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Abstract: The relationship between sintering process and vaporization of the Bi,O; in ZnO-Bi,0;-based varistor ceramics was
investigated. The phase and microstructure evolution during the sintering process were examined. The results show that the higher
the sintering temperature or the longer the sintering time is, the more the Bi,0; is volatilized. The heating rate has little effects on the
Bi,0; volatilized in ZnO-Bi,0;-based varistor ceramics. This is in accordance with the relative X-ray diffraction peak area ratio
analysis. The results also show that the sintering temperature has the greatest impact on the vaporization of the Bi,0;, then followed

by sintering time, and the effect of the heating rate is the minimum.
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1 Introduction

ZnO  varistors show a highly nonlinear
current—voltage characteristic with a highly resistive
state in the prebreakdown region and large non-linearity
coefficient[1-2]. Non-ohmic conduction in ZnO
varistors is a grain-boundary phenomenon, which has
often been explained by thermionic emission enhanced
by barrier lowering at low fields with a combination of
other mechanisms at high fields[3—4]. The method of
sintering process is critical for producing good varistor
materials. Commercial varistors are usually made by
solid state of ZnO particles with doping agent oxides
such as Bi,03, Sb,03, C0,03;, MnO, and Cr,03, then the
mixed powder is pressed and sintered at higher
temperatures. A complex microstructure can be achieved,
in which conducting ZnO grains, electrically insulating
secondary spinel phase and Bi-rich inter-granular phase
are found[5]. In other words, the microstructure of the
ZnO varistors consists of highly conductive n-type ZnO
grains and electrically insulating Schottky barriers of
grain boundaries.

In the classical ZnO-based varistor, Bi,O3 is used as
the varistor-former, thus it is essential for inducing the

nonlinearity of the ZnO varistors[6—7]. Bi,O; is
particularly important since it provides the medium for
liquid-phase sintering, enhances the growth of ZnO
grains, and affects the stability of the nonlinear
current-voltage characteristics of the material. The
melting point of Bi,O; is 825 °C, and the eutectic
temperature of ZnO-Bi,0s is only 740 C, thus a liquid is
formed in the ZnO-Bi,0; specimens below 800 C. As
soon as the eutectic liquid is formed, the mass loss starts
to increase. This indicates that the vaporization of Bi,0O;
starts immediately after the eutectic liquid has been
formed[8].

RUBIA et al[9-10] used the X-ray fluorescence
method to investigate the effect of the area-to-volume
ratio on the vaporization of Bi in ZnO varistors. To
reduce the loss of material, METZ et al[8] suggested
using a new route, in which ceramics are produced by
mixing pre-synthesized spinel and pyrochlore phases
with  other  classical  single-oxide  additives.
ONREABROY et al[11] have noted that the nonlinearity
coefficient depended primarily on the sintering
temperature, which significantly decreased at higher
temperatures, probably due to the volatilization of Bi,O;.
Mass loss by uncontrolled Bi,O; vaporization is a crucial
parameter in the manufacture of varistor ceramics[12].

Foundation item: Project(06DZ05902) supported by Technical Innovation Team Program of Shanghai Science and Technology Committee of China
Corresponding author: CHENG Xiao-nong; Tel: +86-511-88780006; E-mail: xncheng@ujs.edu.cn

DOI: 10.1016/S1003-6326(09)60064-9



XU Dong, et al/Trans. Nonferrous Met. Soc. China 19(2009) 1526—1532 1527

XU et al[4] investigated the effect of sintering method,
such as open sintering, sintering inside a closed crucible,
and sintering within a powder bed, on the vaporization of
the BiyO; in ZnO-Bi,O;-based varistor ceramics. By
using a sufficient amount of powder bed, the mass loss of
Bi,0; reduces from >95% to<<20%[13]. However, the
effects of the different sintering processes on the
vaporization of the BiO; in varistor ceramics have
seldom been reported.

