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Abstract

The electrical nonlinear properties and their stability against DC accelerated aging stress of varistors composed of ZnO–Pr6O11–

CoO–Cr2O3–Y2O3 (ZPCCY)-based ceramics were investigated at various sintering times. The increase of sintering time deteriorated
the nonlinearity, whereas improved the stability. The highest nonlinearity was obtained from the varistor ceramics sintered for 1 h,
with 51.2 in nonlinear exponent and 1.3 mA in leakage current. The varistor ceramics sintered for 2 h exhibited not only relatively

high nonlinearity, which the nonlinear exponent is 38.6 and the leakage current is 3.9 mA, but also the highest stability, in which the
variation rates of varistor voltage, nonlinear exponent, leakage current, and dissipation factor are �0.8%,�1.8%, +74.4%, and
+0.9%, respectively, for DC accelerated aging stress such as 0.95 V1 mA/150

�C/12 h.
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1. Introduction

Zinc oxide (ZnO) varistors are semiconducting ceramic
devices, produced by sintering ZnO powder containing
additives of small amount with varistor former, enhan-
cer, and stabilizer. The voltage–current properties of
theses devices exhibited markedly nonlinear properties
similar to a pair of back-to-back Zener diode, but with
very high-energy absorption capability [1,2]. Therefore,
ZnO varistor ceramics are extensively used to protect
electrical and electronic systems against dangerous
overvoltage surges, such as lightning surges, switching
surges, electromagnetic transient surges, and electro-
static discharges.
Nowadays, the electronic components and systems

are being became structurally gradually small size and
light weight, and functionally multifunction, high fre-
quency, and high reliability. But, as a result, overall
insulating strength is being decreased. Therefore, the
electronic components and systems are apted to be des-
tructed or they cause malfunction for various surges. In
the light of these facts, the high quality varistor cera-
mics possessing high nonlinearity and stability are
required. In particular, the stability of varistor ceramics
is very important, because it is directly related to the
reliability of systems.
Today, most of commercial ZnO varistors containing

Bi2O3 as varistor former oxides exhibit excellent varistor
properties, but they have a few flaws due to the high
volatility and reactivity of Bi2O3 having a low melting
point [3]. And it is another flaw that Bi2O3-based var-
istors need many additives to obtain the high non-
linearity and stability.
In recent, ZnO–Pr6O11-based varistor ceramics with

another varistor former oxides, Pr6O11, are actively
being researched to overcome a few problems related to
Bi2O3 [4–17]. One of significant features of these var-
istor ceramics is a simple microstructure composed of
two-phases: ZnO grains and intergranular layers. This
gives rise to the increase of effective grain boundary area
and ultimately enhances surge-absorption capability.
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To apply ZnO–Pr6O11-based varistor ceramics in
various fields, the effect of the experimental variables,
such as the kinds and amount of additives, composition
ratio, sintering temperature, and cooling rate on the
electrical properties and stability of varistor ceramics
should be studied. So far, most of the studies on ZnO–
Pr6O11-based varistors have been mainly limited to the
ternary system ZnO–Pr6O11–CoO and further, no their
stability has been reported [4–10]. The purpose of this
paper is to investigate the effect of sintering time on
electrical properties and stability against DC acceler-
ated aging stress of ZnO–Pr6O11–CoO–Cr2O3–Y2O3

