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Abstract

The degradation behavior against impulse-current stress of the Co—Cr—Al-Y-doped ZnO-PrO,-based varistors was investigated in accordance
with sintering temperature. The clamp voltage ratio (K) for impulse current increased in accordance with increasing sintering temperature. The
varistors sintered at 1300 °C exhibited the best voltage clamp characteristics, which the clamping voltage ratio was in the range of 1.49-1.57 ata
low impulse-current region (5—10 A) and was in the range of 1.70-2.44 at a high impulse-current region (400-1200 A). The best electrical stability

against multi-impulse stress for continuously 3 times 1200 A was obtained at 1350 °C in sintering temperature, where %AE

Y%Aa = —13.9%, and %AJ;. = —21.9%.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The sintered pellet of pure zinc oxide is polycrystalline
ceramics and exhibits ohmic characteristics, which the current
increases linearly in accordance with increasing applied voltage.
On the contrary, the zinc oxide ceramics added with specific
impurities exhibits varistor effect, which voltage—current (V-I)
relation is nonlinear. The zinc oxide varistors are semiconducting
ceramic devices formed by sintering zinc oxide with primary
additives such as bismuth, praseodymium, vanadium, and
subordinate additives such as cobalt, manganese, chrome, etc.
They are voltage-dependent nonlinear resistors whose resistance
decreases drastically when voltage is increased up to threshold
voltage, called varistor voltage. In other words, at low voltage,
varistor acts as a conventional high value resistor obeying ohms
law [1]. They are play similar role to back-to-back Zener diode.
However, zinc oxide varistors are multi-junction devices, which
consisted of the microstructure of semiconducting ZnO grain-
insulating intergranular layer-semiconducting ZnO grain, unlike
Zener diode of single junction [2]. Thereby, they possess
excellent surge withstanding capability. The zinc oxide varistors
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have been used extensively in the field of circuit overvoltage
protection, with application ranging from a few volts in
electronic circuits to millions of volts in electric power systems
[3.4].

Recently, Zn—Pr-based varistor ceramics have been studied to
further enhance the varistor properties and the stability against
various stresses, compared with Zn—Bi-based varistor ceramics.
Most investigations for Zn—Pr-based varistor ceramics have been
reported on the microstructure and electrical properties in terms
of additives and sintering process [5—17]. In particular, the effect
of rare earth oxides and lanthanum oxides on electrical properties
and its stability against DC accelerated aging stress was reported
by Nahm, etc. [§-17].

In an application of varistors, the important factors that should
be considered in the application are the nonlinearity, stability, and
surge protection capability. The electronic equipments and the
electrical power systems to be protected from various surges
significantly demand a high stability of varistors in order to
enhance reliability. Therefore, the electrical stability against
various stresses is technologically very important in zinc oxide
varistors, in particular impulse stress. However, a study on the
effect of sintering process on the degradation behavior of the
varistor properties against impulse stress with a high energy has
been rarely reported [18—20]. In this work, the effect of sintering
temperature on the degradation behavior against impulse-current
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Fig. 1. SEM micrographs of the samples for different sintering temperatures.

stress in the Co—Cr—Al-Y-doped ZnO-PrsO;;-based varistors
was addressed in accordance with sintering temperature and
some new significant results were obtained.

2. Experimental procedure

2.1. Sample preparation

Reagent-grade raw materials were used in proportions of
97.495 mol% ZnO, 0.5mol% PrgO;;, 1.0mol% CoO,

0.5 mol% Cr,03, 0.005 mol% Al,Oz, and 0.5 mol% Y,Os.
Raw materials were mixed by ball milling with zirconia balls and
acetone in a polypropylene 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 through a 100-mesh screen to produce the starting
powder. The powder was uniaxially pressed into discs of 10 mm
in diameter and 2 mm in thickness at a pressure of 80 MPa. The
discs were sintered at three fixed sintering temperatures (1300 °C,
1320 °C, 1350 °C) in air for 1 h and furnace-cooled to room
temperature. The heating and cooling rates were 4 °C/min. The
sintered samples were lapped and polished to 1.0 mm thickness.
The final samples were about 8 mm in diameter and 1.0 mm in
thickness. Silver paste was coated on both faces of samples and
the silver electrodes were formed by heating it at 600 °C for
10 min. The electrodes were 5 mm in diameter. After soldering,
the samples were packaged using a thermosetting resin.

