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Abstract: ZnO varistor ceramics doped with Bi,O;, Sb,0;, C0,0;, Cr,0;, and MnO, were prepared separately by two high-energy
ball milling processes: oxide-doped and varistor ceramic powder. A comparison in the electrical and microstructural properties of the
samples obtained by both methods was made. The best results on these characteristics were achieved through the high-energy ball
milling varistor ceramic powder route, obtaining a nonlinear coefficient of 57 and a breakdown field of 617 V/mm at a sintering
temperature of 1000 °C for 3 h. The samples synthesized by this technique show not only high density value, 95% of the theoretical
density, but also a homogeneous microstructure, which compete with those obtained by the high-energy ball milling oxide-doped
powder route. With the advantage that the high-energy ball milling varistor ceramic powder route can refine grain, increase the
driving force of sintering, accelerate the sintering process, and reduce the sintering temperature.
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1 Introduction

High-energy ball milling [1,2] was developed in late
1960s for the technology preparation of materials by
Benjamin of INCO milling company in United States
and his collaborators. The mechanical energy created
from the constant collisions among particles, balls and
bowl cannot only promote the phase reaction between
solid reactants but also can break down the particles to a
much smaller size. Compared with normal ball-milling
processes, high-energy ball milling is more efficient in
strengthening the rate of reaction and modifying the
particle morphology of materials [3]. High-energy ball
milling of the starting powder mixture was also reported

as a promising method for the preparation of varistor
ceramics [2—5].

Zn0O-Bi,0s-based ceramics are
semiconducting ceramic devices, which exhibit highly
nonlinear voltage—current (V—/) characteristics with a
high resistivity below a breakdown/threshold voltage.
The nonlinear voltage—current properties are expressed
by the relation / = KV, where K is a constant and o is the
nonlinear exponent. ZnO—Bi,03-based varistor ceramics
compositions are the most widely investigated varistor
ceramics, the applications of which include voltage
stabilization, transient surge suppression in electronic
circuits, and electronic power systems [6]. The typical
composition of ZnO—Bi,Os-based varistor ceramics
consists of ZnO and a few mole fraction of other oxide
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additives, such as Sb,03, Bi,O3, C0,03, MnO; and Cr,0s.
The main function of Bi,O; is to promote liquid phase
sintering and the formation of traps and surface states
making materials with nonlinear [7]. The advantage of
high-energy ball milling is that the processing of varistor
ceramics is more or less the same as in the case of the
standard ceramic procedure except that homogenization
with low-energy milling is replaced or proceeded by
high-energy dry milling. It was also reported that
mechanical activation reduced the mass loss due to the
volatilization of Bi,O; and Sb,O; [6]. High-energy ball
milling will not only fracture the powder particles into
smaller pieces, but also enable good mixing, thus
resulting in the generation of a homogeneously mixed
composite.

In this work, two different mechanical methods are
used, namely, high-energy ball milling oxide-doped and
ceramic  powder. Through comparing
characteristics of ZnO varistors doped with oxide-doped
and varistor ceramic powder on by high-energy ball
milling, the advantage of high-energy ball milling can be
described in a new perspective.

varistor

2 Experimental

ZnO-Bi,03-based varistor samples with nominal
compositions of 96.5 % ZnO, 0.7% Bi,03, 1.0% Sb,0;,
0.8% C0,03, 0.5% Cr,03, and 0.5% MnO, (mole fraction,
the same below if not mentioned) were mixed and
homogenized in absolute ethanol media in a polyethylene
bowl with zirconia balls by planetary high-energy ball
milling at 100 r/min for 1 h, and the samples were
labeled PO. The varistor dopant powder mixture, marked
as P, which was used in reagent-grade raw materials with
mole fraction of 0.7% Bi,03, 1.0% Sb,03, 0.8% Co0,0;,
0.5% Cr,0O3 and 0.5% MnQO,, and the mixtures were
homogenized in absolute ethanol media in a polyethylene
bowl with zirconia balls at 500 r/min for 5 h by planetary
high-energy ball milling. Then the powder samples
(3.5% P+96.5% ZnO) were ball milled at 500 r/min for 0
h (instead for 1 h at 100 r/min), at 500 r/min for 1 h, at
500 r/min for 5 h, at 500 r/min for 10 h, and were marked
as P1, P2, P3 and P4, respectively. The slurry was dried
at 70 °C for 24 h, pulverized by an agate mortar/pestle
after 2% (mass fraction) polyvinyl alcohol (PVA) binder
had been added, and granulated by sieving through a
sieve of 0.15 mm to produce the starting power. The
powders were then dried and pressed into discs with a
diameter of 12 mm and a thickness of 2.0 mm. The
pressed disks were sintered in air at 1000, 1100, 1200 °C
(2 h dwell time), and at a heating rate of 5 °C/min,
cooled in the furnace, and then marked with the letters A,
B and C, respectively, for identification.

