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bstract

he influence of Al2O3 doping in the range 0.00–0.83 mol% on the microstructure and current–voltage characteristics of ZnO-based varistor
eramics sintered at 1200 ◦C for 2 h was studied. The threshold voltage VT (V/mm) increased up to a dopant level of about 0.08 mol% Al2O3;
he nonlinear coefficient α was significantly increased by additions of up to 0.04 mol% Al2O3, although larger additions of Al2O3 caused it to
ecrease; and the leakage current increased sharply with increasing amounts of Al2O3. Doping with Al2O3 up to about 0.12 mol% Al2O3 resulted
n a significantly decreased ZnO grain size, which is mainly responsible for the significantly increased threshold voltage, VT. No ZnAl2O4 spinel
hase was detected in any of the samples, and EDXS and WDXS analyses showed that most of the added Al2O3 distributed between the Zn7Sb2O12

pinel phase and the ZnO phase, while only trace amounts were detected in the Bi O -rich phase. The spinel phase incorporates an appropriate
2 3

mount of Al2O3; however, with an increasing amount of added Al2O3, more of it remains outside the spinel phase in the Bi2O3-rich liquid, where
t can incorporate into the growing ZnO grains at the sintering temperature. The amount of Al in the ZnO grains was determined. A mechanism
or the grain growth inhibition resulting from the small amounts of Al2O3 in the Bi2O3-rich liquid phase is also proposed.

2007 Elsevier Ltd. All rights reserved.

stors

A
o
c
A
i
f
b
c
3
a
c
i
w
t
a
t

eywords: Grain growth; Microstructure-final; Electrical properties; ZnO; Vari

. Introduction

ZnO-based ceramics doped with only a few mol% of oxides
f Bi, Sb, Co, Mn, Ni, Cr and others – known as varistor ceram-
cs – possess exceptional nonlinearity in their current–voltage
haracteristics and the ability to absorb large amounts of energy.
or this reason varistors have been extensively used for the pro-

ection of electronic circuits, devices and equipment against
oltage surges, and for the voltage stabilization of electrical
ower lines, for almost 30 years. The characteristics of varis-
or ceramics are closely related to their microstructure, which is
haracterized by the following: the ZnO grain size and the grain
ize distribution; the grain boundaries; secondary phases such
s the Bi2O3-rich phase and the Zn7Sb2O12 spinel-type phase
and the Bi3Zn2Sb3O14 pyrochlore-type phase can be present
s well); the distribution of secondary phases along the grain

oundaries; and the presence of porosity. Each of the dopants
lays a distinctive role in the subtle tuning of the final nonlinear
haracteristics of the varistor ceramics and cannot be omitted.

∗ Corresponding author. Tel.: +386 1 477 3682; fax: +386 1 426 3126.
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lso, the proper ratios among the dopants have to be set in
rder to obtain the required electrical performance of the varistor
eramics through the process of microstructure development.1–3

lthough the overall electrical characteristics of varistor ceram-
cs result from the collective effect of all the microstructural
eatures, two of them have key roles: (i) the grain boundaries
etween the ZnO grains, which have nonlinear current–voltage
haracteristics with an optimum break-down voltage of about
V – unfortunately, it can be lower as well, or the grain bound-
ry may not exhibit varistor behavior at all and possess ohmic
haracteristics – and define the characteristics of the varistor
n the pre-break-down region, and (ii) the ZnO grains, which
ith their size define the number of grain boundaries between

he electrodes and hence the break-down voltage of the varistor,
nd with their conductivity define the performance of the varis-
or at high currents in the upturn region of the current–voltage
haracteristic. Some dopants have a significant effect on the
re-break-down and the upturn current–voltage characteristics
f varistors even when much lower amounts of additives than

tandard are added to the varistor. In very small amounts alu-
inum is a potential dopant for increasing the conductivity of

he ZnO grains and enhancing the varistor’s performance at high
urrents.4–7 The doping behaviors of Al as well as some other

mailto:slavko.bernik@ijs.si
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Table 1
Composition of the varistor samples with regard to the amount of added Al3+