2.2. Microstructure characterization

For microstructure characterization, both surfaces of the
samples were lapped and ground with SiC paper and polished
with 0.3 wm-Al powder to a mirror-like surface. The polished
samples were thermally etched at 1100 °C for 30 min. The
surface microstructure was examined by a scanning electron
microscope (SEM, Hitachi S2400, Chiyoda-Ku, Tokyo, 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 the lines [21]. The density (o) of sintered ceramics
was measured by the Archimedes method.

2.3. Electrical measurement
The electric field—current density (E—J) characteristics were

measured using a V-I source (Keithley 237, Cleveland, OH,
USA). The breakdown field (F 2) was measured at
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Fig. 2. E-J characteristic curves of the samples for different sintering tem-
peratures.
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Table 1

E-J characteristic parameters, clamping voltage (V.), and clamp voltage ratio (K) of the samples for different sintering temperatures.

Sintering temp. (°C) E, mA /om? (V/em) o Ji (WA/cm?) Vi ma (V/mm) V. (V) K=VJ/V| ma
I,=5A 10A I,=5A 10A

1300 3754 46 59 389 580 610 1.49 1.57

1320 2776 44 54 288 470 480 1.63 1.67

1350 1572 43 32 163 267 274 1.64 1.68

1.0 mA/cm? and the leakage current density (J; ) was measured
at 0.8 E, ajem2: I addition, the nonlinear coefficient (&) is
defined by the empirical law, J = C-E*, where J is the current
density, E is the applied electric field, and C'is a constant. o was
determined in the current density range of 1.0 mA/cm? to
10 mA/cm?, where o = 1/(log E, — log E}), and E; and E, are
the electric fields corresponding to 1.0 mA/cm? and 10 mA/
cm?, respectively.

2.4. Clamping voltage measurement

The clamping voltage (V) was measured at the 8 x 20 us
single impulse current (I,) of 5 A, 10 A, 400 A, 900 A, and
1200 A using a surge generator (Tae-yang Eng. Kor) and
oscilloscope (TeK 3020B, Beaverton, Oregon, USA). The
clamp voltage ratio (K=V./V;,a) is defined by ratio of
clamping voltage to breakdown voltage. The breakdown
voltage (V| ma) was measured at a current of 1.0 mA DC.

2.5. Impulse degradation test

The single impulse degradation test was performed at the
8 x 20 (s single impulse-current (/,) of 400 A, 900 A, 1200 A
using a surge generator. The time interval between each impulse
current stress cycle was 30 min. Furthermore, the multi-impulse
degradation test was performed at a multi-impulse current stress
of 1200 A for continuously 3 times with time interval of 2 min.
After applying the impulse degradation stress, the V-I
characteristics were measured at room temperature.

3. Results and discussion

Fig. 1 shows SEM micrographs of the samples for different
sintering temperatures. There is no remarkable difference in the
phases, which consisted of ZnO grain and intergranular in
accordance with sintering temperature. XRD analysis (not
shown) reveals the presence of Pr-rich and Y-rich intergranular
layer as a minor secondary phase, in addition to a major phase
of hexagonal ZnO [22,23]. The average grain size (d) increased
in order of 5.6, 7.6 and 12.9 pm in accordance with increasing
sintering temperature. The sintered density (p) for the samples
was approximately 5.67 g/lcm®, corresponding to 98.1% of
theoretical density (TD =5.78 g/crn3 in ZnO). Therefore,
sintering temperature in the study for this composition did
not significantly modify the densification process [22,23].

