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Effect of Er,0O3; addition on the microstructure,
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The microstructure, electrical properties, and stability of PrgOq1-based ZnO varistors, which
are composed of ZnO-Prg0¢,-Co0-Er,03 systems, were investigated with Er,O3; additive
content. The density of ceramics was in the range of 84-88% of TD at 1300 °C and 93-98% of
TD at 1350 °C, and greatly affected the stability. Most of the added-Er,03 were segregated at
nodal points. The varistors with 0.5 mol% Er,03 sintered at 1300 °C exhibited the best
nonlinear current-voltage characteristics, which the nonlinear exponent is 52.8 and the
leakage current is 9.8 nA. All the varistors sintered at 1300 °C, even under relatively weak
stress, exhibited the thermal runaway within short time in order of high leakage current. On
the contrary, the stability of varistors sintered at 1350 °C exhibited far higher stability than
that at 1300 °C. Particularly, the varistors with 0.5 mol% Er,03 exhibited not only relatively
good nonlinear current-voltage characteristics, which the nonlinear exponent is 34.8 and
the leakage current is 7.4 uA, but also excellent stability, which the variation rates

of varistor voltage, nonlinear exponent, and leakage current are below 1%, 3%, and 3%,
respectively, even under more severe stress such as (0.80 V;,4/90°C/12 h) + (0.85 V4 4/
115°C/12 h) + (0.90 Vima /120°C/12 h). © 2001 Kluwer Academic Publishers

