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Abstract

The microstructure, electrical properties, and aging behavior of the ZnO–Pr6O11–CoO–Cr2O3–Y2O3–Er2O3 varistor ceramics were investigated

for different contents of Er2O3. The microstructure consisted of ZnO grain and an intergranular layer (Pr, Y, and Er-rich phases) as a secondary

phase. The increase of Er2O3 content decreased the average grain size and increased the sintered density. As the Er2O3 content increased, the

breakdown field increased from 4206 V/cm to 5857 V/cm and the nonlinear coefficient increased from 32.6 to 48.6. The varistor ceramics added

with 1.0 mol% Er2O3 exhibited excellent stability by exhibiting �0.2% in the variation rate of the breakdown field and �2.7% in the variation rate

of the nonlinear coefficient for aging stress of 0.95 E1 mA/150 8C/24 h.
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1. Introduction

ZnO-based varistor ceramics possess nonlinear properties,

which exhibit abruptly increasing current at a critical value in

accordance with increasing voltage. They are manufactured by

sintering ZnO added with main subordinate oxides, such as

Bi2O3 and Pr6O11, and second subordinate oxide such as CoO,

Cr2O3, MnO2, etc. They are monolithic devices consisting of

many grains of ZnO, mixed with other materials and

compressed into a single form. Highly nonlinear properties

enable ZnO ceramics to be used widely in overvoltage

protection systems from electronic circuits to electric power

systems [1,2]. Most of commercial ZnO varistor ceramics are

added with Bi2O3 and they exhibit excellent nonlinear

properties. However, they have a few flaws due to the high

volatility and reactivity of Bi2O3 during liquid sintering [3].

The former changes varistor characteristics with the variation of

inter-composition ratio of additives, the latter destroys the

multi-layer structure of chip varistors, and it generates an

insulating spinel phase. This phase acts as a growth moderator

for ZnO grain, but plays no role in the nonlinear characteristics

[4]. Furthermore, it may also deteriorate the surge-absorption
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capabilities because the secondary phase such as spinel phases

decrease the effective grain boundary area. For this reason,

ZnO–Pr6O11-based ceramics have been studying [5–10].

Recently, ZnO–Pr6O11-based varistor ceramics are being

studied to further enhance varistor properties and stability

against various stresses, such as DC-accelerated aging stress

and impulse stress [11–19]. Nahm et al. [11,13–19] reported

that ZnO–Pr6O11–CoO–Cr2O3-based varistor ceramics doped

with rare earth oxides (Er, Y, Dy, La, and Tb) have highly

nonlinear properties and high stability against various stresses.

These varistor ceramics are limited to five components. To

develop varistor ceramics for high performance and wide band

applications, it is important to comprehend the effects of the

additives on nonlinear properties and stability against the stress.

In the present study, the effect of Er2O3 addition on the

microstructure, electrical properties, and aging behavior of the

ZnO–Pr6O11–CoO–Cr2O3–Y2O3–Er2O3 varistor ceramics con-

sisting of six components was investigated and some new

results were obtained.

2. Experimental procedure

2.1. Sample preparation

Reagent-grade raw materials were used in proportions of

(97.5 � x) mol% ZnO, 0.5 mol% Pr6O11, 1.0 mol% CoO,
d.

http://dx.doi.org/10.1016/j.ceramint.2011.05.032
mailto:cwnahm@deu.ac.kr
http://dx.doi.org/10.1016/j.ceramint.2011.05.032


C.-W. Nahm / Ceramics International 37 (2011) 3049–30543050
0.5 mol% Cr2O3, 0.5 mol% Y2O3, and x mol% Er2O3 (x = 0.25,

0.5, 1.0). 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 8C for 12 h and calcined in air at 750 8C 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 for 1 h at 1340 8C and furnace-

cooled to room temperature. The heating and cooling rates were

4 8C/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 the samples, and the electrodes were formed by

heating it at 600 8C for 10 min. The electrodes were 5 mm in

diameter.