(Al2O3)

Al3+ (ppm) Al2O3 (mol%)

0 0.0000
50 0.0084

100 0.0167
175 0.0292
250 0.0418
350 0.0585
500 0.0835
700 0.1169

1000 0.1669
2
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inor dopants and their influence on the current–voltage char-
cteristics of ZnO were thoroughly investigated and reported by
upta.8 Aluminum incorporates into the ZnO grains and influ-

nces the equilibrium of the crystal lattice defects. Depending on
he concentration and the site of its incorporation into the ZnO
attice – regular Zn sites or interstitial sites – it can act either as
donor or an acceptor, or both, which defines its influence on

he conductivity of the ZnO grains and also the characteristics
f the grain boundaries: (i) as a donor it increases the conduc-
ivity of the ZnO grains and improves the varistor behavior at
igh currents, but it also results in an increased leakage current
f the varistor in the pre-break-down region; (ii) as an acceptor
t reduces the leakage current of the varistor, but it also reduces
he conductivity of the ZnO grains, which has a negative effect
n the varistor response to high currents and hence its energy
haracteristics. Other reports also confirmed that the effect of
l is very sensitive to the amount added to the varistor and also

o the heat-treatment regime, i.e., the sintering temperature and
ime, and the cooling rate.9,10 At lower concentrations of Al,
p to a few thousand ppm, it is mainly the donor effect that
s observed, while at higher concentrations, above 10,000 ppm,
he acceptor effect prevails.4,8 Doping with Al2O3 influences the
rain growth of ZnO even for amounts as small as several tens
f ppm added to the varistor composition.4,8,11 The inhibition of
nO grain growth by Al2O3 doping in varistor ceramics at low

evels of doping is not explained yet, while at higher levels of
oping, i.e., several thousands of ppm, in the binary ZnO-Al2O3
ystem or the ternary ZnO-Bi2O3-Al2O3 system the inhibition is
ttributed to the decreased mobility of the grain boundaries due
o the ZnAl2O4 spinel phase that forms at the grain boundaries
n these systems.12,13

In this investigation high-voltage ZnO-based varistor ceram-
cs doped with Al2O3 were prepared. The amounts of added
l2O3 were chosen based on previous reports in order to observe

he donor effect. The influence of Al3+ doping in the range from a
ew ppm up to several thousand ppm on the microstructure devel-
pment and grain growth, and the current–voltage characteristics
f varistor ceramics, was analysed. It showed that additions of
l2O3 in the range up to a few hundred ppm are optimal, and

hat they significantly and specifically influence the threshold
oltage, the nonlinear coefficient and the leakage current of the
aristor. Also, some additional questions about the influence of
l2O3 on the ZnO grain growth are raised and discussed, and
mechanism for grain growth inhibition in the complex system
f varistor ceramics doped with very small amounts of Al2O3 is
roposed.

. Experimental

ZnO-Bi2O3-based varistor samples with the nominal com-
osition 95 mol% ZnO + (0.90 mol% Bi2O3; 1.75 mol%Sb2O3;
.60 mol%Co3O4; 0.15 mol%Mn3O4; 0.80 mol% NiO;
.80 mol% Cr2O3), Sb2O3/Bi2O3 ratio 1.95, doped with vari-

us amounts of Al3+ in the range from 0 to 5000 ppm (weight
ractions) – 0 to 0.83 mol% of Al2O3 (Table 1) – were prepared
ith a conventional ceramic procedure. Reagent-grade oxides
ere mixed in the proper ratios and homogenised in absolute

e
p
p
y

000 0.3332
000 0.8287

thanol media in a polyethylene bowl with zirconia balls for
h at 200 rpm using a planetary mill. Al was added prior

o the homogenisation in the mill as an aqueous solution of
l(NO3)3·9H2O – it decomposes at about 200 ◦C into Al2O3.
he powders were then dried and pressed at 200 MPa into
iscs with a diameter of 10 mm and a thickness of 1.5 mm. The
ellets were fired at a temperature of 1200 ◦C for 2 h in air with
heating and cooling rate of 5 ◦C/min.