1. Introduction ditives to obtain high nonlinearity and stable electrical
ZnO varistors (variable resistors) are ceramic semiconproperties.
ductor devices formed by a ceramic sintering process, Recently, P§O11-based varistors have been studied
based to ZnO with a number of other metal oxides ofbasically to solve problems related with,Bi; [5-7].
small amount, in addition to varistor-forming oxides, These varistors were reported to exhibit relatively high
such as BiO3 and PgO;;. The current-voltagel¢V)  nonlinear exponent of 25-37 for only ternary sys-
characteristics of ZnO varistors is described by relatem ZnO-PgO11-CoO, compared to BO3-based ZnO
tion | =K -V, wherea is the nonlinear exponent, varistors having nonlinear exponent of 13—18 for only
which characterizes the nonlinear properties of varisternary system ZnO-BD3;-CoO (or MnO). And they
tors. Because of their high nonlinearity, high excellentwere reported to contain only two phases, namely, ZnO
surge withstanding capability, and fast response againgrains and intergranular layers, unlikely,Bs-based
transient abnormal voltage, ZnO varistors have bee@nO varistors having a spinel phase. The absence of
extensively used as the surge absorbers in electrong&pinel phase, which does not plays any electrical role
equipments and the core element of surge arresters @&t grain boundaries, increases an active grain boundary
electric power systems, such as distribution and transarea through which the electric current flows. There-
mission lines [1, 2]. fore, the effective cross-section area of varistor element
ZnO varistors are largely classified into two cate-is increased. This gives rise to compacting of systems,
gories, called BiOz-based and RO11-based varistors, Vvariety in application field, and high performance as
in terms of varistor-forming oxides inducing the non- a surge protector. Really, the history ok®jf;-based
linear properties of varistors [3]. Most of commercial ZnO varistors is similar to that of BD3-based ZnO
ZnO varistors are BiDs-based varistors showing excel- varistors, but has not been actively studied. Itis believed
lent varistor properties, but they have a few flaws dughat the reason is, presumely, because of the expen-
to Bi»O3 having a high volatility and reactivity [4]. The sive PgOs1, the high sintering temperature, compared
former changes varistor characteristics with the vari-with Bi,Oz-based varistors, and the good nonlinearity
ation of inter-composition ratio of additives, the later of Bi,Oz-based varistors.
destroys the multilayer structure of chip varistors, andit To apply PgO11-based varistors in various areas, the
generates an additional insulating spinel phase, whickffect of the variables, such as the kind and amount of
does not play any role in electrical conduction. And additives, composition ratio, sintering temperature, and
another flaw of BiOs-based varistors needs many ad-cooling rate on the electrical properties, and stability
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of PrsO1;-based varistors should be continuously stud-1/Cp,)2 = 2(¢y, 4 Vi) /qe Ng [12], whereCy is the ca-
ied. Most of the studies on §,;-based varistors, up pacitance per unit area of a grain bound&@y, is the
to now, have been limited to the ternary system ZnO-+alue ofCy, whenVg, = 0, Vgp is the applied voltage per
PrsO11-CoO and further, no their stability has been re-grain boundaryy is the electronic charge,is the per-
ported. In quite recent, Nahet al. reported P¥O11-  mittivity of ZnO (e =8.5¢,). The density of interface
based varistors of 4- or 5-component systems havingtates W;) at the grain boundary was determined by
relatively good nonlinearity and particularly, very high the equatioriN; = (2¢ Ng¢n/q)Y/2 [11] using the value
stability [8-10]. P§O;1-based ZnO varistors contain- of the donor concentration and barrier height obtained
ing ErO3 have not been yet studied in detail. above. Once the donor concentration and barrier height
The purpose of this paper is to investigate theare known, the depletion layer width) (of the either
microstructure, current-voltagd {/) characteristics, side at the grain boundaries was determined by the
capacitance-voltageC¢V) chracteristics, and stabil- equationNgt = N; [12].
ity of ZPCE (ZnO-Pg0O;1:-CoO-ErO3 based) varistors
with Er,O3 additive content and to discuss their possi-
bility of application. 2.4. Stability tests
The stability tests were performed under the four conti-
nuous d.c. stress conditions, such as 0/8Qa/90°C/
2. Experimental procedure 12 h in the first stress, ((_).8&’1 ma/90°C/12 h)+
2.1. Sample preparation (0.85 Vina/115°C/12 h) in the second stress,
Reagent-grade raw materials were prepared fof0-80Vima/90°C/12 h)+(0.85V1ma/115°C/12 h)+
ZPCE varistors with composition expression, such a$0-90 Vima/120°C/12 h) in the third stress, and
(98.5— x) mol% ZnO+ 0.5 mol% PgOy1 + 1.0 mol%  (0-80 Vima/90°C/12 h)+(0.85Vima/115°C/12 h)+
CoO+ x mol% EpO3 (x =0.0, 0.5, 1.0, 2.0). Raw ma- (0.90 Vima/120°C/12 h)+-(0.95 V1ma/150°C/12 h)
terials were mixed by ball milling with zirconia balls in the fourth stress. And at the same time, the leak-
and acetone in a polypropylene bottle for 24 h. The@ge current durlrjg the stress time was monltorec_Jl at
mixture was dried at 12GC for 12 h and calcined in air intervals of 1 min by anl-V source/measure unit
at 750°C for 2 h. The calcined mixture was pulverized (Keithley 237).
using an agate mortar/pestle and after 2 wt% polyvinyl
alcohol (PVA) binder addition, granulated by sieving
100-mesh screen to produce starting power. The pow
was uniaxially pressed into discs of 10 mm in diameter
and 2 mm in thickness at a pressure of 80 MPa. Th
discs were placed in the starting power using an alu
mina crucible, sintered at 130Q and 1350C in air
for 1 h, and furnace-cooled to room temperature. Th
heating and cooling rates weré@/min. The sintered

.5. Microstructure examination

he either surface of samples that the electrical mea-

urement has been finished was lapped and ground with

SiC paper and polished with 0;8n-Al,O3 powder to

a mirror-like surface. The polished samples were ther-
ally etched at 1100-115C for 10—-30 min. The sur-

ace of samples was metallized with a thin coating of

samples were lapped and polished to 1.0 mm thicknes§\" [ reduce <_:harg|ng effects and to improve the res-
The size of the final samples was about 8 mm in diame9!ution of the image. The surface microstructure was