In this work, attention is given to the relationship
between sintering process and vaporization of the Bi,O3
in varistor ceramics. The phase and microstructure
evolution during the
investigated.

sintering process are also

2 Experimental

Reagent-grade raw materials were used in
proportions of 96.5% ZnO, 0.7% Bi,0;, 1.0% Sb,0;,
0.8% Co0y03, 0.5% Cr,0; and 0.5% MnO, (molar
fraction). After milling, the mixture was dried at 70 C
for 24 h, then the power was uniaxially pressed into discs
of 12 mm in diameter and 2 mm in thickness. The
pressed discs were sintered with three different sintering
processes. First, some of the pressed discs were sintered
at five fixed sintering temperature of 900, 1 000, 1 100,
1 200, and 1 300 “C in air for 2 h, labeled as FA1, FA2,
FA3, FA4 and FAS, respectively, using a heating rate of 5
‘C/min and then cooled in the furnace. Second, some of
the pressed discs were sintered in air at 1 100 ‘C for 2 h,
using a heating rate of 1, 2, 5 and 10 ‘C/min, and then
all of the samples were cooled in the furnace, labeled as
FB1, FB2, FB3 and FB4, respectively. Finally, the others
of the pressed discs were sintered in air at 1 100 ‘C for
0 h,0.5h,1h,2h,4h and 6 h, labeled as FC1, FC2,
FC3, FC4, FC5 and FCo6, respectively, using a heating
rate of 5 “C/min and then cooled in the furnace. The
sintered samples were all lapped and polished to 1.0 mm
in thickness. The final samples were about 10 mm in
diameter and 1.0 mm in thickness.

The bulk density of the samples was measured in
terms of their mass and volume. For the characterization
of DC current and voltage, the silver paste was coated on
both faces of samples and the silver electrodes were
formed by heating at 600 C for 10 min. The electrodes
were 5 mm in diameter. The voltage—current (V—1I)
characteristics were measured using a V—I source/
measure unit (CJP CJ1001). The nominal varistor
voltages (Vx) at 0.1 mA and 1 mA were measured and
the threshold voltage V1 (V/mm) (Vr=Vx( at 1 mA)/d,
where d is the thickness of the sample, mm) and
nonlinear coefficient a (a=1/1g[Vxy(at 1 mA)/Vy(at 0.1

mA)]) were determined. The leakage current (/) was
measured at 0.75Vy (at 1 mA). The crystalline phases
were identified by an X-ray diffractometer (XRD,
Rigaku D/max 2200, Japan) using a Cu K, radiation. The
surface microstructure was examined by a scanning
electron microscope (SEM, FEI QUANTA 400). The
Bi-concentration of sintered bodies was analyzed using
emission

an inductively coupled plasma atomic

spectrometer (ICP-AES; Plasma—400).
3 Results and discussion

Fig.1 shows the XRD patterns of varistor ceramics
sintered at different sintering temperatures for 2 h with
5 °C/min heating rate. The samples consist typically of
three phases: ZnO, spinel and Bi-rich phase. The XRD
peak intensities of the spinel phase and the intergranular
Bi-rich phase change with the sintering temperature. No
Bi,0; can be detected in the specimens sintered at 1 300
C. Bi,0; can be found in the samples sintered at 900—
1300 C, and the higher the sintering temperature is, the
weaker the XRD peak intensities of Bi,O; are. Table 1
presents the effect of the sintering temperature on the
relative X-ray diffraction peak area ratio, which indicates
the different phase amount in the varistor ceramics, such
as ZnO, spinel and Bi-rich phase. As can be seen form
Table 1, the higher the sintering temperature is, the less
the amount of Bi,0j3 is, which also shows that the higher
the sintering temperature is, the more the BiO; is
volatilized. This result is in accordance with the ICP
analysis. From ICP, the vaporization losses of the Bi,O;
in the samples FA1, FA2, FA3, FA4 and FAS are 10.9%,
11.5%, 31.4%, 75.3%, and 94.6%, respectively.

