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Abstract

In low-voltage varistor ceramics, the phase equilibrium and the temperature of liquid-phase formation are defined byBhTi@tio.

The selection of a composition with an appropriate J&),O; ratio and the correct heating rate is important for the processing of low-voltage
varistor ceramics. The total amount of addegd@iis important as the grain growth is slowed down by a larger amount@JBiich liquid

phase at the grain boundaries. Exaggerated grain growth in low-voltage varistor ceramics is related to the occurrence of the liquid phase
and the presence of Tivhich triggers the formation of inversion boundaries (IBs) in only a limited number of grains, and as a result the
final microstructure is coarse grained. The,7i®, spinel phase only affects grain growth in compositions with a,/BQO; ratio higher

than 1.5. In high-voltage varistor ceramics, just a small amounts gDs3bigger the formation of IBs in practically every ZnO grain, and

in compositions with a SiDs/Bi, O3 ratio lower than 1, grain growth that is controlled entirely by an IBs-induced grain growth mechanism
results in a fine-grained microstructure. The spinel phase interferes with the grain growth only at high#Bi50; ratios.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction Bi» O3 is the dopant that induces the non-linear character-
istics in ZnO ceramics and contributes g®s-rich liquid
The non-linear characteristic of ZnO-based varistor ce- phase along the grain boundaries. As a result, its influ-
ramics is a phenomenon related to the grain boundaries be-ence on sintering and grain growth in ZnO-based ceram-
tween the ZnO grains. The breakdown voltage of an ideal, ics has been intensively studied in the past.Sintering
non-linear grain boundary is approximately 3.2V, and the in combination with some spinel-forming dopants also al-
threshold voltage of a varistor ceramic—the breakdown volt- lows the microstructure development and grain growth to
age per unit thickness of a ceramics is usually expressedbe controlled:® Sh,03 is a standard spinel-forming dopant
in V/mm—is the sum of the breakdown voltages of all the to produce fine-grained high-voltage varistor ceramics. It
grain boundaries per unit thickness of ceraficAs the enhances the nonlinearity of varistor ceramics and reduces
breakdown voltage of ZnO-based varistor ceramics is di- the evaporation of BiOs during sintering. However, the
rectly related to the size of the ZnO grains, the control of major role of SbO3 is to control the growth of the ZnO
grain growth is of great importance when it comes to devel- grains. The inhibition of ZnO grain growth in §0s-doped
oping varistor ceramics for particular voltage ranges. The samples is generally explained by a reduction in the mo-
use of varistor ceramics with the proper threshold voltage— bility of grain boundaries by a pinning effect, caused ei-
low, medium or high—is necessary for the production of ther by secondary spinel particles or a fine Sb-rich film
high-quality varistors with a particular breakdown voltage on the surface of the ZnO grathd?—with larger addi-
and a suitable thickness. tions of SkOsz, more spinel grains form and the ZnO grains
are smaller. The addition of $03 also triggers the for-
mation of IBs in ZnO grain$? The structure and chem-
istry of IBs in Sh-doped ZnO were determined bycRik
et all4
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Low-voltage varistor ceramics are characterized by a microstructures were examined using a scanning elec-
coarse-grained microstructure, where i@ commonly tron microscope (SEM) in back-scattered electron (BE)
used as the grain-growth-enhancing addit®¥@® The in- mode. The phase compositions of the samples and the
fluence of TiQ on grain growth is not yet fully understood: compositions of the individual phases were determined by
the enhancement of the grain growth was explained in energy-dispersive X-ray spectroscopy (EDS) in the SEM.
broad terms by an increased reactivity of the@j-rich The average ZnO grain siz®) was determined for each
liquid phase with the solid ZnO in the presence of ZiO sample from measurements of 300—800 grains per sample.
however, much more indicative was the observation that the The surface of each grain was measured and its size was
addition of TiG, causes exaggerated grain growth, which is calculated in terms of a diameter for circular geometry. The
controlled by the presence of IBs in the anomalously large elongation of the grains was determined as the ratio of the
ZnO grains that are typically found in a matrix of smaller length of the major (longest) axis across the grain and the
grains!’ The addition of TiQ also results in the formation  length of the minor axis (the longest axis perpendicular
of the ZnpTiO4 spinel phase, which has no obvious influence to the major axis). This means that if the elongation is 1,
on the microstructure development of low-voltage varistor the object is roughly circular or square; however, as the
ceramics. Like SpO3 and TiQ, the addition of Sn@ to ratio increases to more than 1, the object becomes more
the ZnO-based ceramics also results in the formation of the elongated.
ZnpSnQy spinel phase and triggers the formation of the 1Bs
in the ZnO grains. The substitution of 8Bz with ShG
results in an identical microstructure and a comparable 3. Results and discussion
breakdown voltage of ZnO-based varistor ceramfcs.
Based on the investigations of the Sa@ped ZnO, we The BkOgs-rich liquid phase strongly affects the develop-
showed that the microstructure development is controlled by ment of the microstructure in ZnO-based varistor ceramics.
the growth of grains with IBs, and proposed an IB-induced The amount of liquid phase at the sintering temperature
grain growth mechanisthWe also confirmed this mecha- of varistor ceramics in the temperature range from 1100
nism by diffusion doping the ZnO with $Bs: in the ab- to 1300°C depends on the amount of Bl3 added to the
sence of any spinel phase, fine ZnO grains had their growthstarting composition. At lower temperatures, the amount of
inhibited in the high-concentration region on the surface of BioOs-rich liquid phase is determined by the phase equilib-
the pellet, whereas in the low-concentration region in the rium at a particular temperature, which again depends on
central parts of the grains, several-times-larger grains werethe starting composition. The typical phase compositions
obtained as a result of the exaggerated grdBly. control- of varistor ceramics make it clear that the phase equilib-
ling the number of nuclei with IBs we can actually design, rium is determined by the phase equilibrium in “the ZnO
not only fine grained, but also a coarse-grained microstruc- corner” of ternary systems: the ZnO-RBi3—TiO2 system
ture, even with SOz doping. and the TiQ/Bi,O3 ratio in the case of low-voltage varis-
In this study the grain growth in Ti& or SkhOs-doped tor ceramics, and the ZnO—-Rd3—ShpO3 system and the
ZnO-BpO3 ceramics, as well as low-voltage and high- ShyO3/Bi>Os ratio in the case of high-voltage varistor
voltage varistor ceramics, was examined to evaluate andceramics.
elucidate the different aspects of the above-mentioned The influence of TiQ/Bi,Os ratios of 0, 0.11, 0.17, 0.33,
grain-growth-control mechanisms in ZnO-based varistor 0.60, 1.00, 1.50 and 4.00 on the phase equilibrium, the mi-
ceramics. crostructure development and the ZnO grain-size was an-
alyzed in samples with 98 and 92 mol% ZnO doped with
Bi2O3 and TiG. In the samples with 92 mol% of ZnO,

