, such as Cr, Co and

Mn, are involved in the formation of interfacial states and deep

bulk traps at grain boundaries [23], providing large potential

barriers to give better non-linear characteristics [24].

It is noted that the improvement was only for up to 0.1 mol%

Cr2O3 in the ZnO–Bi2O3–Sb2O3 multi-component varistor

system [13]. Further increase in Cr2O3 concentration was found

to have a deleterious effect on the potential barrier at the grain

boundary, which increases the leakage current and decreases

the a value in the ZnO–Bi2O3 multi-component varistor system.

Excess Cr3+ ions, not dissolved by the spinel (Zn7Sb2O12) or

Bi-rich phases, were assumed to have segregated at grain

boundaries to cause a decrease in the grain-boundary electrical

resistance. In the current study for the ZnO–V2O5 varistor

system, the optimum Cr2O3 content is much higher at 3 mol%.

A possible reason may be more Cr3+ ions can be dissolved in the

V-rich phases rather than the Bi-rich phases. Furthermore, most

of the Cr added into the ZnO–V2O5 system would have been

used to form the ZnCr2O4 phase. As compared, in the ZnO–

Bi2O3–Sb2O3 multi-component varistor system, the ZnCr2O4

phase was not formed due to the addition of Sb2O3, in which

case, the spinel Zn7Sb2O12 phase was formed instead.

Lastly, another factor that may affect the varistor behaviour is

the presence of the minor secondary phases in the ZnO–V2O5

system. In a previous study, experimental results suggested that

the secondary phase Zn3(VO4)2 plays a role in the electrical

performance of ZnO–V2O5 varistor [9]. It was found that it is

desirable to have g-phase rather than the a- or b-phase as a

secondary phase. (Although it was mentioned earlier that there is
ld, E1 mA=cm2 ; (c) leakage current density, Jleak; and (d) non-linear coefficient, a.
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no polymorphism in Zn3(VO4)2, forcomparison purposes, we will

conform to these notations to avoid confusion.) Thus, it can also

be inferred that the a-Zn3(VO4)2 phase detected for our current

specimens is not as beneficial, and hence the improvement in the

varistor behaviour in the current study for the addition of Cr2O3 is

less as compared to the addition of MnO2 in our previous study

[10], where the g-phase was formed instead.

4. Conclusions

Addition of Cr2O3 to the binary ZnO–0.5 mol% V2O5

system controlled the abnormal ZnO grain growth and

produced a more uniform microstructure. The microstructure

of the samples consists mainly of ZnO grains with ZnCr2O4 and

a-Zn3(VO4)2 as the minority secondary phases. The non-linear

coefficient a increases as the amount of Cr2O3 additive is

increased up to 3 mol%. Further increase in Cr2O3 content

caused a decrease in the a value. A highest non-linear

coefficient of 28.9 was obtained for the sample containing

3 mol% Cr2O3 in 0.5 mol% V2O5-doped ZnO varistor.
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