2.2. Microstructure examination

For microstructure characterization, both surfaces of the

samples were lapped and ground with SiC paper and polished

with 0.3 mm-Al powder to a mirror-like surface. The polished

samples were thermally etched at 1050 8C 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 = 1.56 L/MN, where L is the random line

length on the micrograph, M is the magnification of the

micrograph, and N is the number of grain boundaries intercepted

by the lines [20]. The compositional analysis of the selected areas

was determined by an energy dispersion X-ray spectroscope

(EDS) attached to the SEM unit. The crystalline phases were

identified by an X-ray diffractometer (XRD, Rigaku D/max

2100, Shibuya-Ku, Tokyo, Japan) using a CuKa radiation. The

sintered density (r) was measured using a density determination

kit (238490) attached to a balance (Mettler Toledo AG 245,

Mettler Toledo International Inc., Greifensee, Switzerland).

2.3. Electrical measurement

The electric field–current density (E–J) characteristics were

measured using a high voltage source-measure unit (Keithley

237; Keithley Instruments Inc., Cleveland, OH, USA). The

breakdown field (E1mA) was measured at 1.0 mA/cm2, and the

leakage current density (JL) was measured at 0.8 E1mA. In

addition, the nonlinear coefficient (a) is defined by the

empirical law, J = C Ea, where J is the current density, E is the

applied electric field, and C is a constant. a was determined in

the current density range of 1.0–10 mA/cm2, where a = 1/

(log E2 � log E1), and E1 and E2 are the electric fields

corresponding to 1.0 mA/cm2 and 10 mA/cm2, respectively.

2.4. DC-accelerated aging stress test

The DC-accelerated aging stress test was performed under

four continuous conditions;
(i) The 1st stress: 0.85 E1 mA/115 8C/24 h, (ii) the 2nd stress:

0.90 E1 mA/120 8C/24 h, (iii) the 3rd stress: 0.95 E1 mA/125 8C/

24 h, and (iv) the 4th stress: 0.95 E1 mA/150 8C/24 h.

The leakage current was monitored at intervals of 1 min

during stressing using a high voltage source-measure unit

(Keithley 237). The degradation rate coefficient (KT) was

calculated from the expression IL = ILo + KTt1/2 [21], where IL

is the leakage current at stress time (t), and ILo is IL at t = 0.

After the respective stresses, the E–J characteristics were

measured at room temperature.

3. Results and discussion

Fig. 1 shows SEM micrographs of the samples for

different contents of Er2O3. The microstructure consisted of

ZnO grain as a primary phase and an intergranular layer as a

secondary phase. The XRD patterns indicated in Fig. 2

revealed the presence of Pr6O11, Y2O3, and Er2O3-rich

intergranular layer as minor secondary phases, in addition to

a major phase of hexagonal ZnO. The EDS spectra in Fig. 3

show that the Pr6O11, Y2O3, and Er2O3 are segregated at

grain boundaries and nodal points due to an ionic radius

difference for Zn, and coexist in the grain boundaries and the

nodal points as if they were a single phase. The sintered

density (r) increased from 5.46 g/cm3 to 5.56 g/cm3 (5.78 g/

cm3 in pure ZnO) with the increase of Er2O3 content. The

average grain size (d) decreased from 6.5 mm to 5.6 mm.

Therefore, the densification of the samples is enhanced

by the addition of Er2O3. The detailed microstructural

parameters are summarized in Table 1.

Fig. 4 shows the E–J characteristics of the samples for

different contents of Er2O3. The curves show that the

conduction characteristics are divided into a linear region with

very high impedance before breakdown field and a nonlinear

region with very low impedance after breakdown field. A

sharper knee on the curves between the two regions indicates

better nonlinear properties. However, the knee states of these

curves are not distinguished by the content of Er2O3. The Er2O3

content shifted the electric field curves to lower field strengths.

Therefore, Er2O3 addition had a strong effect on the E–J

characteristics.

The breakdown field (E1 mA) greatly increased from 4206 V/

cm to 5857 V/cm with the increase of Er2O3. The samples

relatively provide a high breakdown field per unit thickness.

This is very effective for high voltage varistors with a compact

size. The increase of E1 mA with the increase of Er2O3 content

can be explained by the increase in the number of grain

boundaries due to the decrease of average ZnO grain size as

follows: E1 mA = vgb/d, where vgb is the breakdown voltage per

grain boundary, and d is the average grain size. The vgb values

of the samples added with Er2O3 were within the normal range

of values of 2–4 V/gb. As a result, the E1 mA is significantly

affected by the average grain size with the increased content of

Er2O3.