The microstructures of the samples were examined in
ackscattered-electron (BE) mode using a scanning electron
icroscope (SEM) JEOL JSM-5800 equiped with secondary-

lectron (SE) and backscattered-electron (BE) detectors for the
mage acquisition, and with an energy-dispersive X-ray spec-
rometer (EDXS) and a Link ISIS 300 Oxford Instruments
nalytical system. The phase compositions of the samples and
he compositions of the individual phases were determined with
he energy-dispersive X-ray spectroscopy (EDXS) under the
ollowing experimental conditions: accelerating voltage 20 kV,
orking distance 10 mm, and acquisition time 100 s. Several
rains of the Zn7Sb2O12 spinel-type phase were analysed per
ample using the EDXS method in order to estimate the amount
f the varistor dopants – oxides of Co, Mn, Ni, Cr and also Al
that were incorporated into the sample. In the samples doped
ith 350 ppm of Al and 700 ppm of Al the exact composition
f the ZnO grains was determined for the amount of Co, Mn,
i and Al dopants using electron-probe microanalysis (EPMA).
s for the SEM analysis, polished cross-sections of the sam-
les were carbon-coated to prevent charging and analysed in a
EOL 8600 Superprobe. The EPMA was performed at 20 kV
nd a probe current of 100 nA to ensure good analytical sensi-
ivity and low detectability limits for the analysed dopants. Two
avelength-dispersive (WD) spectrometers with LiF (lithium
uoride) crystals were used for the analysis of the spectral lines,
ne for ZnK� and CoK�, and the other for MnK� and NiK�,
hile a WD spectrometer with TAP (thalium acid phthalate) was
sed for the analysis of the AlK� line. Eleven ZnO grains were
nalysed in the sample doped with 350 ppm of Al, and within
ach grain two point-beam analyses were performed. In the sam-

le doped with 750 ppm of Al six grains were analysed: three
oints were analysed within each grain and each point was anal-
sed three times. At each point the acquisition times were 20 s
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or Zn, 100 s for Co, Mn and Ni, and 200 s for Al. Metallic Zn,
o, Mn and Ni, and mono-crystal Al2O3 (sapphire), were used
s standards to quantify the composition of the analysed grains.
he analytical data were quantified by a ZAF matrix-correction
rocedure.

The average ZnO grain size (D) and the grain size distribu-
ion were determined for each sample from the BE images by

easuring 400 to 1400 grains/sample. The surface of each grain
as measured and the grain size was determined for a circular
eometry as the diameter of a circle having the same surface
rea as the grain.

The specimens for the transmission electron microscopy
TEM) experiments were prepared according to a standard pro-
edure by cutting 3 mm discs from the sintered pellets, thinning
nd polishing to a 100 �m thickness, dimpling to 20 �m in
he dimple-centre, and finally ion-milling using 4 kV Ar+ ions
RES 010, Bal-Tec AG, Balzers, Liechtenstein) to perforation.
he TEM samples were investigated using a 200-kV ultra-
igh-resolution field-emission gun (FEG) transmission electron
icroscope (JEM 2010-UHR, Jeol, Japan) equipped with a
i(Li) EDS detector fitted into an atmospheric thin-window
DS spectrometer (Model Link ISIS 300, Oxford Instruments,
ngland).
For the DC current–voltage (I–V) characterization, silver
lectrodes were painted on both surfaces of the disc and fired at
00 ◦C in air. The nominal varistor voltages (VN) (break-down
oltage = voltage at which the varistor switches from a highly

o
s
s
(

Fig. 1. Backscattered-electron (BE) images from scanning electron microscope (S
Ceramic Society 27 (2007) 3161–3170 3163

esistive to a highly conductive state) at 1 and 10 mA were mea-
ured and the threshold voltage VT (V/mm) (break-down voltage
er unit thickness of varistor ceramic; VT = VN(1 mA)/d; d is
he thickness of the sample in mm) and nonlinear coefficient
(α = log(I10mA/I1mA)/(log(V2/V1) = 1/(log(V2/V1) according to

he equation describing I–V nonlinearity of the varistor ceramics
= KVα; K is a material constant) were determined. The leakage
urrent (IL) (current through the varistor in the pre-break-down
egion of the I–V characteristic) was measured at 0.75 VN(1 mA).

