J Mater Sci (2007) 42:2637-2642
DOI 10.1007/s10853-006-1350-7

Microstructure and electrical properties of Zn(O-based varistors
prepared by high-energy ball milling

Hong-Yu Liu - Hui Kong - Xue-Ming Ma -
Wang-Zhou Shi

Received: 8 July 2005/ Accepted: 28 February 2006/ Published online: 4 January 2007

© Springer Science+Business Media, LLC 2006

Abstract ZnO-based varistor ceramics were prepared
at sintering temperatures ranging from 900 °C to
1,300 °C, by subjecting the mixed oxide powders to
high-energy ball milling (HEBM) for 0, 5, 10 and 20 h,
respectively. Varistor ceramics prepared by HEBM
featured denser body, better electrical properties
sintered at low-temperature than at traditional high-
temperature. The high density is due to the refinement
of the crystalline grains, the enhanced stored energy in
the powders coming from lattice distortion and defects
as well as the promotion of liquid-phase sintering.
Good electrical properties is attributed to proper
microstructure formed at low-temperature and im-
proved grain boundary characteristics resulting from
HEBM. With increasing sintering temperatures, the
electrical properties and density became worse due to
the decrease in amount of Bi-rich phase. Temperature
increased up to 1,200 °C or above, the Bi-rich phase
vanished and the ceramics exhibited very low nonlin-
ear coefficient.

H.-Y. Liu - H. Kong - X.-M. Ma (IX) - W.-Z. Shi
Department of Physics, East China Normal University, 3663
North Zhongshan Road, 200062 Shanghai, China

e-mail: xmma@phy.ecnu.edu.cn

X.-M. Ma

Key Laboratory of Optical and Magnetic Resonance
Spectroscopy of Ministry of Education, 3663 North
Zhongshan Road, 200062 Shanghai, China

Introduction

ZnO-based varistors are widely used as surge absorbers
in electrical power systems and electronic circuits to
protect against dangerous over-voltage surges, due to
their nonlinear current-voltage characteristics and a
high energy-absorption capability. In lightning arrester
field, for reducing element weight and sizes, Japan
developed high voltage-gradient arresters of 400 V/mm
in electrical power system [1-4]. Many researchers
prepared high voltage-gradient ZnO varistors by using
chemical methods. Lauf [5] fabricated 980 V/mm varis-
tors through sol-gel processing. Viswanath [6] prepared
varistors for voltage-gradient up to 3,000 V/mm by
colloidal suspension and centrifugal separation method
at sintering temperature of 750 °C. Duran [7] also
employed nanometer size powder produced by chem-
ical method to fabricate ZnO varistors for voltage-
gradient of 2,000 V/mm through two-stage thermal
processing method, first and second stage is 900 °C
and 825 °C, respectively. Those methods have the
disadvantages of complicated process, high production
costs and hardly be adopted in commercial production.
Recently, a method of high-energy ball milling
(HEBM), changing original powder from micro into
nanometer size, was employed by Fah [8] and Alamdari
[9] to produce high voltage-gradient varistors. Although
their sintering temperatures were reduced to 1,100,
1000 °C to research, respectively, they neither correlate
ceramics properties including density, voltage-gradient
(Vima/mm), nonlinear coefficient (o) and leakage cur-
rent (/) with sintering temperatures nor detailed the
mechanism of low-temperature sintering associated
with HEBM, which will be most attractive both in
industry application and scientific research. The purpose
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of this paper is to correlate sintering temperature with
microstructure, density and electrical properties of
varistor ceramics prepared by HEBM and try to reveal
the mechanism of low-temperature sintering.

Experimental

The composition of 96.5 mol% ZnO, 0.7 mol% Bi,03,
1.0 mol% Sb,03, 0.8 mol% Co,05 and 0.5 mol% each
of Cr,03 and MnO, was chosen for investigation. The
commercially available ZnO powder was milled
together with additives in ethanol in nylon jars using
stainless steel balls as the milling media in a planetary
high-energy ball mill operated at 500 rpm. The ratio of
balls to mixed powder was fixed at 20:1. The mixture
was milled for 5-20 h, followed by drying the slurry at
200 °C. The as-dried powder mixture was milled again
for 1 h to eliminate large powder lumps. The resulting
powder was uniaxially pressed into discs of 10 mm in
diameter and 2 mm in thickness by an universal
hydraulic presser. Sintering of the discs was carried
out in air in a resistance furnace at various tempera-
tures ranging from 900 °C to 1,300 °C for 2 h, with
heating rate fixed at 5 °C/min and cooling in furnace.