ZnO-Bi,03-based varistor samples with nominal

compositions of 96.5% Zn0O, 0.7% Bi,03, 1.0% Sb,0;,
0.8% Co0,03, 0.5% Cr,03, and 0.5% MnO, were used.
Reagent-grade raw materials were mixed and
homogenized in absolute ethanol media in a polyethylene
bowl with zirconia balls by planetary high-energy ball
milling at 500 r/min for 0, 1, 3, 5 and 10 h, and the
samples were labeled as DO, DI, D2, D3 and D4,
respectively. The mass ratio of balls to the mixed powder
was 20:1. The slurry was dried at 70 °C for 24 h after
selecting by a sieve of 0.063 mm, pulverized by an agate
mortar/pestle after 2% (mass fraction) polyvinyl alcohol
(PVA) binder was added, and then granulated by a 0.15
mm sieve to produce the starting power. The powders
were then dried and pressed into discs with a diameter of
12 mm and a thickness of 2.0 mm. The samples were put
into VMK1400 high temperature experimental electric
furnace which was made in Germany. The pressed disks
were sintered in air at 1100 °C for 2 h dwell time, and
then with a heating rate of 5 °C/min [7—10], cooled in the
furnace. The pressed disks were sintered in air at 900,
1000, 1100 °C for 2 h dwell time, with a heating rate of 5
°C/min and then cooled in the furnace, and then marked
with the letters A, B and C, respectively, for
identification.

The relatively density (D) is defined by the
percentage of actual density and theoretical density
[11-13]. For the characterization of DC current—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. Using
varistor DC parameters device (CJ1001, Chongjie
Electronics Co., Ltd., Changzhou) to measure the voltage
Vima and Vyima under 1.0 mA and 0.1 mA, potential
gradient V=V ha/d (d is thickness), nonlinear coefficient
a (o=1/1g(V1 oma/Voima)) at 0.1-1.0 mA. The current
density (Jp) of drain current (/1) is measured by the
equation J;=I/S, where S is the area of awaiting
measuring samples’ extremity electrode [11,14]. The
crystalline phases were identified by the X-ray
diffractometer (XRD, Rigaku D/max 2200, Japan) using
a Cu K, radiation. A scanning electron microscope (SEM,
FEI QUANTA 400) was used to examine the surface
microstructure.

3 Results and discussion

3.1 High-energy ball milling oxide-doped

The XRD spectra of samples which were sintered at
1000 and 1100 °C respectively are given in Fig. 1.
Figure 1 shows that the XRD diffraction peak of
Zn0O-Bi,0;-based varistor ceramics does not change
largely, which proves that high-energy ball milling does
not make varistor ceramics generate a new phase. We
can also see that all samples contain the basic
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components of varistor ceramics, and they are ZnO phase,
spinel phase Zn;Sb,0,,, a small amount of Bi-rich phase
and pyrochlore phase Bi;Zn,Sb;0y4 [15,16]. When the
sintering temperature is high, such as 1100 °C, the
Bi-rich phase in varistor ceramics will decrease gradually,
which indicates that a part of Bi-rich phase volatilizes
with an increase of sintering temperature.

Figure 2 shows the SEM images of varistors
sintered at 1100 °C and then ball mined for zinc, milling
time is 0, 1, 5, 10 h, respectively. The 5 h-milling sample
has the smallest grains, and its grain interstice phase
(spinel phase) and grain boundary phase (Bi-rich phase)

1425

are more refined.

In order to study the impact of high-energy ball
milling oxide-doped powder on ZnO-Bi,O;-based
varistor ceramics, the electrical properties and densities
of samples by different milling processes at different
sintering temperatures were tested.

From Fig. 3, we can see that the electrical property
and density of the sample reach up to a high-point when
the balling milling time is 5 h and the sintering
temperature is 1100 °C. With an increase in sintering
temperature to 1100 °C, the voltage gradient, nonlinear
coefficient as well as the density of varistor ceramics will
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Fig. 1 XRD patterns of varistors sintered at different temperatures: (a) 1000 °C, (b) 1100 °C
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Fig. 2 SEM images of varistors sintered at 1100 °C and milled for different time: (a) 0 h; (b) 1 h; (c) 5 h; (d) 10 h
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Fig. 3 Electrical properties and density of varistors at different sintering temperatures: (a) I; (b) Vr; (¢) a; (d) D

decrease gradually, but the leakage current will increase.
The potential gradient (V1) of ZnO—Bi,03-based varistor
ceramics can be calculated by the following equation:

ey

where Ny, is the number of grain boundary in a unit
length, Vg means the breakdown voltage of a single
grain boundary, and d is the average size of grain. When
the grain is fully semiconducted, we generally consider
that Vg, is a constant. Thus, Vr is inversely proportional
to the grain size. With the increase of sintering
temperature, the grain grows up gradually. So Vg,
decreases monotonically. Meanwhile, the increase of
sintering temperature is conducive to the liquid phase
recrystal, which may promote the grain growth and even
distribution of crystal varistor ceramics, and make the
resistance in the internal grain decrease to reduce the
potential gradient of varistor ceramics. In addition, with
the increase of sintering temperature, ZnO—Bi,0;-based
varistor ceramics contraction is intensified, so its
porosity is reduced, and its internal structure is more
compact.