. Results and discussion

The microstructural and current–voltage (I–V) characteri-
ation indicated that doping with Al2O3, even with very low
mounts added to the starting composition, strongly influenced
he grain size (D) and the nonlinear characteristics of the varistor
eramics. Microstructures of the sample without added Al2O3
nd the samples doped with various amounts of Al2O3 are given
n Fig. 1. While the phase composition is similar for the sample
ithout Al2O3 and the samples doped with Al2O3, a decreasing
nO grain size with increasing amounts of Al2O3 added to the
amples is clearly evident. Samples without added Al2O3 have
n average ZnO grain size of about 7.5 �m. Even an addition

f 100 ppm of Al3+ (0.0167 mol% Al2O3) resulted in a much
maller average ZnO grain size, of about 5.9 �m. The ZnO grain
ize decreased with increasing amounts of Al3+ up to 700 ppm
0.1169 mol% Al2O3), but with further amounts of Al2O3 the

EM) of microstructures of the varistor samples sintered at 1200 ◦C for 2 h.
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ig. 2. Graphical presentation of the influence of the amount of added Al3+ to

T (b) threshold voltage VT and average break-down voltage of grain boundarie

rain size remained similar, at about 3.7 �m. The influence of
he amount of added Al3+ on the average ZnO grain size of the
amples sintered at 1200 ◦C for 2 h is graphically presented in
ig. 2a. As can be seen from the histograms in Fig. 3, doping
ith Al2O3 also strongly influenced the ZnO grain size distribu-

ion; it narrowed significantly with increasing amounts of Al2O3
n comparison to the Al2O3-free sample.

The threshold voltage, VT, of the samples changed in accor-
ance with the changes in the ZnO grain size – as the grain size,
, decreased, the VT of the sample increased. The VT steadily

ncreased from 223 V/mm for the Al2O3-free sample to about
25 V/mm for the samples with 500 and 700 ppm of Al3+ (0.0835
nd 0.1169 mol% of Al2O3, respectively), and for the sam-
les with 1000 (0.1669), 2000 (0.3332) and 5000 ppm of Al3+

0.8287 mol% Al2O3) it settled at 314 V/mm (Fig. 2b). How-
ver, according to the equation VT = NVGB = (1/D − 1)VGB (N is
he number of grain boundaries per unit thickness of ceramic;

is the grain size in �m; and VGB is the average break-down
oltage of the grain boundaries), the increase of VT is smaller
han would be expected for the observed decrease in the ZnO
rain size, which indicates a decrease in the VGB of the Al2O3-
oped samples. In Fig. 2b, VGB versus the amount of Al3+ is

raphically presented; it shows that even an addition of 50 ppm
f Al3+ (0.0084 mol% Al2O3) resulted in a decrease in the VGB
n comparison to the Al2O3-free sample, and that the reduction
n VGB is most significant for additions of Al3+ in the range from

n
w
a
A

arting composition on the (a) average ZnO grain size D and threshold voltage
; (c) nonlinear coefficient α; and (d) leakage current, IL.

50 to 1000 ppm of Al3+ (from 0.0418 to 0.1669 mol% Al2O3),
hile in the samples doped with larger amounts of Al3+ the value
f VGB settled at 1.2 V.

The influence of the amount of Al3+ on the nonlinear coeffi-
ient α is graphically presented in Fig. 2c. Even an addition of
0 ppm of Al3+ (0.0084 mol% Al2O3) positively influenced the
onlinear coefficient α and raised it from 32 for the Al2O3-free
ample to about 47 for the doped sample. The nonlinear coeffi-
ient α remained at such a level up to the addition of 250 ppm
f Al3+ (0.0418 mol% Al2O3), and then steadily decreased for
he larger additions of Al3+, down to 22 for the sample doped
ith 5000 ppm of Al3+ (0.83 mol% Al2O3). In contrast, dop-