2. Experimental four times more BiO3 was added than in the samples with
98 mol% of ZnO. In the samples with a TiBi,O3 ratio of

The samples were prepared by a conventional ceramicO (ho added TiQ), the BggZnOsg phase is formed, and this
procedure: reagent-grade oxides were mixed in the appropri-phase melts at 74@. The addition of TiQ@ results in the for-
ate molar ratios and homogenized in absolute ethanol usingmation of Bi2TiO2q, which melts at 860C. By increasing
a planetary mill. The powders were then dried and pressedthe TiO,/Bi»Os ratio to 0.17, the TiQ bounds an equivalent,
at 200 MPa into discs with a diameter of 10 mm and a thick- increasing amount of BO3 to form the Bi2TiO2g phase,
ness of 1.5 mm. The pellets were fired at temperatures in theand hence less BD3 remains to form the BgZnOsg phase,
range from 700 to 126TC for 0.25-3 h. Whereas the heating i.e., there is less BDs-rich liquid phase in the temperature
rate to the sintering temperature was typically°Cdmin, range between 740 and 880. For Q16 < TiO2/Bi20O3 <
the cooling rate was either 2C/min or quenching (sam- 1.5, the Bi2TiO2 and BiTizO12 phases form in equi-
ples pulled from the oven at the sintering temperature and librium amounts; by increasing the TiBi>O3 ratio to-
allowed to cool rapidly to room temperature). ward 1.5, the amount of BiizO12 phase increases, while