- ; ined by a scanning electron microscope (SEM,
terand 1.0 mm in thickness. The silver paste was coate xamined by o
on both faces of samples and the silver electrodes Wer?TtaCh' $2400, Japan). The average grain sienas

f heati t for 1 in. The si f etermined by the lineal in_tercept metho_d, given by
e?(re?tﬁgdzg wig Ig?n; i?]ogian?éte(r) min ©size 0 d=1.56L/M N [13], whereL is the random line length

on the micrographM is the magnification of the mi-
crograph, andN is the number of the grain boundaries
intercepted by lines. The compositional analysis of the
- selected areas was determined by an attached energy
The current-voltage I¢V) characteristics of ZPCE  jishersion X-ray analysis (EDAX) system. The crys-
varistors were measured using sV source/measure 5|jine phases were identified by an X-ray diffractome-
unit (Keithley 237). The varistor voltage/{ma) was try (XRD, Rigaku D/max 2100, Japan) using a Cy K

measured at 1.0 mA/cinand the leakage current radiation. The density of ZPCE ceramics was measured
(I;) was defined as the current at 0.8Q ma. In by the Archimedes method.

addition, the nonlinear exponen&)(is defined by
a =1/(logE; — logE;), whereE; andE; are the elec-
tric field corresponding to 10 mA/chand 1.0 mA/crd, 3. Results and discussion

respectively. Fig. 1 showsthe density of ZPCE ceramics with increas-
ing Er,O3 additive content at 1300 and 1350C.
The ceramics sintered at 1300 exhibited relatively
2.3. C-V characteristics measurement low density in the range of 4.87-5.08 gfénthat
The capacitance-voltag€{V) characteristicsof ZPCE is, 84-88% of the theoretical density (TD) of pure
varistors were measured at 1 kHz using a RLC meZnO (5.78 g/cm). The density of ceramics sintered
ter (QuadTech 7600) and an electrometer (Keithleyat 1350°C increased as ED3 additive content is in-
670). The donor concentratiomN§) and the barrier creased up to 0.5 mol%. However, the density of ce-
height ¢,) were determined by the equation/(d,—  ramics decreased asJ&x; additive content is further