The powder mixtures with and without HEBM, the
sintered discs were characterized using X-ray diffrac-
tometer (XRD, D/max 2550V, Cu-Ka). The crystalline
grain size of milled powder was calculated by applying
the Scherrer equation [10], crystalline size = 0.9/
(Bcosf), whereZ = X-ray wavelength, 0 = Bragg angle,
B = full width at half maximum (FWHM). The con-
tamination (Fe element) to powder mixtures coming
from steel balls was analyzed by Inductively Coupled
Plasma-Atomic Emission Spectrometry (ICP-AES,
Plasma2000). The density of sintered discs was mea-
sured using the Archimedes’method in distilled water.

For DC current-voltage characterization, silver
electrodes were painted on both surfaces of the discs
and fired at 600 °C in air. The varistor voltage at 1 and
0.1 mA were measured and the voltage-gradient Vyya/
mm and nonlinear coefficient « were determined
(o = 11g(Vima/Vo.1ma))- The leakage current I was
measured at 0.75 Vi ,a. The donor concentration Ny,
barrier height ¢g, density of interface states N and the
barrier width o were determined by using a grain-
boundary defect model [11-13], according to which,
the electric conduction in the ohmic region was
associated with the thermion emission of Schottky
type, i.e., emission current density

J = Ax TzeprﬁEl/z - d)B)/kT}, (1)
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where A* is Richardson constant ¢g is the potential
barrier height formed at the interface, E is the electric
field, K is boltzmann constant, 7 is absolute
temperature and f is a constant related to the
potential barrier width by the relationship

1/2

B = [(1/(r+w)(2e /(4neoe))] ', )

where r* is the number of grains per unit length, o is
the barrier width, e is electron charge, ¢ is vacuum
dielectric constant (8.85 x 107'* F/cm), &, is relative
dielectric constant (8.5 for ZnO). Fixing 7 at room
temperature, plotting In/ versus £’ for some samples,
the ¢ can be obtained from the intersections of the
extrapolated regression lines with the InJ axis and the
constant f§ can be derived from the slopes of the plots.
Knowing the values of r* by SEM measurement, the o
can be obtained from the Eq. (2). Then N4 can be
derived from the equation [14] w” = (2¢5 ¢g&,)/(¢* Nq)
and the N, from N, = Njo.

The sintered discs’ microstructures were examined
using a scanning electron microscopy (SEM, JEOL,
JSM-6360LV) in back-scattered electron mode. The
phase compositions of the samples were determined by
energy-disperse X-ray spectroscopy (EDX, EDAX,
FALCON) on the SEM. The average ZnO diameter
(D) was measured of each recognizable grain in a
certain area, and the average of 100 grains was
calculated without correction factors.

Results and discussion

XRD data of the powders that was subjected to 5, 10
and 20 h of HEBM and that was not subjected to any
HEBM are shown in Table 1. It can be seen that the
FWHM of ZnO increased with increasing milling time.
ZnO crystalline size, calculated from Scherrer equa-
tion, was refined from ~120 nm to ~59 nm by 20 h of
HEBM, and the refinement speed gradually decreased
with increasing milling time.