The phase composition of the samples was ana-the amount of Bi;TiO2g phase decreases, and so does the
lyzed by X-ray powder diffraction (XRD) analysis. The amount of liquid phase in the temperature range between
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860 and 1040C, i.e., the decomposition of BlizO12 in Table 1

a reaction with ZnO to form the BDs liquid phase and Influence of the TiQ/Bi»Osz ratio and the sintering temperature on the
. - . . . ZnO grain size (inum). In samples with 92% of ZnO, four times higher

th.e ZWTIO‘l splne_l phase. At a TigBi20; ratio 1.5, the . amounts of BiO3 were added (label HBi) than in the samples with

BisTizO12 phase is the only secondary phase at the grain ggmeios of zno (label LBi)

boundaries of the ZnO. For TgBi»,O3 > 1.5, in addi-

tion to the BiTisO1, phase, the ZsTiO, spinel phase also 028120 900°C (2h) 1000C (2h) 1200C (2h)
forms, and as the ratio increases the amount offdy in- LBI  HBI LBI  HBI LBI  HBI
creases while the amount of Bi3z0O12 remains constant— 0 69 - 109 - 188 -
because it is limited by the amount of Bls. The compo- 011 5.0 3.7 113 50 227 850
sitions with a TiQ/Bi,03 ratio equal to or greater than 1.5 gég g'g '1 . 12'3 25 22‘:'1'2 1‘3 9
contain the liquid phase only at temperatures above 1640 ;oo 27 20 50 41 231  17.9
The microstructures of the samples sintered at 22D@ith 15 20 - 60 — 26.2 _
TiO2/Bi2O3 ratios of 1.0 and 4.0 are shown kig. 1L With 4.0 14 <10 48 23 17.4 118

the addition of oxides of Co and Mn to the ZnO+Bi-TiO»
system to obtain low-voltage varistor ceramics, the phase
equilibria in the ZnO corner of the ternary system are sim- the grain growth of the ZnO samples doped with®4 and

ilar to those described above; however, the decompositionTiO,. At 800°C, the grain growth is only obvious in the sam-
of the Bi4TizO12 phase in a reaction with ZnO decreases ples with a TiQ/BioO3 ratio below 0.17, whereas in the sam-
from 1040 to 940C. Therefore, in low-voltage varistor ce- ples with a higher ratio the grain growth is retarded due to the

ramics with a TiQ/BiO3 ratio >1.5, the ByOs-rich liquid absence of the liquid phase and by the presence of the sec-
phase occurs at a lower temperature than in the basic ternanpndary phases—BiTiO20 and By TizO12, BisTizO12 only,
systen?? or BisTi3O12 and ZnTiO4, depending on the TigBi,Os3

A microstructural analysis of the samples fired at 800, ratio. At 900°C, the liquid phase is also present in the sam-
900, 1100 and 1200C confirmed that the Ti@Bi»0s3 ra- ples with a TiQ/Bi»O3 ratio above 0.17 and below 1.5 due
tio strongly influences the microstructure development and to the melting of the Bi;TiO,g at 860°C; however, the grain
growth is progressively hindered by the increased amount of
Bi4TizO12 phase at the grain boundaries as thesIBO3
ratio increases toward 1.5. In the absence of the liquid phase
at temperatures up to 104G, the grain growth is slowed
in the samples with a TiedBi»O3 ratio equal to or greater
than 1.5, by the presence ofBi3z012 and ZnTiO4 phases
at the grain boundaries. At temperatures above 2@4@ll
the BpO3 added to the starting composition is present as the
Bi»O3-rich liquid phase in all the samples, regardless of the
TiO2/Bi»03 ratio. The results of the grain size analysis are
given in Table 1 The amount of added BD3, and hence
the amount of liquid phase, significantly influences the grain
size: for the same TiglBi» O3 ratio the grain size is consis-
tently smaller in the samples with large additions 0}@®4
than in the samples with small additions o£Bg.