Therefore, the potential gradient of varistor
ceramics is reduced, while the nonlinear is increased.
However, if the sintering temperature is too high, the
ingredients with low melting point in varistor ceramics

VT:N gb ng/ d

such as Bi,O; may be apt to volatilize, resulting in the
reduction of the grain boundary barrier, and the damage
of some grains’ boundary structure (the depletion layer is
destroyed). So, the grain boundary layer will become
thinner and thinner, or even disappear, leading to the
high dispersion of potential gradient of varistor ceramics
and sharp decline of nonlinear coefficient. Besides, other
electrical properties may also deteriorate.

When the sintering temperature is from 500 to 1050

°C, ZnO—-Bi,Os-based varistor ceramics have the
following reactions in the sintering process:
Sb,y053(s)+0,—>Sb,0s5 (1) (527 °C) )

SbyOs(1)+ZnO(s)—>ZnSbyOg(s)  (700-800 °C)  (3)
ZnSb,04(s)+6Zn0(s)—>Zn,Sb,01x(s)  (>800 °C) (4)
3ZnSb206(s)+3Bi203(s)+ZnO(s)—>2anBi3Sb3014(s)

(700 °C<t<900 °C) (5)
2Zn2Bi3Sb3014(S)+17ZHO(S)—>
370,8b,015(s)+3BLOs(I)  (950-1050 °C)  (6)

Zn;Sb,015(s)+Bi,05(1)—Bi,05(Sb,Zn)(1) (1050 °C) (7)

At the first stage of sintering, the spinel phase will
form from Egs. (2)—(7), and then the pyrochlore phase.
For these reactions need to consume Bi,O3;, the
volatilization of Bi,Os; will slow down. Equation (6)



XU Dong, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1423-1431 1427

shows that the reaction between pyrochlore phase and
ZnO will generate Bi,0; liquid phase, which will melt
ZnO nearby and generate Bi-rich liquid phase, while the
capillary force produced by Bi-rich liquid will lead to the
aggregation and concatenation of the second-phase.
Although Eq. (6) causes the reduction of pyrochlore
phase and the increase of spinel phase, this kind of
concatenate organization still exists at the end of the
sintering. The grains of this concatenate second-phase
are coarse with uneven distribution. At the same time,
due to the formation of Bi-rich liquid, the volatilization
begins. From Eq. (6), it can be seen that when the
temperature rises to 1000 °C, the volatilization of
ceramic varistor BiO; exacerbates. Although the
emergence of Bi-rich liquid phase is temporary, it still
enhances the densification process of ceramic varistor.
The emergence of the second-phases such as pyrochlore
phase and spinel phase increases the diffusion distance
between zinc oxide grains, thus generating a hinder
effect on the densification.

The nonlinear coefficient of the 5 h-milling
sample’s potential gradient is high and the leakage
current is low. The density of voltage dependent resistor
rises with the increase of milling time, mainly due to the
high energy mechanical milling refining grain size,
which makes the lattice distortion increase, significantly
improves the sintering driving force as well as the
sintering  kinetics  factor, and shortens the
reaction-diffusion distance. Liquid phase generated by
sintering makes the contact area of reaction increase,
accelerates the mass transfer rate and promotes the
inner-phase response. With the prolongation of milling
time, the potential gradient of the sample with the
milling time of 10 h increases slowly, and nonlinear
coefficient and leakage current all begin to deteriorate.
High-energy ball milling means that there is an
agglomerate dynamic process accompanied by the crush
process of a powder. Under the impact of crushing forces
and friction, the grain size of powder decreases rapidly,
and may achieve the dynamic equilibrium with
prolonging the milling time; then the prolonging milling
time will no longer play the role in grain refinement, but
it may introduce some of zirconia impurities, resulting in
the deterioration of electrical properties. Therefore, the 5
h-high-energy ball milling can be used to prepare the raw
material powder with higher purity and smaller grain
size.