Fig. 2 shows the E—-J characteristics of the samples for
different sintering temperatures. The conduction characteristics
of varistors are divided into a linear region with much higher

impedance before breakdown field and a nonlinear region with
much lower impedance after breakdown field. The E-J
characteristic parameters calculated from Fig. 2 are summar-
ized in Table 1. The breakdown field (£, / .m2) significantly
decreased in a wide range from 3754 to 1572 V/cm in
accordance with increasing sintering temperature. This is
attributed to the decrease in the number of grain boundaries
caused by the increase in the ZnO grain size. On the other hand,
the nonlinear coefficient («) slightly decreased by a narrow
margin from 46 to 43 in accordance with increasing sintering
temperature. The decrease in o value is attributed to the
lowering of the Schottky barrier because of the variation of the
electronic state at the grain boundaries [22,23]. On the whole,
the o value was close to 45 in the range of the specified sintering
temperature. This shows that the nonlinear properties are not
greatly affected by sintering temperature for the range of
sintering temperatures tested in this study, unlike the break-
down field. Therefore, this system has the advantage of
applications because it has a nearly constant nonlinear
coefficient over a wide range of sintering temperatures. The
leakage current density (J;) increased from 5.9 pA/cm? to
3.2 pA/em? in accordance with increasing sintering tempera-
ture.

Fig. 3 shows the clamping voltage (V.) characteristics
corresponding to the impulse-current for different sintering
temperatures. The V. is defined by the drop voltage between
electrodes of the sample when the specified impulse-current
flows through the sample. The higher impulse-current leads to
the higher V. because the resistance in the nonlinear region
exists still as a low value. It can be seen that the higher
breakdown voltage leads to the higher clamping voltage. The
detailed clamping voltage (V) and clamp ratio (K) correspond-
ing to impulse-current are summarized in Table 1. The low K
value means that the varistor well clamps an impulse-current to
operating voltage. With increasing sintering temperature, the K
value increased from 1.46 to 1.64 at an impulse-current of 5 A
and from 1.57 to 1.68 at an impulse-current of 10 A. All the
samples exhibited good clamp characteristics, as recording
clamping ratio far less than 2 in K. Table 2 shows the V. and K
value at a higher impulse-current region (400-1200 A). Also
the K value increased in the same way as low impulse-current
region (5-10 A) in accordance with increasing sintering
temperature. Based on « and K value in Tables 1 and 2, it
can be seen that higher « value lead to low K value. In order to
obtain low K value, the & measured in the range of 1.0 mA/cm?
and 10 mA/cm” have to be maintained it up to high current
region. On the whole, it can be seen that the nonlinearity of all
the samples maintains up to 1200 A certainly. In the light of
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Fig. 3. Clamping voltage waveforms for impulse-current of the samples for different sintering temperatures.

data shown in Tables 1 and 2, it can be seen that the samples
sintered at 1300 °C show the best clamping characteristics for
an impulse-current.

Fig. 4 compares the variation of E-J characteristics after
applying the impulse impulse stress (400, 900, 1200 A)
with initial for different sintering temperatures. Impulse-

current stress of 900 A and 1200 A is very severe, compared
with a surge current applied to commercial varistors. The
variation of E—J characteristics after applying the impulse stress
decreased in accordance with increasing sintering temperature.
It can be seen that the E—J characteristic curve shifted toward a
low field region (downward in Fig. 4) in breakdown region after

Table 2
Clamping voltage (V¢), and clamp voltage ratio (K) of the samples at a higher impulse-current for different sintering temperatures.
Sintering temp. (°C) Vi ma (V/mm) Ve (V) K=VJ/V| ma

I,=400 A 900 A 1200 A I, =400 A 900 A 1200 A
1300 389 662 856 950 1.70 2.20 2.44
1320 288 506 640 714 1.76 222 2.48
1350 163 293 372 410 1.80 2.28 2.51
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Fig. 4. E-J characteristic curves after applying the impulse aging stress of the
samples for different sintering temperatures.

applying the impulse stress. This is entirely different with E-J
characteristic behavior, which shifted toward a high current
region (rightward) in prebreakdown region after applying the
DC accelerated aging stress [15]. It can be seen that sintering
temperature has a great effect on electrical characteristics from
the variation of characteristic curves with increasing impulse-
current. Seemingly, as the single impulse strength increased in
the range of 400-1200 A, the E—J characteristic variation with
sintering temperature is not so large. However, when the multi-
impulse stress of 1200 A was applied continuously 3 times to
the samples, the samples sintered at 1300 °C were destroyed
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Fig. 5. Variation of breakdown field after applying the impulse aging stress of
the samples for different sintering temperatures.

and it exhibited completely ohmic properties with very low
resistance. The samples sintered at 1300 °C exhibited a large
variation, compared with single impulse stress of 1200 A.
However, the samples sintered at 1350 °C exhibited very stable
E—J characteristics.