The nonlinear coefficient (a) increased from 32.6 to 48.6

with the increase of Er2O3 content. It can be seen that the Er2O3

addition has a significant effect on the nonlinear properties in



Fig. 1. SEM micrographs of the samples for different contents of Er2O3.

Table 1

Microstructure and E–J characteristic parameters for the samples for different con

Er2O3 content (mol%) d (mm) r (g/cm3) E1 

0.25 6.5 5.46 420

0.5 5.9 5.40 517

1.0 5.6 5.56 585
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Fig. 2. XRD patterns of the samples for different contents of Er2O3: (a)

0.25 mol%, (b) 0.5 mol%, and (c) 1.0 mol%.
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the light of the a variation. The behavior of a with Er2O3

content can be related to the variation of the Schottky barrier

height according to the variation of the electronic states at the

grain boundaries. The Er2O3 addition will vary the density of

the interface states with the transport of the defect ions toward

the grain boundary and will be more active grain boundaries.

Therefore, the increase of a in accordance with Er2O3 content is

attributed to the increase of potential barrier height at the grain

boundaries. The JL increased remarkably from 2.1 mA/cm2 to

0.8 mA/cm2 with the increase of Er2O3 content. The variation of

JL shows an inverse relationship to the variation of a in

accordance with the content of Er2O3. As a result, it was found

that the addition of Er2O3 remarkably improves the E–J

characteristics; namely, it increases the nonlinear coefficient

and decreases the leakage current. It is clear that the values of a

and JL were strongly affected by the content of Er2O3. The

detailed electrical parameters are summarized in Table 1.

The electronic and communication equipment and the

electrical power system demand high stability from the

varistors in order to enhance their reliability. In practice, the

ZnO varistors are always subjected to external stress, such as

DC, AC, surge, etc. The aging progresses gradually. Therefore,

the electrical stability together with nonlinearity is an important

characteristic of ZnO varistors [11].

Fig. 5 shows the leakage current behavior of the samples

during various DC-accelerated aging stresses in accordance

with the content of Er2O3. The samples added with 0.25 mol%

Er2O3 exhibited high stability at the third stress (0.95 E1 mA/

125 8C/24 h). However, they exhibited instability at the fourth

stress (0.95 E1 mA/150 8C/24 h), which gives rise to a thermal

runaway. It is assumed that the thermal runaway of the samples
tents of Er2O3.

mA (V/cm) vgb (V/gb) a JL (mA/cm2)

6 2.7 32.6 2.1

2 3.0 43.2 1.2

7 3.3 48.6 0.8
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Fig. 3. EDS spectra of the samples: (a) ZnO grain, (b) grain boundary, and (c)

intergranular layer.
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Fig. 5. Leakage current behavior during applying the stress of the samples for

different contents of Er2O3.
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added with 0.25 mol% Er2O3 is attributed to a low sintered

density and high leakage current density. A low sintered density

decreases the number of conduction paths, and eventually leads

to the concentration of current. Furthermore, a high leakage

current leads to high joule heat loss. On the other hand, the

samples added with 0.5 mol% and 1.0 mol% Er2O3 exhibited a

much higher stability than the samples added with 0.25 mol%

Er2O3. This is attributed to a comparatively high sintered

density and low leakage current. The stability of the varistors

can be estimated by the degradation rate coefficient (KT), which

indicates the degree of aging. This exhibits the slope of the
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Fig. 4. E–J characteristics of the samples for different contents of Er2O3.
leakage current for the stress time. In general, lower KT values

indicate greater stability, whereas it is not absolute estimation

degree for stability. The KT of each sample in accordance with

the content of Er2O3 is exhibited in Fig. 6. The KT of the

samples added with 0.5 mol% and 1.0 mol% Er2O3 is
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Fig. 6. Degradation coefficient rate of the samples for different contents of

Er2O3.
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Fig. 7. E–J characteristic behavior during applying the stress of the samples for

different contents of Er2O3.
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0.71 mA h�1/2 and 0.14 mA h�1/2 at the third stress (0.95 E1 mA/

125 8C/24 h), respectively. The samples added with 1.0 mol%

exhibited lower KT value than that of the samples added with

0.5 mol% up to the third stress. However, after the fourth stress

the samples added with 0.5 mol% exhibited the lowest KT

value. It is presumed that the samples added with 0.5 mol%

exhibited a slightly greater stability than the samples added

with 1.0 mol%. The experimental facts indicate that the

resistance against the DC-accelerated aging stress is greatly

affected by the content of Er2O3.