In Fig. 1, the voltage-gradient is plotted against the
sintering temperature. It is distinct that the voltage-
gradient of milled samples is higher than that of
unmilled ones at all sintering temperatures. From the

Table 1 Change of ZnO crystalline size and FWHM with the
time of HEBM

Milling time (h) 0 5 10 20
FWHM of ZnO(100) 0.179 0210 0243 0250
ZnO crystalline size (nm) 120 83 62 59
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Fig. 1 The relationship between voltage-gradient and sintering
temperature for samples derived from the powders subjected to
0, 5, 10 and 20 h of HEBM

formula [15] Es= nVy,, where Eg is the breakdown
field, n the number of schottky barriers per unit length
along the direction of current conduction and Vi,
whose values does not much vary from one barrier to
another and has a range of 2-4 V, the voltage drop at
each barrier, it can be seen that Eg mainly depends on
n values. With sintering temperatures increasing from
900 °C to 1,300 °C, grain size of sample increases
markedly resulting in reduced »n and so Eg value. Eg at
temperature of 900 °C lies in the region of 875-898 V/
mm. The increase in voltage-gradient with increasing
milled time (0-20 h) at a fixed temperature is due to
the refined grain size [8], obtained as a result of
HEBM. According to Fig. 1, a relatively high voltage-
gradient of 400 V/mm and above can be obtained when
a nanocrystalline powder prepared by HEBM is
sintered at 1,100 °C and below.

Figure 2 shows the effect of the sintering tempera-
ture on the o of samples derived from the powders
subjected to 0, 5, 10 and 20 h of HEBM. It can be seen
that « for milled samples, keeps decreased with
temperature increasing, changing little at temperature
900-1,100 °C, but drastically decreases from 1,100 °C
to 1,200 °C and then continuously decreases slowly.
This is attributed to a lowering of the grain boundary
barrier height with increasing sintering temperatures
[16]. For unmilled samples, o is higher than milled ones
during 900-1,000 °C, then decreases rapidly and
becomes smaller than milled samples at sintering
temperatures of 1,100-1,300 °C.

Figure 3 shows the effect of the sintering tempera-
ture on the I} of samples derived from the powders
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Fig. 2 The relationship between nonlinear coefficient and
sintering temperature for samples derived from the powders
subjected to 0, 5, 10 and 20 h of HEBM
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Fig. 3 The relationship between leakage current and sintering
temperature for samples derived from the powders subjected to
0, 5, 10 and 20 h of HEBM

subjected to 0, 5,10 and 20 h of HEBM. Contrary to o
change, [; increases when sintering temperature
increases. It changes also little during 900-1,100 °C,
but going up rapidly from 1,100 °C to1200 °C, then
rising slowly again. Leakage currents of unmilled
samples become greater than milled ones at 1,000 °C,
from which the o of unmilled samples become smaller
than milled ones (Fig. 2). It seems that I; change is
correlated with o. According to equation (1), it’s
apparent that emission current, i.e., leakage current,
increases with decreasing ¢ due to increasing sinter-
ing temperature.
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Fig. 4 Backscattered electron images of varistor ceramics sin-
tered at 900 °C (a) and 1,200 °C (b) for 2 h, derived from mixed
powders that were subjected to HEBM for 5 h

The SEM micrograph and EDX of samples sintered
at 900 °C and 1,200 °C, derived from mixed powders
that were subjected to HEBM for 5 h, are shown in
Figs. 4 and 5, respectively. There are four noticeable
regions, white, offwhite, gray and black, in the sample
sintered at 900 °C. The white regions (B points) are
identified by EDX as Bi-rich phase, the offwhite
regions (S points) are spinel phases, the gray regions
(Z points) are ZnO phases (Fig. 5) and the black
regions are pores. In sample sintered at 1,200 °C,
however, the white regions in which Bi-rich phase
exists disappear, existing phases are ZnO and spinel
(Fig. 4b). Figure 6 shows the XRD patterns of samples
sintered at 900 °C and 1,200 °C for 2 h, derived from
mixed powders that were subjected to HEBM for 5 h.
Samples sintered at 900 °C are composed of
ZnO + Zn,;Sb,04, + y-Bi,03, the samples sintered at
1,200 °C just have ZnO + Zn;Sb,0¢,, no existence of
7-Bi,0O5. These results indicate Bi-rich phases have
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Fig. 6 XRD patterns of varistor ceramics sintered at 900 °C and
1,200 °C for 2 h, derived from mixed powders that were
subjected to HEBM for 5 h

already vaporized after sintered at 1,200 °C. Because
Bi-rich phase, ~2 nm intergranular amorphous Bi-rich
film and intergranular segregated Bi atoms are the key
phases which exhibit higher barrier voltages and lead
to high « values [17], no Bi-rich phase or very little
should be the reason why steep change of « values
(Fig. 2) and the I, rapid increase (Fig. 3) when samples
sintered at 1,100-1,200 °C.