(ZPCCY)-based varistor ceramics.
2. Experimental procedure

2.1. Sample preparation

Reagent-grade raw materials with composition ratio
of (98.0�x) mol% ZnO, 0.5 mol% Pr6O11, 1.0 mol%
CoO, 0.5 mol% Cr2O3, x mol% Y2O3 (x=0, 0.5, 1.0,
2.0, 4.0) were used as the starting materials for ZPCCY-
based varistor ceramics. Raw materials were mixed by
ball milling with zirconia balls and acetone in a poly-
propylene bottle for 24 h. The mixture was dried at
120 �C for 12 h and calcined in air at 750 �C for 2 h. The
calcined mixture was pulverized using an agate mortar/
pestle and after 2 wt% polyvinyl alcohol (PVA) binder
addition, granulated by sieving 200-mesh screen to pro-
duce starting powder. The powder was uniaxially pres-
sed into discs of 10 mm in diameter and 1.8 mm in
thickness at a pressure of 800 kg.cm�2. The discs were
covered with raw powder in an alumina crucible, sin-
tered at 1350 �C in air for 1–3 h, and furnace-cooled to
room temperature. The sintered samples were lapped
and polished to 1.0 mm thickness. The size of the final
samples was about 8 mm in diameter and 1.0 mm in
thickness. Silver paste was coated on both faces of
samples and the ohmic contact of electrodes was formed
by heating at 600 �C for 10 min. The size of electrodes
was 5 mm in diameter.

2.2. Electrical measurement

The voltage–current (V–I ) characteristics of ZPCCY-
based varistor ceramics were measured by stepping up the
linear stair voltage in increment of 0.5 V using a high vol-
tage source-measure unit (Keithley 237). To avoid joule
heat of varistors, the varistors were applied up to 50
mA.cm�2. The varistor voltage (V1 mA) was measured at
1.0 mA.cm�2 and the leakage current (I‘) was defined as
the current at 0.80 V1 mA. In addition, the nonlinear expo-
nent (�) is defined by �=(logJ2�logJ1)/(logE2�logE1),
where E1 and E2 are the electric fields corresponding to
J1=1.0 mA.cm�2 and J2=10 mA.cm�2, respectively.
The capacitance–voltage (C–V) characteristics of
ZPCCY-based varistor ceramics were measured at 1
kHz and 1 Vrms using a RLC meter (QuadTech 7600)
and a electrometer (Keithley 617). The donor concen-
tration (Nd) of ZnO grains and the barrier height (�b) at
the grain boundary were determined from the slope and
intercept of straight line, respectively, using the equa-
tion (1/Cb�1/2Cbo)

2=2(�b+Vgb)/q"Nd proposed by
Mukae et al. [18], where Cb is the capacitance per unit
area of a grain boundary, Cbo is the value of Cb when
Vgb=0, Vgb is the applied voltage per grain boundary, q
is the electronic charge, and " is the permittivity of ZnO
("=8.5"o). The density of interface states (Nt) at the
grain boundary was determined by the equation
Nt=(2"Nd�b/q)

1/2 [18] using the value of the donor
concentration and barrier height obtained above. Once
the donor concentration and barrier height are known,
the depletion layer width (t) of the either side at the
grain boundaries was determined by the equation Nd

t=Nt [19].
The dielectric characteristics, such as the apparent

dielectric constant ("APP
0) and dissipation factor (tan�),

were measured in the range of 100 Hz-2 MHz using a
RLC meter (QuadTech 7600).
The stability tests were performed under the five con-

tinuous DC accelerated aging stress states, such as 0.80
V1 mA/90

�C/12 h in the first stress, 0.85 V1 mA/115
�C/

12 h in the second stress, 0.90 V1 mA/120
�C/12 h in the

third stress, 0.95 V1 mA/125
�C/12 h in the fourth stress,

and 0.95 V1 mA/150
�C/12 h in the fifth stress. Simulta-

neously, the leakage current during the stress time was
monitored at intervals of 1 min by a high voltage
source-measure unit (Keithley 237). The varistor cera-
mics stressed were applied to the electrical character-
istics after storage at normal room temperature for 2 h.
The degradation rate coefficient (KT) was calculated
from the expression I‘=I‘o+KT t1/2, where I‘ is the
leakage current at stress time (t) and I‘o is I‘ at t=0 [20].
After the respective stresses, the V�I and dielectric
characteristics were measured at room temperature.