3.2 High-energy ball milling varistor ceramic

The XRD spectra of samples which were sintered at
1000 °C, 1100 °C respectively are given in Fig. 4.
Figure 4 shows that the XRD diffraction peak of varistor
ceramic does not change greatly; however, it also proves
that high-energy ball milling does not make varistor

ceramics generate a new phase. We can also see that all
samples  contain  the basic components of
Zn0O-Bi,03-based varistor ceramics, which are ZnO
phase, spinel phase Zn;Sb,0;,, a small amount of Bi-rich
phase and pyrochlore phase Bi;Zn,Sb;0y4 [17—19].
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Fig. 4 XRD patterns of varistors sintered at different
temperatures: (a) 1000 °C, (b) 1100 °C

Figure 5 shows that SEM images of the high-energy
ball milling varistor ceramic powders with the milling
time of 0, 1, 3, 5, 10 h (samples labeled as DOB, DIB,
D2B, D3B, D4B) respectively and the sintering
temperature of 1000 °C. As shown in Fig. 5, with an
increase in the milling time, the varistor ceramics grain
size becomes small, and the grain size of varistor
ceramic is the smallest with 10 h-milling.

In order to study the influence of high-energy ball
milling varistor ceramic powder on ZnO—Bi,0;-based
varistor ceramics, we measured the electrical properties
and density of samples under different sintering
temperatures and milling times.

As shown in Fig. 6, the 3h-milling sample owns the
best properties when sintered at 1000 °C. The leakage
current of the sample sintered at 900 °C is too heavy
which exceeds industrial regulation (50 pA).
Compared with those samples sintered at 1000 °C and
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1100 °C, it is apparent that the former has better
electrical properties, such as low leakage current, high
nonlinear coefficient, high potential gradient, and good
density. In the voltage dependent resistor, E;=n}}, where
E, is the breakdown field strength, n is the Schottky
barrier in the direction of current conduction in per unit
length and ¥, is the voltage drop of each barrier, usually
2—4 V. Therefore, E; depends on the values of n. With
the climbing of sintering temperature, the grain grows up
gradually to a contrast, and n decreases. From the
equation E;=nl}, it can be seen that potential gradient
will decline.

The sample sintered at 1000 °C has better properties
than at 1100 °C for the high-energy ball milling can
refine the grains, while the refined grains have a strong
activity on their surface. The addition of the sintering
driving force can shorten the atom diffusion distance and
improve the solubility of grains in the liquid phase for
the purpose of accelerating the sintering process and
reducing the sintering temperature. The optimum

Fig. 5 SEM images of varistors sintered

at 1000 °C with different milling time:
(@)0h;(b) 1 h;(c)3h;(d)Sh;(e) 10h

sintering temperature of 1000 °C is 100 °C lower than
the normal solid state sintering temperature of 1100 °C
which can effectively save the productive cost.

The 3h-milling sample has the highest nonlinear
coefficient, higher potential gradient and density, and
lower leakage current. However, the 5 h-milling grain
has the smallest size probably because that high energy
ball milling media of zirconia lead to the pollution on
powders, which will affect the electrical properties of
Zn0O—Bi,0;-based varistor ceramics. Moreover, overlong
milling time may lead to deterioration of electrical
properties of varistor ceramics.

3.3 Comparison of electrical properties of samples
formulated by two different milling processes
The relationships between electrical properties and
density of samples P and D sintered at 1000 °C are
shown from Fig. 7. It can be seen that those
samples prepared by high-energy ball milling
varistor ceramic powder are better than oxide-doped.
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The potential gradient, nonlinear coefficient and relative
density are higher, the leakage current is lower than 50
pA. This indicates that high-energy ball milling varistor
ceramic powder has improved the properties.
High-energy ball milling will not only fracture the
powder particles into fine pieces, but also enable the
powder mix well, thus resulting in the generation of a
homogeneously mixed composite.

4 Conclusions

1) ZnO-Bi,0Os-based varistor ceramics
prepared separately by two high-energy ball milling
processes: oxide-doped and wvaristor ceramic powder.
Varistor ceramics were prepared by high-energy ball
milling oxide-doped powder and sintered at 1100 °C for
5 h to obtain the best comprehensive electrical properties,
the potential gradient of 347 V/mm, nonlinear coefficient
of 39.

2) The best results of these characteristics were
achieved through the high-energy ball milling varistor
ceramic powder route, a nonlinear coefficient of 57 and a
breakdown field of 617 V/mm at a sintering temperature
of 1000 °C for 3 h. The samples synthesized by this
technique show not only high density values, 95% of the
theoretical ~density, but also a homogeneous
microstructure, which compete with those obtained by
the high-energy ball milling oxide-doped powder route.

3) The high-energy ball milling varistor ceramic
powder route can refine grain, increase the driving force
of sintering, accelerate the sintering process, and reduce
the sintering temperature.

were
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