ng with Al2O3 had a negative effect on the break-down voltage
f the grain boundaries, VGB, which decreased with increasing
dditions (Fig. 2b), and the leakage current, IL, which sharply
ncreased with increasing amounts of Al2O3, from 26 �A for
he Al2O3-free sample to about 111 �A for the sample with the
ddition of 1000 ppm of Al3+ (0.1669 mol% Al2O3), while for
arger additions of Al2O3 the IL increased further, albeit more

oderately (Fig. 2d). These results are consistent with the pre-
ious reports in the literature. Gupta and coworker4 and Gupta5

eported a similar effect for Al2O3 doping on the high current

onlinearity of varistors; whileα (0.1 mA–250 A/cm2) increased
ith a low level of doping (∼400 ppm Al), it decreased with the

ddition of 2000 ppm, and very drastically for 20,000 ppm of
l. They also observed a reduction in VGB for samples with
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ig. 3. Histograms of the ZnO grain size distribution of the varistor samples s
.000 ppm Al3+.

he addition up to 500 ppm of Al. Fan and Freer6 reported an
ncrease of α from 38 to 60 by doping varistor samples with
00 ppm of Al. In contrast, Shouxiang et al.9 reported a strong
ecrease of α: from 60 for an un-doped sample, down to 20 in the
aristor samples doped with just 60 ppm of Al. In their samples
hey also observed a gradual rise in the leakage current with the
evel of Al doping. A strong increase in the leakage current in
he varistor samples doped in the range from 500 to 10,000 ppm
f Al was also reported by Houabes et al.10 Such a complex and
mbiguous influence of Al2O3 doping on the nonlinear coef-
cient α can be explained by the influence of Al2O3 on the
lectrical characteristics of the ZnO grains and grain boundaries.
s a donor, Al3+ incorporates into the ZnO grains, increasing

he conductivity (reducing the resistively) of the grains,4–8,10

hich can contribute to the enhanced nonlinear coefficient α

f varistor ceramics. At the same time the donor effect of Al3+

egregated at the grain boundaries increases the concentration
f the charge carriers in the grain boundary region8,9, reduces
he barrier height,6 and decreases the resistance of the grain
oundaries. This has just the opposite effect on the coefficient of
onlinearity and forces it to decrease. As long as the effect of the
ncreased conductivity of the ZnO grains prevails, i.e., the effect
f a reduced grain boundary resistance, Al2O3 doping results in

higher nonlinearity coefficient α while for larger amounts of
l3+ the nonlinearity of the varistor ceramics decays. Reduced

esistivity due to the donor effect of the Al3+ at the grain bound-
ries manifests itself in an increase in the leakage current with

b
b
p
–

d at 1200 ◦C for 2 h: (a) 0 ppm Al3+; (b) 175 ppm Al3+; (c) 700 ppm Al3+; (d)

n increasing level of Al2O3 doping, which can also effect the
ature of the grain boundaries, indicated by a reduced average
reak-down voltage, VGB, for the grain boundaries.

Doping with Al2O3 up to 0.12 mol% (∼700 ppm of Al3+)
esulted in a significant decrease in the ZnO grain size and also
n a narrower ZnO grain size distribution in comparison to the
l2O3-free sample (Figs. 2a and 3). Such an influence on the
nO grain size and hence on the VT of the varistor ceramics –
s was also reported by others4,6 – raises a question about the
ossible mechanism for grain growth inhibition for such small
mounts of Al2O3 in such a complex system of varistor ceram-
cs. The microstructural analysis showed that doping with Al2O3
ad no influence on the phase composition of the samples. In
ll the samples the ZnO phase, the Bi2O3-rich phase and the
n7Sb2O12 spinel-type phase were observed. A typical phase
omposition for the samples is shown in Fig. 4. The inhibition
f the ZnO grain growth in the binary ZnO-Al2O3 system or
he ternary ZnO-Bi2O3-Al2O3 system is usually attributed to
he decreased mobility of the grain boundaries caused by the
inning effect of the ZnAl2O4 spinel phase.12,13 However, no
nAl2O4 spinel-type phase was detected in the varistor samples
nalysed in this investigation, which indicated that Al2O3 has to
nfluence the grain growth in some other way and that its distri-