Microstructural observations show a significant influence
of the composition on the morphology of the ZnO grains
and the distribution of the grain sizes. In the ZnOx®
sample without the addition of Ti) the grain growth is
uniform for all the sintering regimes and the ZnO grains
are relatively sphericaHig. 23. In the samples doped with
TiO,, exaggerated grain growth occurs, and is especially ev-
ident in the samples sintered at temperatures just above the
temperature at which the liquid phase occurs. Exaggerated
grain growth results in a bimodal grain size distribution,
with small grains among huge ones, as shown in the case
of the sample with a Ti@/Bi»Os ratio of 0.17, sintered at
900°C for 1 h (Fig. 2b. The large grains are elongated and
Fig. 1. BE SEM of samples with 92 mol% of ZnO doped with®3 and they contain IBskig. 20)_’ aS,Observed by Makovec e,t]gl'_
TiO, at a TiOy/Bi»Os (T/B) ratio of 1 and 4, fired at 120@. Z: ZnO; In general, the ZnO grains in the samples doped with, TiO
B: Bi»Os-rich phase; BT: BiTizO1> phase; S: ZsTiO4 spinel phase. are elongatedHig. 29 in comparison to the ZnO samples
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Fig. 2. Microstructures of the samples with 98 mol% of ZnO doped wittOBiand TiG: (a) sample with the Ti@/Bi,O3 ratio (T/B) of O, sintered at
1200°C; (b) sample with the Ti@/Bi,O3 ratio of 0.17, sintered at 90C; (c) sample with the Ti@/Bi,O3 ratio of 1.0, sintered at 120@; and (d)
microstructural detail showing IBs in exaggeratedly grown ZnO grains.

doped only with B}Os (Fig. 29. The maximum elonga-  larger than 1.5 does the primary spinel phase, which can af-
tion observed in the Ti@doped samples after sintering at fect the grain growth, form at lower temperatures via a reac-
1100°C was between 1.8 and 2.1, and it decreased slightly tion between the ZnO and excess 7it® form BizTizO12.
after sintering at 1200C. The elongation of grains in the In the samples with Ti@/Bi»O3 ratios in the range from
ZnO sample doped only with BD3 was 1.6. 0.17 to 1.5, the spinel phase forms together with3ilig-

The X-ray diffraction analysis and the microstructural uid in the decomposition reaction of HiizO12 with ZnO.
analysis showed that equilibrium phases for particular Fine spinel grains are mobile in theJBis-rich liquid phase
TiO2/BioO3 ratios—the Bji,TiO2o phase, the RiTizO12 and do not have a significant influence on the grain growth.
phase and the 2104 phase—are well formed after sin- Whereas the BilizO12 phase is clearly present in the sam-
tering at 700C for just 1 h. This indicated that the phase ples, even after quenching from the sintering temperature to
equilibrium is established relatively quickly for a given room temperature, spinels are difficult to detect. Most pre-
TiO2/Bi»03 ratio and temperature. Hence, the phase equi- vious studies of low-voltage varistor ceramics were limited
librium at a particular temperature during heating to the to compositions with a Ti@/Bi»O3 ratio of 1.5 or below,
sintering temperature, which depends on the heating rate,i.e., to compositions in which the spinels are barely present,
can influence the final microstructure and the character-
istics of the low-voltage varistor ceramics. To examine
this possibility, low-voltage varistor samples with varying Taple 2
TiO,/Bi» O3 ratios were heated to the sintering temperature The influence of the heating rate on the ZnO grain sizein) for
at different heating rates, and the results of their grain size 'ow-voltage varistor samples with the composition of Z#0.78i,0s +
analysis are given iffable 2 The results clearly show that ~¥1102 + 0-5C%0s + 0.5Mn0g, sintered at 1260C for 1h

the heating rate matters and that it has different effects TiO2/BiO3 2°C/min 10°C/min Soaking 800C*
on the samples with different compositions, i.e., different 14 23.0 26.4 23.3
TiO2/Bi»0O3 ratios. 0.71 29.9 29.4 30.3

The influence of the ZiTiO4 spinel phase on the ZnO 1.43 26.8 24.8 22.1
grain size is evident in the sample with the 3iBi»O5 ratio 4.3 22.5 22.8 26.7

of 4 (Fig. 1). Only in the samples with TieJBi»Og3 ratios a Heating rate 16C/min to 800°C (2 h) and to sintering temperature.
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Table 3 vy : .
ZnO grain size of high-voltage varistor ceramics (ZnO doped with Sb/B|=1 0
0.9Bir03, Co304, MNn304, NiO, Cr,O3 and varying amount of S$kD3) 5 ; ) .
sintered at 1200C for 2h

Shy,03/Bi2O3 D (p,m)
0.75 10.6
1.10 7.1
1.55 6.5
1.94 5.9
2.22 5.7
2.50 5.7
2.78 5.6

and hence they have no significant influence on the develop-
ment of the microstructure. The influence of the spinel phase
on the grain growth occurs in compositions with larger ad-
ditions of TiOp, which are not interesting for low-voltage
varistor ceramics.