2.3. Microstructure measurement

The either surface of samples that the electrical
measurement has been finished was lapped and ground
with SiC paper and polished with 0.3 mm–Al2O3 powder
to a mirror-like surface. The polished samples were ther-
mally etched at 1100 �C for 30 min. The surface micro-
structure was examined by a scanning electronmicroscope
(SEM, Hitachi S2400, Japan). The average grain size (d)
was determined by the lineal intercept method, given by
d=1.56L/MN, where L is the random line length on the
micrograph, M is the magnification of the micrograph,
and N is the number of the grain boundaries intercepted
by lines [21]. The density (�) of varistor ceramics was
measured by the Archimedes method.
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3. Results and discussion

Fig. 1 shows SEM micrographs of ZPCCY-based
varistor ceramics with various sintering times. There are
not any phases except for two phases, which are ZnO
grains and intergranular layers consisted of Pr- and
Y-rich phases regardless of sintering time. The sintered
microstructure was more densified with increasing sin-
tering time. The density (�) of ceramics was mono-
tonously increased from 5.34 to 5.54 g.cm�3

corresponding to 92.39–95.85% of theoretical density
(TD=5.78 g.cm�3 in ZnO). It can be seemingly seen
from SEM that the pores gradually are decreased with
increasing sintering time. The average ZnO grain size (d)
was increased in the range of 11.4–15.98 mm as the sin-
tering time increases.
Fig. 2 shows the E–J characteristics of ZPCCY-based

varistors with various sintering times. The increase of
sintering time shifted the E–J curves toward a low elec-
tric field and a high current density. It is immediately
recognized that this migration of curves will cause a
lower nonlinearity. The varistor voltage (V1 mA) was
decreased from V1 mA=194.5 V.mm�1 to V1 mA=117.4
V.mm�1 due to the increase of the average grain size
with increasing sintering time. The varistor voltage per
grain boundaries (Vgb), namely, micro-varistor voltage
corresponding to breakdown voltage for one junction
grain boundary, was in the range of Vgb=2�3 V/gb in
the varistor ceramics sintered for 1–2 h, whereas the Vgb

of varistor ceramics sintered for 3 h was comparatively
slightly low as Vgb=1.8 V/gb. Therefore, it is assumed
that the varistor ceramics sintered 3 h exhibit compara-
tively low nonlinear properties. The nonlinear exponent
(�) was decreased linearly from �=51.2 to �=23.8 with
increasing sintering time. The � value was found to be
relatively high as above �=35 in varistor sintered for 1–
2 h, whereas the � value for 3 h was comparatively low.
On the other hand, the leakage current (I‘) was
increased in the range of from I‘=1.3 mA to I‘=5.6 mA
with increasing sintering time. The tendency of variation
in the � value was opposite to that in the I‘ value. As a
result, it was found that the increase of sintering time
deteriorated the nonlinear properties. The variation of
V–I characteristic parameters, including the V1mA, Vgb,
�, and I‘ are summarized in Table 1.
Fig. 3 shows the C–V characteristics of ZPCCY-based

varistor ceramics with various sintering times. The
capacitance decreases due to the increase of depletion
layer width at active grain boundaries with increasing
DC bias. The modified C–V equation was used to cal-
culate characteristic parameters, such as the donor
concentration and barrier height (�b). The variation of
C–V characteristic parameters, including the donor
Fig. 1. SEM micrographs of ZPCCY-based varistor ceramics with

various sintering times.
Fig. 2. The E–J characteristics of ZPCCY-based varistor ceramics

with various sintering times.
C.-W. Nahm, B.-C. Shin /Ceramics International 30 (2004) 9–15 11



concentration (Nd), density of interface states (Nt),
barrier height (�b), and depletion layer width (t) is
summarized in Table 1.
The Nd was increased in the range of Nd=1.25�1018–

1.73�1018 cm�3 with increasing sintering time. The
increase of Nd with sintering time is assumed to due to
decrease of oxygen. The Nd is related to the partial
pressure of oxygen (Po2), namely,Nd/ Po2

�1/4 or Po2
�1/6.

