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Abstract

Development of functional microstructure during sintering in ZnO based varistors will determine its electrical properties. Particularlgdnfluenc

is the nominal breakdown voltage of the ceramic device, since it is directly related to the ZnO grain glzed@ied ZnO varistors sinter

in the presence of a liquid phase which enhances grain growth. Addition of antimony oxide, however, leads to the formation of a spinel type
phase ZrSh,0;,, which inhibits grain growth. Both phases are formed through reactions that take place during the sintering process. In the
present work, different sintering strategies are performed in order to modify these reactions, so affecting the kinetics of grain growth and
hence the electrical properties from that derived.
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1. Introduction of potential barriers to electrical conduction at ZnO homo-
junctions, and a ZyfShp 012 spinel type phase mainly located
Non-linear current—voltage characteristics in ZnO based at the grain boundaries and triple points,®3 also pro-
varistors depend directly on the material microstrucle.  vides the medium for liquid phase sintering, enhancing the
The breakdown voltage of the varistor which is one of the growth of ZnO graing. On the other hand, the spinel phase
most important functional parameters can be related to theinhibits grain growth by pinning the movement of the grain
size of ZnO grains by the following empirical relationstip:  boundaries. These two opposite effects will determine the

d growth rate of ZnO grains. The consolidation of the varistor
Vs = ( ) Vo 1) microstructure arises during the sintering step and involves
G the following reactions:

whereVsis the nominal breakdown voltageis the specimen

3 3Bi 3
thicknessG is the average grain size aMy is the voltage 2Zn0+ 5503 + 5Bi203 + 302

across a single boundary. Although it is a very simplified <@:CZnZBigsbgom(pyrochlore) (2)
model, this relationship allows an estimation of the varistor
breakdown voltage. 2ZpBizSh;014 + 17Zn0O
A classical commercial varistor composition consists ggo—i000°C ) o
mainly of ZnO with small additions of other metal oxides ~ —~ 3250012 + 3Bi203 (liquid) )

such as BiO3, Sk O3, Cr,03, Co0O, etc. The microstructure

of the sintered material comprises a matrix of highly conduc-  The formation of the spinel phase and the appearance of
tive ZnO grains with two major secondary phases: a Bi-tich e |iquid phase are subordinated to the formation and later
phase surrounding ZnO grains and promoting the formation gecomposition of the intermediate pyrochlore phase. There-
fore, the temperature at which these reactions take place will
* Corresponding author. lead to different grain sizes, and different electrical proper-
E-mail addresspeitead@icv.csic.es (M. Peiteado). ties will be obtained when fabricating the varistor device. The
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present study is focused on the control of grain growth kinet-
ics by applying different processing strategies that modify Sl i
the sintering reactions. Py + Sp e
\ SPL Sp Uy Sp j Py
2. Experimental . N—
The influence of sintering reactions on grain growth was Bi Sp ﬂ/ Sp J\ S/'Jt

studied by applying three different processing strategies with ~ f~—-~— 2
the same standard composition: ZnO (97.2 mol%»CBi Zn Batch sy~ Zn
(0.5%), ShO3 (1%), MnQ, (0.5%), CpO3 (0.5%) and CoO Bi Zn zn | Zn
(0.3%). \ b m | %

Batch SHprepared by a classical mixed-oxide route includ- 25 30 35 40 s 50 55 60

ing ball milling for 2 h in ethanol. 26

Batch Spmixed oxide route as in SH, but substituting the
ShyOs for the equivalent amount of a previously synthe- Fig. 1. XRD patterns of the three starting powders previous to sintering.
sized Zg.96Shy 01012 cubic spinel phase. Around 1000, Zn=Zn0, Bi=BpO3, Sb=Sh0s, Sp=Zt.935k».01012 spinel phase and
this phase transforms into the orthorhombie &1 sto- Py =ZnBiaStsO14 pyrochlore phase.

ichiometric structuré.

Batch SHC prepared same as SH powder, but including a
pre-calcination treatment at 95G/1 h before sintering. At
this temperature, the reactions have already commenced bu
without significant growth of ZnO grains.

expected that at temperatures above 9Dhis pyrochlore
would have decomposed into spinel and bismuth phases.
%(RD pattern of batch SHC shows, however, that after 1 h
at 950°C, this decomposition reaction is only partially com-
pleted. The spinel phase detected comes both from the binary
The dried powders were sieved under 100 and uni- reaction between ZnO and the excess@&mand from the de-
axially pressed at 80 MPa into pellets approximately 12 mm composition of the pyrochlore. The amount of possible3i
in diameter and thickness. Sintered of green compacts wasformed in this reaction must be, however, under the detection
carried out for 2 h at sintering temperatures of 1140, 1160, limit of the technique.