Fig.2 shows the SEM images of varistor ceramics
sintered at different sintering temperatures for 2 h with
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Fig.1 XRD patterns of varistors sintered at different

temperatures
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Table 1 Effect of sintering temperature on relative X-ray diffraction peak area ratio

Sample Bi,05(310)/ZnO(101) Zn,Bi;Sb;0,4(222)/Zn0O(101) Zn;8b,0,4(311)/ZnO(101)
FAL 0.047 0.079 0.388
FA2 0.047 0.073 0.258
FA3 0.040 0.047 0.237
FA4 0.025 0.034 0.190
FAS - 0.024 0.217

5 ‘C/min heating rate. A similar microstructure of the
samples is obtained in all cases with some differences
coming from the average size of ZnO grains[14—15] due
to the different sintering temperatures. Meanwhile, with
increasing the sintering temperature, the differences of
inter-granular phase in SEM become more and more

Fig.2 SEM images of varistors sintered
at different sintering temperatures: (a)
FA1; (b) FA2; (c) FA3; (d) FA4; (e)
FAS

obvious.

Differential thermal and high temperature X-ray
analysis have recently suggested the following reactions
for the microstructure development of ZnO varistor
during reactive liquid phase sintering in the temperature
range of 500—1 050 ‘C[8, 16]:
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Sb,05(s)+0,—Sb,0s(1), 527 'C @)
Sb,05(1)+ZnO(s)—ZnSb,04(s), 700—800 C )
ZnSb,04(s)+6Zn0O(s)—Zn,Sb,01,(s), >800 C 3)
3ZnSb,04(s)+3Bi,05(s)+Zn0O(s)—

27n,Bi3Sb;014(s), 700-900 C @)
2Z1,Bi38b;0,4(5)+17Zn0(s)—3Zn,Sb,015(s)+3B1,05(1),
950-1 050 C ()

Zn;5b,0,5(8)+Bi,05(1)—Bi,05(Sb, Zn)(1), 1 050 T (6)

According to reactions (1)—(4), at the first stage of
sintering, after the formation of spinel (ZnSb,Og,
Zn;Sb,0y,) and pyrochlore (Zn,Bi3Sb;0y4) phases,
pyrochlore reacts with ZnO to lead to the appearance of a
liquid bismuth oxide phase by reaction (5), and the
formation of spinel is accompanied with the formation of
Bi,0; liquid simultaneously. In other words, this liquid
oxide might dissolve adjacent to solid ZnO phases,
generating an eutectic liquid rich in bismuth; and at the
same time, the decrease of pyrochlore and the increase of
spinel take place[8]. The generation of the Bi,Os-rich
liquid induces the formation of capillary forces, which
brings the second phase together to form cluster (see
Fig.2(c)). As soon as the Bi,O;-rich liquid is formed, the
vaporization starts. The mass loss of the varistor
ceramics thus jumps as the temperature is raised above
1 000 C, just as the vaporization loss of the Bi,O; from
11.5% at 1 000 C to 31.4% at 1 100 C, confirming
that the reaction (5) takes place at a temperature around
1 000 ‘C[7]. When the sintering temperature is 1 300 C,
the vaporization loss of the Bi,O; is very serious[17], up
to 94.6%, and the Bi-rich inter-granular phase almost
disappears (see Fig.2(e)).

Fig.3 shows the XRD patterns of varistor ceramics
sintered at 1 100 “C for 2 h with different heating rates.
The samples also consist typically of three phases: ZnO,
spinel and intergranular Bi-rich phase. Bi,O; can be
detected in every sample sintered at 1 100 C for 2 h
with different heating rates. Table 2 presents the effect of
the heating rate on the relative X-ray diffraction peak
area ratio, which indicates the different phase amount in
the varistor ceramics, such as ZnO, spinel and Bi-rich
phase. As can be seen form Table 2, regardless of the
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Fig.3 XRD patterns of varistor sintered with different heating

rates

heating rate, the vaporization of the Bi,O; in every
example is very similar. From ICP one also knows the
vaporization losses of the Bi,O; in the samples FB1, FB2,
FB3 and FB4 are 34.7%, 31.7%, 31.4% and 31.1%,
respectively. Fig.4 shows the SEM images of varistor
ceramics sintered at 1 100 ‘C for 2 h with different
heating rates. A similar microstructure of the samples is
obtained in all cases with some differences coming from
the average grain size. It is indicated the heating rate has
little effect on the grain morphology of the varistor
ceramics.