It is, therefore, believed that the It is assumed that the
increase of Nd is attributed to the decrease of the partial
pressure of oxygen as the sintering time increases. The t
on either side of depletion region was increased in the
range of t=29.1–24.1 nm with increasing sintering time.
This shows opposite relation to the Nd. In general, the
depletion region extends farther into the side with a
lighter doping. On the other hand, the increase of sin-
tering time led to the increase the Nt in the range of
Nt=3.64�1012–4.19�1012 cm�2. The �b in the varistor
ceramics sintered for 1 h showed maximum value (1.13
eV), whereas the increase of sintering time further fixed
�b to roughly �b=1.07–1.08 eV. The �b is directly
associated with the Nd and Nt. In other words, the �b is
estimated by the variation rate in the Nt and Nd. In
general, the �b is increased with increasing Nt and
decreasing Nd. If the variation rate of Nd is much larger
than that of Nt with an additive content, the �b is much
more strongly affected by the Nd than the Nt. According
to this reason, it can be understood that the �b is
increased or decreased with increasing sintering time.
Fig. 4 shows the frequency variation of dielectric
parameters of ZPCCY-based varistor ceramics with
sintering time. The apparent dielectric constant ("APP

0)
was decreased gradually without a sharper dispersive
drop evident as the frequency is increased, which is
associated with the polarization of dielectrics. The "APP

0

in the measuring frequency range increases with
increasing sintering time. This is directly related to the
average grain size, as can be seen in the following
equation, "APP

0="g(d/t), where "g is the dielectric con-
stant of ZnO, d is the average grain size, and t is the
depletion layer width. That is, this is because the
increase of sintering time causes total depletion layer
width within entire bulk due to the increase of average
grain size. The detailed dielectric parameters, including
the apparent dielectric constant ("APP

0) and dissipation
factor (tan�) are summarized in Table 1. All curves of
tan� exhibit a similar behavior, whereas a complicated
curve, known the dielectric dispersion phenomenon. In
Table 1

The microstructural, V–I, C–V, and dielectric characteristic parameters of ZPCCY-based varistor ceramics with various sintering times
Sintering

time
d

(mm)

�
(g.cm�3)
V1 mA

(V.mm�1)
Vgb

(V/gb)
�
 I‘
(mA)
Nd

(1018 cm�3)
Nt

(1012 cm�2)
Fb

(eV)
t

(nm)
"APP
0

(1 kHz)
tan�
(1 kHz)
1 h
 11.4
 5.34
 194.5
 2.2
 51.2
 1.3
 1.25
 3.64
 1.13
 29.1
 1589.8
 0.043
2 h
 13.9
 5.41
 149.3
 2.1
 38.6
 3.9
 1.42
 3.78
 1.07
 26.6
 2047.3
 0.057
3 h
 15.9
 5.54
 117.4
 1.9
 23.8
 5.6
 1.73
 4.19
 1.08
 24.1
 2485.7
 0.062
Fig. 3. The C–V characteristics of ZPCCY-based varistor ceramics

with various sintering times.
Fig. 4. The dielectric characteristics of ZPCCY-based varistor

ceramics with sintering time.
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other words, the tan� is decreased as frequency increase
until a minimum is obtained. After a minimum, the tan�
increased to maximum with increasing frequency and
thereafter again decreased. It was found that the values
of tan� are not greatly affected by sintering time. The
tan� was increased in the range of tan�=0.043�0.062
with increasing sintering time at 1 kHz and is not so
high. The increase of the tan� is assumed to due to the
increase of leakage current (I‘).
Abnormal dielectric cannot be seen clearly through