2.2. I-V characteristics measurement
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were found to coexist at the grain boundaries and the
nodal points as if they were a single phase, as shown
o ] in the EDAX analysis in Fig. 4. No Er peak into ZnO
561 o/ T ] grains was found within EDAX detection limit. It is
believed that this is attributed to the segregation of Er
toward grain boundaries due to the difference of ionic
radius. It was observed, by SEM that, as@y additive
SA4r T content increases, the intergranular phase such as Er-
—=—1300TC ] and Pr-rich phase was gradually more distributed at the
—0—1350C grain boundaries and the nodal points, particularly. On
52F y the other hand, it was found, by XRD that Pr-rich phase
are PgO,1at 1300°C and P50z at 1350°C. Alleset al.
I ] reported that when Co/Pr mole ratio is above 4/1, the
50}k / 1 liquid-phase sintering have occurred at 136(J6]. In
the light to these facts, because Co/Pr mole ratio in this
——— 1 studyis 2/1, itis believed that the ZPCE ceramics be-
48 L came the solid-phase sintering at 13@0and liquid-
' 0.0 0.5 1.0 1.5 2.0 phase sintering at 135C. According to the EDAX
analysis, Er peak in intergranular layer was slightly
Er203 content (mol%) higher than Pr peak at 130Q, whereas Pr peak was far
higher rather than Er peak at 138D. It can be seen that
Figure 1 The density of ZPCE ceramics with £33 additive content  Er was somewhat volatile due to liquid-phase sintering
sintered at 1300C and 1350C. at 1350°C.
Fig. 5 shows the current density-electric fieltt E)
characteristics of ZPCE varistors. The,8g additive
increased. A maximun density of 5.69 gfethat cor-  content dependence of the E characteristics for the
responds to 98% of TD was obtained from ceramicsvaristors sintered at 133C was larger than that of
doped with 0.5 mol% EiOs. The ceramics sintered at 1300°C. In other words, the characteristic curves were
1350°C exhibited relatively high density in the range collected in one place at 130Q, whereas they were
of 5.35-5.69 g/ch that is, 93-98% of TD. It can scattered at 1350C. More detailed| -V characteris-
be seen that the density variation of ceramics sinteretic parameters, including the varistor voltagé ),
at 1350°C shows an opposite relationship to that atvaristor voltage per grain boundarieg), nonlinear
1300°C. Therefore, it is clear that the density of ce- exponent¢), and leakage current,) are summarized
ramics was strongly influenced byf£); additive con-  in Table I. As can be seen in the table, the varistor volt-
tent and sintering temperature. And as shown in SEMage was increased in the range of 337.4-575.4 V/mm at
micrographs in Fig. 2, the ceramics sintered at 13D0 1300°C and 8.9-324.7 V/mm at 135C with increas-
were found to comprise many pores, compared withing Er,O3 additive content. This is attributed to the de-
the ceramics sintered at 1330. The density greatly crease of average grain size with increasingdzrad-
affects the stability, which will be discussed later. Theditive content. It is believed that the large difference of
average grain size was 7.44, 6.96, 6.51, 582 at  varistor voltage with the increment of sintering temper-
1300°C and 18.36, 15.69, 9.61, 9.14m at 1350C  ature is attributed to the average grain size, that is, the
with increasing EfO3 additive content. The tendency larger the grain size, the lower the varistor voltage. The
of decrease in the average grain size directly affects thearistor voltage per grain boundariegy) is defined
varistor voltage in the electrical properties. by Vgh=(d/D) Vima, whered is the average grain
The XRD pattern shown in Fig. 3 revealed that thesize andD is thickness of sample. It was increased in
ZPCE ceramics have a secondary phase such as Bhe range of 2.5-3.2 V/gb at 1300 and 0.2-3.0 V/gb
and Pr-rich phase, in addition to the hexagonal ZnOat 1350°C with increasing ExO3 additive content. For
There were no any phases except for only two phase&PCE varistors sintered at 1300, the nonlinear expo-
regardless of sintering temperatures. Er and Pr oxidesent was 29.7 in the case withoutbBg, whereas was

58— ——————7——

Density (g/cm3)

TABLE | The current-voltage I(-V) and capacitance-voltag€{V) characteristic parameters of ZPCE varistors with@radditive content
sintered at 1300C and 1350C

Sintering EpO3 content Vima Vb N Ng Nt [y t

Temp. (mol%) (V/mm) (V/gh) o (uA) (x10'8 cm3) (x10%2 cm2) (ev) (nm)

1300°C 0.0 337.4 2.5 29.7 28.2 1.67 3.64 0.85 21.85
0.5 416.3 2.9 52.8 9.8 1.21 2.90 0.74 23.93
1.0 457.7 3.0 45.0 15.8 1.24 4.63 1.84 37.23
2.0 575.4 3.2 44.9 19.2 0.65 2.67 1.17 41.31

1350°C 0.0 8.9 0.2 2.1 133.8 14.63 6.30 0.29 4.30
0.5 105.8 1.7 34.8 7.4 4.11 5.11 0.68 12.43
1.0 231.3 2.2 36.8 5.9 2.81 4.85 0.89 17.29
2.0 324.7 3.0 29.9 13.3 1.69 4.20 1.11 24.75
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Figure 2 SEM micrographs of ZPCE ceramics with,Ex; additive content sintered at (A) 130G and (B) 1350C. a: 0.0 mol%, b: 0.5 mol%,

¢: 1.0 mol%, and d: 2.0 mol%.