1180 and 1200C, and at 1180C for sintering times of 1, 2, Electrical measurements data collected for samples at
4 and 8h. different sintering temperatures and times are resumed on
Phase characterization of the starting powders was per-Tables 1 and 2No significant changes can be observed

formed by X-ray diffraction (XRD) in a D5000 Siemens in the non-linear coefficient, estimated between 5 and
Diffractometer using Cu K1 radiation. Densities of sintered 20 mA/cn?, but substantial differences are, however, ob-
samples were measured using the water-immersion methodained in the breakdown voltage, measured for a current den-
andin all cases values of >97% of the theoretical density weresity value of 5mA/cr. It can be seen that increasing the
achieved. For microstructural observations, scanning elec-

tron microscopy (SEM) of polished and chemically etched Table 1

surfaces was carried out usingaHitachiS-4700 FE-SEM Mi- Evolution of electrical properties and ZnO grain size with sintering
croscope. ZnO grain size was determined from SEM micro- emperature

graphs by an image processing and analysis program. MoreBatch Eeff (£20 V/cm) o ZnO average grain

than 800 grains were taken into account. For electrical char- size (£0.5um)
acterization, sintered samples were cut into discs 3 mm thick 1140°C/2h
and Ag electroded. Standavil measurements were carried ~ SHC 3802 56 53
- ; : 3558 55 5.8
out using a dc power multimeter (Keithley 2410). Sp 3176 52 6.0
1160°C/2h
. . SHC 3481 56 5.8
3. Results and discussion SH 3283 53 6.6
Sp 2952 50 7.1
Powder XRD for samples of the three starting materials ;50051
is depicted inFig. 1 Peaks of the three main components, gspyc 3245 55 6.3
Zn0, BbO3 and ShO3 can be observed in batch SH, whereas  sH 3096 54 7.0
strong peaks of spinel phase are detected in batch Sp as ex- Sp 277 48 7.7
pected. In the pre-calcinated SHC batch, same peaks of theiooooc/2h
spinel phase are detected, and no trace gOBis observed SHC 3155 55 6.9
because it has reacted with &i to form the intermedi- SH 2886 52 8.1
Sp 2590 50 9.0

ate pyrochlore phase. As reacti8) indicates, it should be
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Table 2 and liquid phasedQ is the apparent activation energy and
Evolution of electrical properties and ZnO grain size with sintering time RT has its usual meaning. Expressing E4).in a logarith-
Batch Eeft (£20 V/icm) o ZnO average grain mic form leads to typical lo@ versus log plots in which
size ¢£0.5pum) the slope of the curve will correspond to the kinetic expo-
1180°C/Oh nentn. Fig. 3 shows the result of applying E) to sam-
g:c ggg? gg ; ples sintered at 118@. Then values obtained are about
Sp 3452 51 o 3.5 for batch SH and Sp, indicating a similar kinetic be-
haviour for these two materials, and 4.4 for batch SHC. In all
1180°C/2h casesn is larger than 3 which is usually assumed for pure
SHC 3245 55 8 7
SH 3096 54 7o) Zno.
Sp 2777 48 77 To determine the value @ for grain growth, Eq(4) can
1180°C/4h be expressed as:
SHC 3035 50 0 n
SH 2776 48 8 log (G) =log Ko — 04340 (l) (5)
sp 2377 43 3 t R T
1180°C/8h so that the slopes of the Arrhenius plots of I1G§'{t) versus
SHC 2734 46 a8 1/Tyield values ofQ for grain growth Fig. 4shows the result
SH 2463 46 B of applying Eq.(5) to samples of the three sintered batches.
Sp 2166 33 1

With the obtained exponents, it yields an average value for
the activation energ® around 343t 47 kJ/mol in the three
materials. Again, the activation energy is larger from that
btained by Senda for pure ZnO, about 2246 kJ/mol.