ution among the phases observed in the microstructure could
e important. Hence, the presence of the Al2O3 in the secondary
hases – the Bi2O3-rich phase and the Zn7Sb2O12 spinel phase
was analysed with EDS. These phases are of micrometer and
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Fig. 4. Backscattered-electron (BE) image from SEM of the microstructure of
the varistor sample doped with 700 ppm Al3+, sintered at 1200 ◦C, showing
typical phase composition of the samples. Z: ZnO(Co,Mn,Ni, Al) phase; B:
B
t
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A

T

i2O3(Zn,Co,Mn,Ni,Cr,Al)-rich phase; S: Zn7Sb2O12(Co,Mn,Ni,Cr,Al) spinel-
ype phase; P: pore.

ub-micrometer size, and due to the large probability of obtain-
ng a signal from the neighboring phases they are not suitable
or the time-demanding WDXS analysis, which has otherwise
uch better analytical accuracy, precision and a lower limit of

etection than EDXS analysis. In the samples the ZnO grains are
everal micrometers in size, so the possibility of obtaining the
ignal from the neighboring phases is much lower in comparison
o the secondary phases. Also, the solid solubility of the Al2O3
n the ZnO is very low and most probably below or just at the
imit of detection for EDXS analysis. Therefore, WDXS anal-
sis was used to determine the composition of the ZnO phase
or selected samples. The EDS analysis showed the presence of
he Al2O3 in the spinel phase of all the samples. The results of
he EDS analysis of the spinel phase are presented in Table 2.
hese results should not be taken to imply that these are exact
ompositions of the spinel phase after sintering; they are pre-

ented in this way only to illustrate the similarity/differences in
he composition of the spinel phase in the samples doped with
arious amounts of Al2O3.

i
i
e

able 2
verage compositions of the spinel phase in the Al-doped samples determined by
n7Sb2O12

l3+ (ppm) Zn (±5%)* Sb (±10%)* Cr (±23%)* Mn (±
5.97 1.63 0.61 0.21

00 5.87 1.58 0.70 0.15
75 6.03 1.56 0.62 0.13
50 5.88 1.60 0.70 0.13
50 5.85 1.61 0.65 0.17
00 5.93 1.55 0.66 0.16
00 5.90 1.60 0.67 0.13
000 5.92 1.57 0.68 0.14
000 5.91 1.55 0.65 0.13
000 5.76 1.54 0.64 0.15

verage ±σ (%) 5.90 (±1.2) 1.58 (±1.9) 0.66 (±4.6) 0.15 (

he amount of Al in the spinel phase increases with larger amount of Al added to the
* Maximum standard deviation (in %) obtained in the analysis of the spinel phase f
ig. 5. Results of the EDXS analysis of Al3+ in the Zn7Sb2O12 spinel phase.

The results showed a very similar composition for the spinel
hase in all the samples (see average composition), and that the
mount of Al2O3 in the spinel phase is larger in samples with
arger amounts of Al3+ added to the starting composition. All
he samples had the same starting composition for the amount of
dded Sb2O3; therefore, it is reasonable to assume that in all the
amples, more or less the same amount of spinel phase is present.
ased on the composition of the spinel phase and the amount of
l in it, a share of all the Al added to the starting composition that

ncorporated into the spinel phase was calculated. This showed
hat while the amount of Al in the spinel phase increases with
ncreasing amounts of added Al, the share of all the Al3+ that
s incorporated into the spinel phase decreases with increasing
mounts of added Al3+. The results are graphically presented in
ig. 5. While in the samples with additions of 100 and 175 ppm
f Al3+ almost the entire added Al is incorporated into the spinel
hase, its share in the spinel phase in samples with the addition
f 500 ppm and more decreased to about 35%. With increasing
s present outside the spinel phase and can distribute elsewhere
n the microstructure of the varistor ceramics; it can incorporate
ither into the ZnO grains or Bi2O3-rich phase, or it can also

the EDXS analyses and normalized to nine cations, according to the formula

20%)* Co (±12%)* Ni (±11%)* Al (±60%)* Al/Sb

0.23 0.35 0.00 –
0.30 0.35 0.02 0.0127
0.30 0.32 0.03 0.0192
0.31 0.33 0.03 0.0188
0.31 0.37 0.04 0.0248
0.29 0.34 0.04 0.0258
0.32 0.33 0.05 0.0313
0.30 0.32 0.07 0.0446
0.29 0.31 0.14 0.0903
0.29 0.33 0.29 0.1883