"APP
0 curve, but it is assumed to be the vicinity of 100

kHz through the peak of tan�. In general, the abnormal
dispersion appears at peak of tan�.
In practice, ZnO varistors are always subjected to a

continuous normal electrical stress, lightning surge, and
switching surge. Under such surges, they are gradually
degraded with time. Therefore, the high electrical sta-
bility against stress is very important in the light of
reliability of various electrical and electronic systems.
Fig. 5 shows the variation of leakage current of
ZPCCY-based varistor ceramics during various DC
accelerated aging stresses. On the whole, all ZnO var-
istor ceramics revealed a good stability. The varistor
ceramics exhibited nearly constant leakage current until
the third stress, but thereafter the leakage current was
increased gradually with stressing time.
The stability of ZnO varistor ceramics against DC

accelerated aging stress can be estimated from the
degradation rate coefficient (KT), as indicated in Fig. 6.
The KT value was increased, as DC accelerated aging
stress is more severe and increased abruptly after the
fourth stress. After the fifth stress, the KT value was the
highest (13.3 mA.h �1/2) in the varistor ceramics sintered
for 1 h and the lowest (3.7 mA.h�1/2) in the varistor cera-
mics sintered for 2 h. This suggests the varistor ceramics
sintered for 2 h will exhibit the highest stability.
The detailed variation of V–I characteristic parameters

after various DC accelerated aging stresses is summarized
in Table 2. In an aspect of the stability of V–I character-
istics, the variation rate of the varistor voltage (%�V1 mA)
should be lower than any variation rate of parameters.
The varistor ceramics sintered for 1 h, after the fifth
stress, exhibited low %�V1 mA of �1.4% and %�� of
�4.9%, whereas that exhibited high %�I‘ of +507.7%.
The varistor ceramics sintered for 3 h exhibited the
lowest %�I‘ of +5.4%, whereas that exhibited the
highest %�V1 mA=�2.6%. On the other hand, the
varistor ceramics sintered for 2 h exhibited very high
stability, with %�V1 mA of �0.8%, %�� of �1.8%,
and %�I‘ of +74.4%. Theses varistor ceramics show
that the %�I‘ is somewhat high, but the %�V1 mA and
Fig. 6. The degradation rate coefficient (KT) as a function of DC

accelerated aging stress of ZPCCY-based varistor ceramics with

various sintering times.
Fig. 5. The variation of leakage current of ZPCCY-based varistor

ceramics during various DC accelerated aging stresses with various

sintering times; a: the first stress, b: the second stress, c: the third

stress, d: the fourth stress, and e: the fifth stress.
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%�� are considerably low, in particular, this varistor
exhibited very good stability, compared with other var-
istor ceramics reported [14–17].
Furthermore, the sintering time greatly affected the

stability of dielectric characteristics. The dielectric
parameters, such as the variation rate of apparent
dielectric constant (%�"APP

0) and the variation rate of
dissipation factor (%�tan�) before and after the stress
are summarized in Table 3. After the fifth stress, the
varistor ceramics sintered for 1 h exhibited the lowest
%�"APP

0 of +1.9%, whereas the highest %�tan� of
60.1%. The varistor ceramics sintered for 3 h exhib-
ited the highest %�"APP

0 of 7.1%. On the contrary,
the varistor ceramics sintered for 2 h exhibited the
lowest %�tan� of 0.9%. In the light of these results,
it is assumed that the stability of dielectric character-
istics is obtained from the varistor ceramics sintered
for 2 h.
In discussing stability, the model for stability of var-

istor ceramics according to various stresses is known to
be ion migration mechanism proposed by Gupta and
Carlson [22]. The Zni is diffused by biasing field and
successively reacts with grain boundary defects. As a
result, this process leads to a reduction of potential
barrier and an increase of leakage current. Therefore, the
way to improve the stability is to restrict the generation
of Zni within depletion layer or the migration of Zni
toward grain boundaries. It is assumed that the sinter-
ing time affects the migration of zinc interstitial (Zni)
within depletion layer or the stabilization of interface
states.
4. Conclusions