largely increased in the range of 44.9-52.8 in the cas@PCE varistors sintered at 1390, the varistors with-

with Er,Os. In particular, the varistors with 0.5 mol%
Er,O3 exhibited the best nonlinedrV characteristics,
which are 52.8 in the nonlinear exponent and 98
in the leakage current. The addition of,Bg above
0.5 mol% rather deteriorateldV characteristics. For
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out ErO3 exhibited very poor nonlinear properties in-
dicating 2 in the nonlinear exponent and 13348 in

the leakage current, whereas the varistors wigOgr
exhibited relatively good nonlinear properties, which
the nonlinear exponent is in the range of 29.9-36.8. In
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Figure 3 XRD patterns of ZPCE ceramics with £93 additive content
sintered at (A) 1300C and (B) 1350C. (a) 0.0 mol%, (b) 0.5 mol%,
(c) 1.0 mol%, and (d) 2.0 mol%.

particular, the varistors with 1.0 mol% 3 exhibited
the best nonlinear-V characteristics, which are 36.8
in the nonlinear exponent and 5.8A in the leakage
current. As a result, the addition 5 to the ternary

system ZnO-RyO;1-CoO greatly improved -V char-
acteristics in terms of without and with £95 addition.
And the nonlinear exponent was far higher at 1300
than that of 1350C, whereas the leakage current was
low at 1350°C rather than that of 130.

Fig. 6 shows theC-V characteristics of ZPCE
varistors. More detailedC-V characteristic parame-
ters, including the donor concentratioN), density
of interface states N;), barrier height ¢,), and
depletion layer widtht) are summarized in Table I.
The donor concentration was decreased in the range of
1.67x 10'8-0.65x 10'® cm~3 at 1300°C and 14.63«
10'8-1.69x 10'® cm2 at 1350°C with increasing
Er,O3; additive content. This means f; acts
as an acceptor. Although £F ions have a larger
radius (0.088 nm) than Z” ions (0.074 nm),
limited substitution within the ZnO grains is pos-
sible. Er substitutes for Zn and creates lattice
defect in ZnO grains. The chemical-defect reaction
using Kroger-Vink notation can be written as
ErO; =3 2Er,, + V4, + 205 +1/20,, where E,,
is a positively charged Er ion substituted for Zn lattice
site, \V,, is a negatively charged Zn vacancy, angl O
is a neutral oxygen of oxygen lattice site. The oxygen
generated in reaction above affects the donor con-
centration. In other wordd\4 is related to the partlal
pressure of oxygenRo), namely,Nyg o« Po, 4 or
Po2 . It is, therefore, believed that the decrease of
donor concentratlon with EO; additive content is
attributed to the increase of partial pressure of oxygen.
The density of interface states was not, especially,
related to E¥Oz additive content at 1300C, whereas it
was decreased in the range of 6:300'°—4.20x 10'?
cm~2 at 1350°C. The barrier height exhibit the same
tendency as the density of interface states at 2800
whereas it was increased in the range of 0.29-1.11 eV
at 1350°C. By the way, the barrier height is directly
connected with the donor concentration and density
of interface states. In other words, the barrier height
is estimated by the variation rate in the density of

TABLE Il Variation ofl -V characteristic parameters in of ZPCE varistors witfBgradditive content during various d.c. stress sintered at 1850

Er,O3 content Stress V1ima le

(mol%) conditions (VImm) 9% V1ma o %Aa (n A) %Al

0.0 Before 8.9 0 2.1 0 133.8 0
First 7.9 -11.2 2.0 —-4.38 135.6 1.3
Second 6.5 -27.0 1.9 -9.5 139.1 4.0
Third 5.8 —34.8 1.8 —14.3 140.2 4.8
Fourth 5.4 —-39.3 18 —-14.3 140.6 5.1

0.5 Before 105.8 0 348 0 7.4 0
First 105.9 0.1 35.6 2.3 5.3 —28.4
Second 105.4 -0.4 34.6 -0.6 6.7 -95
Third 104.9 -0.9 33.8 -2.9 7.6 2.7
Fourth 105.7 -0.1 29.1 —16.4 18.8 154.1

1.0 Before 231.3 0 36.8 0 5.9 0
First 231.8 0.2 37.7 24 54 -85
Second 229.8 —0.6 34.6 —6.0 7.8 32.2
Third 228.4 -1.3 33.2 -9.8 7.7 30.5
Fourth Thermal runaway