Fig. 5 compares the variation of breakdown field
(BAE, .\ /sz) after applying the impulse stress with initial
for different sintering temperatures. The %AE, . > after
applying the single impulse stress of 1200 A was —9.2% for the
samples sintered at 1300 °C, —5.4% for the samples sintered at
1320 °C, and —3.2% for the samples sintered at 1350 °C. All
the samples show good stable E| _, . » characteristics against
the single impulse stress, as recording the variation rate less
than 10%. Furthermore, the %AE, . o after applying the
multi-impulse stress of 1200 A was —32.6% for the samples
sintered at 1320 °C and —5.0% for the samples sintered at
1350 °C, As a result, the samples sintered at 1350 °C exhibited
the best stable breakdown field against impulse stress.
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Fig. 6. Variation of nonlinear coefficient after applying the impulse aging stress
of the samples for different sintering temperatures.
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Fig. 7. Variation of leakage current density after applying the impulse aging
stress of the samples for different sintering temperatures.

Fig. 6 compares the variation of nonlinear coefficient (%Aw)
after applying the impulse stress with initial for different
sintering temperatures. The %A« after applying the single
impulse stress of 1200 A was —15.2% for the samples sintered
1300 °C, —9.1% for the samples sintered at 1320 °C, and
—9.3% for the samples sintered at 1350 °C. Furthermore, The
%A« after applying the multi-impulse stress of 1200 A was
—30.1% for the samples sintered at 1320 °C and —13.9% for
the samples sintered at 1350 °C. As a result, the samples
sintered at 1350 °C exhibited the best stable nonlinear
properties against impulse stress.

Fig. 7 compares the variation of leakage current density
(%AJy) after applying the impulse stress with initial for
different sintering temperatures. The %AJy after applying the
single impulse stress of 1200 A was —47.4% for the samples
sintered 1300 °C, —25.9% for the samples sintered at 1320 °C,
and —18.7% for the samples sintered at 1350 °C. Furthermore,
the %AJy after applying the multi-impulse stress of 1200 A was
—96.3% for the samples sintered at 1320 °C and —21.9% for
the samples sintered at 1350 °C. The samples sintered at
1350 °C exhibited the AJy less than roughly 20% with impulse
stress, whereas the samples sintered at 1320 °C exhibited the
decrease of very low Ji after applying the multi-impulse stress
of 1200 A. On the whole, it is assumed that the decrease of
leakage current with impulse stress for respective sample is
attributed to decrease of recombination current into double
Schottky barrier.

As just addressed above, it can be seen that the sintering
temperature has a significant effect on the stability against
impulse degradation stress. Increasing sintering temperature
led to more stable E—-J characteristics against impulse stress.
The samples sintered at 1350 °C exhibited the best stable E—J
characteristics against impulse stress, unlike voltage clamp
characteristics in accordance with increasing sintering
temperature. In DC-accelerated aging stress test of 0.95
E, mA/sz/ISO °C/24 h, it was found that the samples sintered
at 1300 °C exhibited the thermal run-away for and the samples

sintered at 1350 °C exhibited a large characteristic variation
without thermal runaway, compared with the samples sintered
at 1320 °C [19]. As a result, the samples sintered at 1320 °C
exhibited the best characteristics in terms of nonlinear
properties and DC-accelerated aging stress characteristics.
However, in the light of totally varistor application, sintering
temperature in this study is optimized at 1350 °C.

4. Conclusions

The effect of sintering temperature on the degradation
behavior against impulse-current stress in the Co—-Cr—Al-Y-
doped ZnO-PrgO;;-based varistors was investigated. The
increase of sintering temperature increased the clamp voltage
ratio (K) and exhibited good clamping characteristics. The
varistor sintered at 1300 °C exhibited the lowest K value, which is
1.49 atanimpulse-currentof 5 A and 1.57 atanimpulse-current of
10 A. The best electrical stability against multi-impulse stress of
1200 A was obtained at 1350 °C, where %AEl mA Jem? = —5.0%,
%Aa=—13.9%, and %AJ; =—21.9%. Conclusively, it is
assumed that sintering temperature will be optimized at
1350 °C considering several factors, such as a nonlinearity, DC
accelerated aging characteristics, impulse degradation character-
istics, and so on.
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