The electrical characteristics, and their stability for
DC accelerated aging stress of ZPCCY (ZnO–Pr6O11–
CoO–Cr2O3–Y2O3)-based varistor ceramics were inves-
tigated at various sintering times. The nonlinear expo-
nent was decreased in the range of 51.2–23.8 and the
leakage current was increased in the range of 1.3–5.9 mA
as the sintering time increases. The increase of sintering
time deteriorated the nonlinear properties, but the proper
increase of sintering time was found to improve the sta-
bility against DC accelerated aging stress. On the whole,
all the varistors exhibited relatively good stability. After
the fifth stress, the varistor sintered for 2 h exhibited
the highest stability, in which %�V1 mA=�0.8%,
%��=�1.8%, and %�I‘=+74.4% in the V–I
characteristics, and %�"APP

0=+4.8% and %�tan�=
+0.9% in the dielectric characteristics.
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Table 2

The variation of V–I characteristic parameters after various DC

accelerated aging stresses of ZPCCY-based varistor ceramics with

various sintering times
Sintering

time
Stress

state
V1 mA

(V.mm�1)
%�V1 mA
 �
 %��
 I‘
(mA)
%�I‘
1 h
 Before
 194.5
 0
 51.2
 0
 1.3
 0
1st
 194.5
 0
 51.2
 0
 1.2
 �7.7
2nd
 194.0
 �0.3
 51.1
 �0.2
 2.6
 100.0
3rd
 193.6
 �0.5
 50.8
 �0.8
 2.6
 100.0
4th
 193.0
 �0.8
 50.1
 �2.1
 3.4
 161.5
5th
 191.7
 �1.4
 48.7
 �4.9
 7.9
 507.7
2 h
 Before
 149.3
 0
 38.6
 0
 3.9
 0
1st
 149.2
 �0.1
 38.5
 �0.3
 2.2
 �43.6
2nd
 149.1
 �0.1
 38.5
 �0.3
 2.8
 �28.2
3rd
 149.0
 �0.2
 38.4
 �0.5
 2.3
 �41.0
4th
 148.7
 �0.4
 36.7
 �4.9
 2.9
 �25.6
5th
 148.1
 �0.8
 37.9
 �1.8
 6.8
 74.4
3 h
 Before
 117.4
 0
 23.8
 0
 5.6
 0
1st
 117.2
 �0.2
 23.8
 0
 4.1
 �26.8
2nd
 116.9
 �0.4
 23.6
 �0.8
 4.4
 �21.4
3rd
 116.4
 �0.9
 23.3
 �2.1
 4.8
 �14.3
4th
 115.9
 �1.3
 23.0
 �3.4
 5.2
 �7.1
5th
 114.3
 �2.6
 23.0
 �3.4
 5.9
 5.4
Table 3

The variation of dielectric parameters of ZPCCY-based varistor cera-

mics after various DC accelerated aging stresses with various sintering

times
Sintering

time
Stress

state
"APP
0
 %�"APP

0
 tan�
 % �tand
1 h
 Before
 1589.8
 0
 0.043
 0
1st
 1523.1
 �4.2
 0.034
 �21.5
2nd
 1588.7
 �0.1
 0.041
 �6.2
3rd
 1590.1
 0.0
 0.043
 �1.6
4th
 1594.2
 0.3
 0.048
 10.6
5th
 1619.7
 1.9
 0.069
 60.1
2 h
 Before
 2047.3
 0
 0.057
 0
1st
 2039.3
 �0.4
 0.049
 �13.4
2nd
 2119.3
 3.4
 0.049
 �13.0
3rd
 2126.6
 3.9
 0.049
 �14.3
4th
 2130.6
 4.1
 0.049
 �13.7
5th
 2145.5
 4.8
 0.057
 0.9
3 h
 Before
 2485.7
 0
 0.062
 0
1st
 2588.3
 4.1
 0.058
 �6.3
2nd
 2608.3
 4.9
 0.060
 �4.0
3rd
 2612.0
 5.1
 0.062
 �0.2
4th
 2623.3
 5.5
 0.066
 5.5
5th
 2661.8
 7.1
 0.068
 8.8
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