2.0 Before 324.7 0 29.9 0 13.3 0
First 321.9 -0.9 27.8 -7.0 14.8 11.3
Second Thermal runaway
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Figure 4 EDAX analysis of ZPCE ceramics with {93 additive content sintered at (A) 130Q and (B) 1350C. a: ZnO grain, b: grain boundary,
and c: nodal point.

interface states and donor concentration. Generallyeventually, these varistors were completely degraded.
the barrier height is increased with increasing densityitis believed that this resultis attributed to the high leak-
of interface states and decreasing donor concentratioage current, whereas more attributed to the low density
If the variation rate of donor concentration is much of ceramics. In other words, the varistors are fast de-
larger than that of density of interface states withgraded because the low density decreases the number
an additive content, the barrier height is much moreof parallel conduction path and eventually leads to the
strongly affected the donor concentration than theconcentration of current.
density of interface states. According to this reason, Fig. 8 shows the leakage current during various
it can be understood that the barrier height is in-stresses of ZPCE varistors sintered at 1350Above
creased or decreased with increasing@gradditive  all, it can be surely seen that ZPCE varistors sintered
content. The increase of depletion layer width forat 1350°C are far more stable than that at13@D It
both sintering temperatures, with increasing@y is believed that this is attributed to the much higher
additive content, is attributed to the decrease of donodensity and the lower leakage current. The varistors
concentration. without ERLO3 exhibited relatively weak positive creep
Fig. 7 shows the leakage current during the first d.cphenomena of the leakage current with various stresses.
stress of ZPCE varistors sintered at 1300 The varis-  Moreover, it showed rather negative creep phenomena
tors, even under relatively weak stress, exhibited theluring the fourth stress. Although the leakage currentis
thermal runaway within short time in order of high very high, to not appearthe thermal run away is likely to
leakage current indicated in Table I. After the stressdue to ohmic-like properties, which are extremely low
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Figure 5 The current density-electric fieldJ¢E) characteristics of = Figure 6 The capacitance-voltag€{V) characteristics of ZPCE varis-
ZPCE varistors with 403 additive content sintered at (a) 130D and tors with EpO3 additive content sintered at (a) 130D and (b) 1350C.
(b) 1350°C.

nonlinearity. The varistors with 1.0 and 2.0 mol%®6s ~ 18— ' T T T T ]
exhibited the thermal runaway at the fourth and sec-é 161 §‘Z @) @)l 1
ond stress, respectively. Meanwhile, the varistors with = 141 g s ]
0.5 mol% EpO3, even under the fourth stress, exhibited ~—= 2l ;En j ]
the positive creep of leakage currentinstead of the ther-ﬂa“ I 3 ol
mal run away. Therefore, the varistors with 0.5 mol% o 107 - Stress time (min) 1
Er,Osis bellgved to ;hpw the best stablhty.' . 5 8t(a)| @ (©) ®| -
The detailed variation ofl -V characteristic pa- © 6l 1
rameters after various stresses is summarized in Ta &
ble Il. For the varistors without EOs, the variation § 4r ’
rate of the varistor voltage (260V1ma) marked above g 2t .
10%. The varistors with 1.0 mol% KEDs exhibited -0

very good stability having %Vima < 2% after the 0 50 100 150 200 250
third stress, but thermal runaway thereafter. The varis-
tors with 2.0 mol% ExO3; were relatively stable af-

ter _the first SFreSS’ bl_'lt thermal runaway ti_1e_reafterFigure7 Leakage current of ZPCE varistors withpyBx; additive content
While, the varistors with 0.5 mol% ED3 exhibited  guringthe firstd.c. stress sintered at 13a0(a) 0.0 mol%, (b) 0.5 mol%,

very weak positive creep of leakage current, close tdc) 1.0 mol%, and (d) 2.0 mol%.

Stress time (min)
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5 : : . — high. Of the varistors sintered at 138D, comparing
(a) 0.5 mol% EpOs with 1.0 mol% EpOs-added varis-

1 tors, the former has slightly higher ceramic density, the
3t i latter has slightly lower leakage current. If so, which
of the varistors is the stability better? The answer for
2r 1 this query is that the densified microstructure is more
important than any other things.