±16.9) 0.29 (±8.4) 0.34 (±5.3)

starting composition values for Al are in bold.
rom all the samples.
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Table 3
Composition of the ZnO grains in varistor samples doped with 350 and 700 ppm of Al3+, sintered at 1200 ◦C for 2 h, determined by electron-microprobe WDXS
analysis

Al3+ (ppm) Comp. Zn ±σ Co ±σ Mn ±σ Ni ±σ Al ±σ

350 Wt% 79.09 ± 0.06 0.94 ± 0.03 0.09 ± 0.01 0.19 ± 0.02 0.02 ± 0.002
At% 98.25 ± 0.07 1.30 ± 0.04 0.13 ± 0.01 0.26 ± 0.03 0.06 ± 0.006

700 Wt% 79.12 ± 0.06 0.93 ± 0.02 0.07 ± 0.01 0.17 ± 0.02 0.05 ± 0.01
At% 98.29 ± 0.07 1.28 ± 0.03 0.10 ± 0.01 0.24 ± 0.03 0.15 ± 0.03

CDL ≥ Wt% 0.0140 0.0092 0.0112 0.0120 0.0025
σ
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DL: detectability limit by the Ziebold criterion; σP: precision of the analysis e

emain at the grain boundary. The EDS analysis confirmed traces
f Al in the Bi2O3-rich phase for samples with the addition of
00 ppm of Al3+ (0.0835 mol% Al2O3) and more, while in the
nO phase it was not detected. However, it should be noted that

n the phases where Al was not detected, its presence below the
imit of detection of the EDXS analysis, which is in general at
bout 0.1 wt%, could not be excluded.

The compositions of the ZnO phase in the samples doped with
50 and 700 ppm of Al obtained with WDXS analysis are given
n Table 3. The precision of the analysis was estimated using

statistical uncertainty σP (wt%) for a given element, deter-
ined from the triple analysis of each point in the sample doped
ith 700 ppm of Al3+. The compositions of the ZnO grains in
oth samples are similar, within the statistical uncertainty of
he analysis; however, the amount of Al is appropriately higher
n the grains of the sample with the larger additions of Al. In
he sample with the addition of 350 ppm of Al3+ (0.0585 mol%
l2O3) about 57% of all the added Al was incorporated into the
nO grains, while in the sample with the addition of 700 ppm

0.1169 mol% Al2O3) it was about 70%.
The results of the EDXS and the WDXS analyses showed

hat in the Al2O3-doped samples most of the Al was distributed
etween the Zn7Sb2O12-type spinel phase and the ZnO phase,
hile only a smaller share either remained dissolved in the
i2O3-rich phase or possibly segregated at the grain boundaries
f the ZnO. However, this small amount of Al2O3 strongly influ-
nced the current–voltage characteristics of the grain boundaries
nd also the grain growth in the ZnO-based varistor ceram-
cs. Typically, in high-voltage varistor ceramics doped with
b2O3, the inhibition of the ZnO grain growth is attributed to

he Zn7Sb2O12 spinel-type phase.14,15 The samples analysed
n this work are highly doped with Sb2O3 and contain a large
mount of the Zn7Sb2O12 spinel phase; hence, doping with such
ow amounts of Al2O3 and its incorporation into the spinel
hase cannot increase the amount of Zn7Sb2O12 spinel phase
o a degree that would further affect the grain growth. Also,
he microstructural analysis showed no influence of Al2O3 dop-
ng on the morphology (finer grain size) and the distribution of
he spinel phase that could eventually have an impact on the
rain growth. Doping with Al2O3 also did not produce another

econdary phase like the ZnAl2O4 spinel phase, to which the
nhibition of the ZnO grain growth was attributed in the ZnO-
l2O3 and ZnO-Bi2O3-Al2O3 systems.12,13 Sb2O3 also triggers

he formation of inversion boundaries (IBs) in ZnO grains, and

t
t
r
i

0.01 0.01 0.02

ed as statistical uncertainly.