Fig. 7 compares the variation of E–J characteristics after

applying the DC-accelerated aging stress with the initial E–J

characteristics in accordance with the content of Er2O3. Among

the E–J curves after the stress is applied, those of the linear

region moved toward a higher current density. The degree of

variation of E–J curves in the linear region was the largest for

the samples added with 0.25 mol% Er2O3 and was smaller for

the samples added with 0.5 and 1.0 mol% Er2O3. Therefore, the

variation of E–J characteristics after applying the DC-

accelerated aging stress coincided with the variation of the

KT value. Table 2 summarizes the E–J characteristic

parameters, such as the variation rates of the breakdown field

(%DE1 mA), nonlinear coefficient (%Da), and leakage current

(%DJL) after applying the DC-accelerated aging stress. The

samples added with 0.5 mol% and 1.0 mol% Er2O3 exhibited

low characteristic variation of �0.4% and �0.2% in %DE1 mA,

respectively, and �5.3% and �2.7% in %Da, respectively after

the fourth stress (0.95 E1 mA/150 8C/24 h). Based on %DE1 mA

and %Da, it is clear that the samples added with 1.0 mol% is

more stable than the samples added with 0.5 mol%. On the

other hand, the leakage current greatly increased after applying

the fourth stress. The %DJL for both samples is very high

variation, compared with %DE1 mA and %Da after applying the

fourth stress. These samples showed a much higher stability

than those of the samples without Er2O3 reported previously

[9]. On the whole, it is carefully confirmed that the optimal

Er2O3 content for sintering temperature of 1340 8C in the ZnO–

Pr6O11–CoO–Cr2O3–Y2O3–Er2O3 varistor ceramics may be

1.0 mol%.
Table 2

E–J characteristic parameters after DC-accelerated aging stress for the samples for different contents of Er2O3.

Er2O3 content (mol%) Stress state E1 mA (V/cm) %DE1 mA a %Da JL (mA/cm2) %DJL

0.25 Initial 4206 – 32.6 – 2.1 –

1st 4197 �0.2 31.2 �4.3 54.3 2486

2nd 4194 �0.3 31.4 �3.7 59.1 2714

3rd 4186 �0.5 30.8 �5.5 87.4 4062

4th Thermal runaway

0.5 Initial 5172 – 43.2 – 1.2 –

1st 5169 �0.1 42.8 �0.9 4.2 250

2nd 5168 �0.1 42.7 �1.1 5.0 317

3rd 5160 �0.2 42.0 �2.8 6.6 450

4th 5149 �0.4 40.9 �5.3 33.5 2692

1.0 Initial 5857 – 48.6 – 0.8 –

1st 5856 �0.0 48.2 �0.8 2.1 162

2nd 5854 �0.1 48.0 �1.2 2.6 225

3rd 5851 �0.1 47.7 �1.8 3.6 350

4th 5843 �0.2 47.3 �2.7 20.0 2400
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4. Conclusions

The microstructure, electrical properties, and aging behavior

of the ZnO–Pr6O11–CoO–Cr2O3–Y2O3–Er2O3 varistor cera-

mics were investigated for different contents of Er2O3. The

microstructure consisted of ZnO grain and an intergranular

phase (Pr, Y, and Er-rich phase) as a secondary phase. As the

Er2O3 content increased, the breakdown field increased from

4206 V/cm to 5857 V/cm, and the nonlinear coefficient

increased from 32.6 to 48.6. The varistor ceramics added with

1.0 mol% Er2O3 exhibited excellent stability by exhibiting

�0.2% in the variation rate of the breakdown field and �2.7%

in the variation rate of the nonlinear coefficient for aging stress

of 0.95 E1 mA/150 8C/24 h. These varistor ceramics could be

applied to the compact type with high voltage gradient, because

they provide not only a nonlinear coefficient greater than 45,

but also a high breakdown field greater than 5000 V/cm.
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