A similar, although opposite, situation occurs in the
case of high-voltage varistor ceramics doped with @
where the phase equilibria are determined by the basic
system ZnO-BiO3-SkhOs; and the SpO3/Bi>Os3 ratio.

It is generally known that for a SK3/Bi>Os ratio equal
to 1 or less the ZySp0O1, spinel phase forms together
with the BbOj3 liquid—in the basic ternary system above
1000°C and in varistor compositions above 9@—only
after the decomposition of the #in,Sh;011 pyrochlore

in a reaction with ZnO. Nowadays, typical high-voltage
Fig. 3. BE SEM images of the microstructures of high-voltage ZnO-based

V.a”Stor compositions norma"y have a Ah/Bi2Os .ra_ varistor samples with SI03/Bi>Os ratios (Sb/Bi) 1.0 and 2.5 sintered at
tio larger than 1, where the primary ZB0»O12 spinel 1200°C for 2 h.

phase forms at a low temperature, via the reaction of
ShyO3 with ZnO, and may contribute to the inhibition of
the ZnO grain growth during sinteringable 3 summa- mechanism, whereas the influence of the spinel phase is, if
rizes the results of the grain size analysis of high-voltage anything, negligible.
varistor ceramics with varying $®s/Bi>O3 ratio. The mi-
crostructures of the samples with 5&B/Bi»O3 ratios of
1.1 and 2.5 are given ifrig. 3. The results show that an 4. Conclusions
increase in the SiD3/Bi»,O3 ratio to more than 1 results
in a significant decrease in the size of the ZnO grains. A In low-voltage varistor ceramics, the TiBi»O3 ratio
further increase in the amount of addedbSh, and hence  defines the phase equilibrium and hence the temperature at
an increase in the $B3/Bi»O3 ratio, however, results in  which the liquid phase occurs in the system. The phase equi-
only a slight decrease in the grain sizes, especially for alibrium is established relatively quickly for a given temper-
SkpO3/Bi,03 ratio above 1.5, while the amount of the spinel ature; hence, the heating rate to the sintering temperature
phase at the grain boundaries is increased significantlycan influence the final microstructure of the varistor ceram-
(Fig. 3. ics, and the selection of a proper BiBi»O3 ratio and the

In low-voltage varistor ceramics with a TiBi»Os3 ra- heating rate matter when it comes to obtaining the required
tio equal to or below 1.5 spinels formed by the decomposi- low-voltage varistor ceramics. In addition, the amount of
tion of the BiTizO12 phase have no influence on the ZnO added BjOs3 to the starting composition, which defines the
grain growth. The same also applies to the spinel phaseamount of liquid phase at the sintering temperature, is im-
in high-voltage varistor ceramics for 8Bz/Bi>O3 ratios portant as the grain growth is slowed down by the increased
equal to or below 1, when it forms by the decomposition thickness of the liquid film at the grain boundaries of the
of the BizZny,SksO14 pyrochlore phase. In view of our re- ZnO. In low-voltage varistor ceramics, the increase in the
cent reports;8 it is reasonable to conclude that at the fi- ZnO grain size is considerable, and so, also, is the decrease
nal sintering temperature in high-voltage varistor ceramics in the specific surface of the grains, and this can influence
with a SbO3/Bi»O3 ratio equal to or below 1, the domi-  significantly the thickness of the BDs liquid layer at the
nant controlling mechanism is an IB-induced grain-growth grain boundaries during sintering.
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Sintering at temperatures just above the temperature ofNumber G1ST-CT-2002-50263, which is gratefully ac-
liquid-phase formation in the samples with a particular knowledged.

TiO2/Bi»03 ratio results in the exaggerated grain growth
of large elongated grains with IBs surrounded by much
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