The relative density of the sintered samples derived
from the powders subjected to 0, 5, 10 and 20 h of
HEBM at various sintering temperatures is plotted in
Fig. 7. For all samples derived from the powders
subjected to 0, 5, 10 and 20 h of HEBM, the density
decreases with the sintering temperature increasing
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Fig. 7 Relative density of the samples derived from the powders
subjected to 0, 5, 10 and 20 h of HEBM as a function of sintering
temperature

from 900 °C to 1,300 °C. This result is consistent with
literature [18]. As mentioned above, the decrease or
vanishment in amount of Bi,O3;, whose density (8.9 g/
cm’) is greater than ZnO (5.6 g/em?), leads to the
decrease in density with increasing sintering tempera-
ture.

Before sintered and after uniaxially pressed under
the same pressure of 98 kN, the density of the samples
derived from the powders subjected to 5, 10 and 20 h of
HEBM are 5.54, 5.36, 5.22 g/lcm®, respectively. The
trend of density change is that the more time the
sample powder was milled, the smaller is its green disc
density. This is because the more time milled samples
have smaller particles and produce more voids full of
air after pressed under the same pressure, resulting in
lower density of green disc. However, after sintered at
various temperatures, the density magnitude order is
changed reversely, i.e., the trend of density altering is
that the more time the sample powder was milled, the
higher is its density of sintered disc (the only exception
is the sample, which is milled 10 h and sintered at
1,300 °C). This comes from the following reasons: (1)

HEBM has a promoted effect on the sintering densi-
fication behavior. HEBM caused the refinement of the
crystalline sizes of ZnO and other constituters, the
enhanced stored energy in the powders due to lattice
distortion and defects, which are responsible for the
increase of the sintering driving force and kinetics
factor and the shortening of the elemental diffusion
distance. (2) At the sintering temperatures ranging
from 900 °C to 1,300 °C, Bi,O3 and Sb,0O; are liquid,
and the densification is governed by liquid-phase
sintering process. Liquid phases increase the contacted
area between reactant phases, accelerate the transmis-
sion speed, promote the reaction among reactant
phases and make ceramics more denser. (3) More time
milled samples accepted more contamination elements
like Fe (the concentration of Fe in 5, 10, and 20 h
milled powders is 0.78, 0.99, 1.39 wt%, respectively),
whose density is higher than ZnO.

In order to explore the electrical conduction behav-
ior of HEBM sample sintered at low-temperature of
900 °C, we used a grain-boundary defect model and
relative equations (mentioned in experimental part)
and obtained the values of calculated ¢g, w, Nq and N,
shown in Table 2. It can be seen that N4, N and ¢, of
milled samples, increases and o decreases when the
milling time increases. The more time the samples
milled, the more noticeable are the above trends. This
might be caused by the more crystal lattice distortion
and defects produced during HEBM, which led to
higher donor concentration and density of interface
states.

Conclusions

Varistor ceramics prepared by HEBM featured denser
body, better electrical properties sintered at low-
temperature than at traditional high-temperature. The
high density is due to the refinement of the crystalline
grains, the enhanced stored energy in the powders
coming from lattice distortion and defects as well as
the promotion of liquid-phase sintering. Good elec-
trical properties is attributed to proper microstructure

Table 2 Some characteristics

. Milling crystalline Barrier Barrier Donor Density of interface
of the samples sintered at . . . . .
o . time, size, height, width, concentration, states, Ny
900 °C for 2 h, derived from ¢ (h) D (um) (V) o (nm) N (10180m’3) (1012cm’2
mixed powders that were K o8 ¢
subjected to HEBM for 0, 5, 0 77 0.80 553 0.0025 0.14
10and 20 h 5 3.6 0.97 9.59 9.84 9.44
10 2.9 1.02 5.56 31.05 17.25
20 22 1.04 3.87 64.99 25.15
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