The degradation of ZnO varistors is associated with
or 1 the lowering of the potential barrier at the grain bound-
' ' ' ' aries, which is related to the annihilation of interface
defect states when stressed continuously by an elec-

(b) wd tric field [14]. The positively charged zinc interstitial
4r 1 (zZn)) formed to the depletion layer migrates toward
3t /,w | the negatively charged grain boundary interface during

stress period and it recombines with zinc vacancgyfV
2r 1 positioned in there. As a result, the recombination of
Lk | these species leads to the degradation of ZnO varistors.

Based on these facts, it is guessed that the reason why
1 the varistors with E1O3 of 0.5 mol% exhibit very ex-
cellent stability is because the added:®s spatially

5 . : , restricts the migration of zinc interstitial (Jrwithin

© depletion layer or stabilizes the interface states.

oc0

Leakage current, Iy (mA) Leakage current, [y (mA)

L
e

4. Conclusions
o Stres:time(:'nin) B0 The microstructure, electrical properties, and stability
of PrgO11-based ZnO varistors, which are composed
of ZnO-Pg011-Co0-ERO3 systems, were investigated
with Er,O3 additive content at 1300C and 1350C.
The ceramics sintered at 1350 was far more densi-
fied than that of 1300C and highly densified ceramics
were obtained by doping with 0.5 mol% ;. Most

YIRE of the added-EiO3; were segregated at nodal points and
grain boundaries, and found to form Er-rich phase to-
1 gether with Pr-rich phase. In addition, the integranular

026 40 e s 10 nof layer was consisted of the Er- and Pr-rich phase. The
Stress time (min) addition EpOs3 to the ternary system ZnO-,,-CoO
r 1 greatly improved -V characteristics in terms of with-
ot a | outand with EsO3 addition, and the nonlinear exponent
is far higher at 1300C than that of 1350C, whereas
the leakage current is low at 1350 rather than that
Stress time (min) of 1300°C. All the varistors sintered at 130Q, even
under relatively weak stress, exhibited the thermal run-
Figure 8 Leakage currentof ZPCE varistors withBEx; additive content  away within short time in order of high leakage current.
durlig}g E’S”logsn?c;lco-/sgizs(‘is ;igtﬁ:sg/ata_l?:gﬁ)stoé?re”;g'"f]’j fﬁg (s’~e5c  On the contrary, the stability of varistors sintered at
S:I’OeSOS’, c thé third ;£ress, and d the f((;.urt.h stress. o dl3500C Were far hlgher than that at1300. In partic-
ular, the varistors with 0.5 mol% ED3; showed not only
relatively good nonlineat-V characteristics, but also
excellent stability, which the variation rates of varistor
nearly constant current during the third stress. Consevoltage, nonlinear exponent, and leakage current are
quently, they marked %Vima < 1%, %A« < 3%, and  below 1%, 3%, and 3%, respectively, even under more
%A1, < 3% after the third stress. Moreover, even bysevere stress such as (0.80,4/90°C/12 h)+ (0.85
the fourth stress, unexpectedly, itis the fact that they rev/; ,,,/115°C/12 h)+ (0.90 V3 ma/120°C/12 h). Con-
vealed the nearly sama ma as that before the stress. In sequently, it was estimated that the 98.0 mol% ZnO-
the light of general facts that the allowed specificationsp.5 mol% pgO;1-1.0 mol% Co0-0.5 mol% E0s ce-
of %AV1ma under d.c. stress in the commercial varis-ramics will be used as basic composition to develop the
tors are less than 10%, it can be seen that the varistoeglvanced RO1;-based ZnO varistors having the high
with 0.5 mol% EpO3 possess very excellent stability. performance and stability in the future.
For the ZPCE varistors sintered at 1381 the nonlin-
earity was somewhat bad than that at 1300but the
stability was good rather than that 13@D. In the light Acknowledgement
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