The sintering time has an important effect on the
varistor ceramics[18—19]. Fig.5 shows the XRD patterns
of varistor ceramics sintered at 1 100 ‘C for different
sintering time with 5 ‘C/min heating rate. The samples
consist typically of three phases: ZnO, spinel and
intergranular Bi-rich phase. The XRD peak intensities of
the spinel phase and the intergranular Bi-rich phase vary
with the sintering time. Bi,O; can be found in the
samples sintered at 1 100 ‘C for different sintering time,
and the longer the sintering time is, the weaker the XRD
peak intensities of Bi,O; are. Table 3 presents the effect
of the sintering time on the relative X-ray diffraction
peak area ratio, which indicates the different phase
amount in the varistor ceramics, such as ZnO, spinel and
Bi-rich phase. As can be seen form Table 3, the longer
the sintering time is, the less the amount of Bi,0; is, and
the more the Bi,0Oj5 is volatilized. These results are in

Table 2 Effect of heating rate on relative X-ray diffraction peak area ratio

Sample Bi,05(310)/ZnO(101) Zn,Bi;Sbs014(222)/Zn0O(101) Zn;8b,0,4(311)/Zn0O(101)
FBI 0.045 0.045 0.338
FB2 0.048 0.053 0.380
FB3 0.040 0.047 0.237
FB4 0.049 0.051 0.337
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Fig.4 SEM images of varistor sintered with different heating rates: (a) FB1; (b) FB2; (c) FB3; (d) FB

Table 3 Effect of sintering time on relative X-ray diffraction peak area ratio

Zn,Bi;Sb;0,4(222)/ZnO(101)

Zn;Sb,0,4(311)/Zn0O(101)

0.073 0.349
0.059 0.342
0.059 0.359
0.047 0.237
0.049 0.352
0.035 0.327

Sample Bi,03(310)/Zn0O(101)
FC1 0.066
FC2 0.059
FC3 0.052
FC4 0.040
FC5 0.041
FCo6 0.034
o o— ZnO
a— Zn7Sby0y,
o *+— BihO4
= — 7Zn,Bi;Sb;0y,
FC6.4
FC5
FC4
FC3
FC2
FCl
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Fig.5 XRD patterns of varistor sintered with different sintering
time

accordance with the ICP analysis. The ICP shows the
vaporization losses of the Bi,O; in the samples FC1, FC2,
FC3, FC4, FC5 and FC6 are 5.2%, 21.0%, 26.4%, 31.4%,
40.0%, and 42.2%, respectively. The SEM images of
varistor ceramics sintered at 1 100 ‘C for different
sintering time with 5 “C/min heating rate are presented
in Fig.6. It is observed that the longer the sintering time
is, the bigger the grains grow. At the same time, the
microstructures are still very similar, and the grain
morphology only has a little change.

From the analyses of the SEM, XRD and ICP of the
different sintering temperature, heating rate, holding time
of the samples, we can see the sintering temperature has
the greatest impact on the vaporization of the Bi,O;,
followed by sintering time, and the effect of the heating
rate is the minimum.
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Fig.6 SEM images of varistor sintered with different sintering time: (a) FC1; (b) FC2; (c) FC3; (d) FC4; (e) FCS; (f) FCo6

4 Conclusions

1) The higher the sintering temperature is or the
longer the sintering time is, the more the Bi,O; is
volatilized.

2) The heating rate has little effects on the Bi,O;
volatilized in ZnO-Bi,0s-based varistor ceramics.

3) The sintering temperature has the greatest impact
on the vaporization of the BiO;, then followed by
sintering time, and the effect of the heating rate is the
minimum.
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