The results of the activation analysis indicate that grain
growth is inhibited in the three systems, although different

sintering temperature and time results in a decrease of nhom
inal breakdown voltage for samples of the three materials.
Furthermore, samples of batch SHC have always the highesto
switching voltage while samples of batch Sp have the low-
est. Such behaviour should be related to the microstructure .
of the materials, more specifically to the size of ZnO grains. mechanisms .ShOUId govern the Process. I we assume the
According to Eq.(1), an increase in the breakdown voltage rc_>|e _Of the spinel phase in controllmg_ZnO grain growth _by
is due to a decrease in ZnO grain size. SEM micrograph in pinning _the mo"emer?t qf_the bounda_rles_, the _Zener relation-
Fig. 2 illustrates the microstructure of the sample of batch ship |nd|c§tes thata I!mlt[ng Zn0 grain size wil k_)e reached,
SHC sintered at 1180C/8 h. Similar microstructure is ob- the magn!tude of which is determ_med by the size and vol-
served in samples of batches SH and Sp but with differences”™® fract|o'n of the sgcondary'sp{nel phéS@h‘aX:A'r/S.f’
in ZnO average grain size (s&ables 1 and p WhereG_maxls the maximum grain size of thg host phasis,
Following the previous works by Senda ethe isother- the r_adlus of_the second phase particles faisdhe volume
mal rate of grain growth, assuming a negligible initial grain fraction of this secondary phase. Although a lot of assump-

size, can be expressed by the phenomenological kinetic equa'Elons had to be used in derwmg this relatlgnshT!able 3
tion: clearly shows that even having the same spinel size (volume

fraction~ 0.17), only samples of batch Sp follow this mech-
G" = Kot exp (_Q> (4) anism, whereas batches SH and SHC present always a lower
RT grain size from that predicted by the Zener equation. There-
fore, another mechanism is contributing to decrease the grain
growth rate in batches SH and SHC. The reason of this be-
haviour should be found on the differences promoted in the

whereG is the average grain size at timen is the kinetic
grain growth exponeng includes parameters of the solid

12
E Ol
=
cf,, 0.8
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- + Batch Sp

0.6 © Batch SH

w Batch SHC
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Fig. 2. Polished and chemically etched surface of sample of batch SHC log t (h)

sintered at 1180C/8 h. A similar microstructure is observed in samples of
batches SH and Sp. Differences arise in ZnO average grain size, which areFig. 3. logGvs. logt plot for samples of the three batches sintered at 2080
shown inTable 2 (slope =1#).
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Fig. 4. log G"t) vs. 1IT Arrhenius plots for the three sintered batches
(slope =—0.434/R).

Table 3
Evaluation of Zener effect for samples of three batches sintered at C180
Batch I (sp) €XP. Gzno) Zener G(zno) exp.
(£0.1pm) (£0.5pm)

1180°C/0h

Sp 0.9 71 6.0

SH 0.7 59 54

SHC 0.8 63 51
1180°C/2h

Sp 1.0 78 7.7

SH 1.0 78 7.0

SHC 1.0 78 6.3
1180°C/4h

Sp 1.2 A 9.3

SH 1.2 %4 83

SHC 1.2 A 7.0
1180°C/8h

Sp 1.4 110 109

SH 1.4 110 9.8

SHC 1.4 110 84
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sintering reactions by the three applied processing strategies.
In batch Sp, the incorporation of the previously synthesized
spinel phase avoids such reactions and the liquid phase ap-
pears on the material around 74D, which is the formation
temperature of the eutectic liquid between ZnO angBi®

The liquid enhances grain growth, but this effect is coun-
teracted by the presence of the spinel grains which tend to
control ZnO grain size as predicted by the Zener equation.
Onthe other hand, the calcination pre-treatmentin batch SHC
also avoids the reactions during sintering, but this time the
appearance of the liquid is delayed to the pyrochlore decom-
position above 900C (Eq.(3)). In this gap between 740 and
900°C, the material may evolve in solid st&tso decreas-

ing the kinetics of grain growth. This situation, in addition
to the pinning effect of the spinel particles, leads to a more
effective control of grain growth from that of the batch Sp.
In batch SH, the reactions take place during heating as in
batch SHC, however, since sintering is a dynamic process, a
certain amount of BIO3 will also react with ZnO to form the
eutectic liquid around 74TC, giving place to a larger ZnO
grain size than in batch SHC and a similar kinetic behaviour
of that of batch Sp.

4. Conclusions

Reactions between the varistor constituents during the sin-
tering step could be avoided by incorporating the spinel sec-
ondary phase as well as by including a pre-calcination treat-
ment. These two alternatives lead to different grain growth
control mechanisms based on the modification of the tem-
perature at which the Bi-rich liquid phase appears on the ce-
ramic. When the liquid is formed at the ZnO-B); eutectic
temperature around 74€, the main mechanism for con-
trolling grain growth is that of the particle pinning of grain
boundaries by the presence of the spinel inclusions. When
the appearance of the liquid is delayed till the pyrochlore
decomposition above 90C, additional solid state mecha-
nisms will be added to the spinel pinning effectimproving the
grain growth control. Such differences in the microstructural
development involve different electrical properties making
possible to design varistors with desired breakdown voltages
within a controlled margin of reproducibility.
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