n the Sb2O3-doped varistor ceramics single IBs are present in
ractically every ZnO grain. Our recent results showed that IBs
trongly influence the microstructure development in ZnO-based
eramics.16–18 Carlson and Gupta4 reported for Al2O3-doped
nO-based varistor ceramics that for small Al2O3 additions
nly a single twin boundary (inversion boundaries are often also
alled twin boundaries) appeared, whereas multiple twinning
ppeared in the samples containing 1 wt% Al2O3. However,
n Al2O3-doped ZnO ceramics the formation of IBs was not
bserved, while dopants like In2O3 and Ga2O3 are known to
esult in multiple twins in the grains of ZnO ceramics.19 In the
icrostructures of the Al2O3-doped samples analysed here no
ultiple twinning was observed; actually, only single IBs were

bserved, and they were present in most of the ZnO grains of
ll the samples, regardless of the level of the Al2O3 doping.
f Al2O3 has any influence on the grain growth via inversion
oundaries, from a knowledge of the mechanism of IB-induced
rain growth,16 this would only be possible if the Al2O3 some-
ow enhanced the nucleation of the IBs in the ZnO grains. In
arger numbers in the early stage of sintering the grains with IBs
an grow to a lesser extent at the expense of normal grains before
hey collide with one another, and the final microstructure con-
ains smaller ZnO grains, all with IBs. However, most of the ZnO
rains would contain IBs also in the case of fewer grains with
Bs in the early stage of sintering, when they can grow to larger
izes before they collide. Hence, such an effect of Al2O3 on the
rain growth via inversion boundaries could not be observed
rom the fully developed microstructure of a varistor ceramic.

With regard to the results and the consideration above it is
ost likely that small amounts of Al2O3 at the grain bound-

ries influence the diffusion of the ZnO and, consequently, the
rain growth process. For doped Al2O3 Jorgensen20 explained
he decrease in the grain growth rate by assuming solute segrega-
ion at the grain boundaries, and he substantiated this by a higher

icrohardness in the Al2O3 near grain boundaries than in the
ulk. Watari and Bradt21 studied the grain growth of ZnO doped
ith alkali oxides (Li2O, Na2O, K2O) and they proposed two
rain growth inhibition mechanisms: (1) alkali oxide solute seg-
egation to the ZnO grain boundaries creating a drag mechanism
hat reduces the grain boundary mobility, and (2) a reduction of

he cation vacancy concentration and the occupation of intersti-
ial sites by the alkali cations in the ZnO crystal lattice, which
educes the rate of diffusion of Zn2+. In the case of Al2O3 dop-
ng it should be considered that the Al at the interstitial sites
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cts as an acceptor and would result in a reduction of the leak-
ge current of the Al2O3-doped varistor samples. In contrast, the
ncreased leakage current observed in the Al2O3-doped samples
esults from the donor effect of Al, which is characteristic of the
l3+ incorporated into the regular Zn sites in the crystal lattice
f the ZnO – Al3+ on the regular Zn sites increases the num-
er of cation vacancies. The results are therefore not in favor
f grain growth inhibition, which would result from a reduction
f the Zn2+ mobility due to a reduction of the cation vacancy
oncentration and the occupation of interstitial sites by the Al
ations. Tanahashi et al.11 attributed the retardation of the grain
rowth in ZnO samples and ZnO-Bi2O3 (0.5 mol%) samples
oped with Al2O3 in the range from 0 to 200 ppm (mol) to the
ormation of an aluminum compound thin film in the form of
l2O3 or ZnAl2O4 on the surface of the ZnO grains. Hence,
rain boundaries in the varistor sample doped with 500 ppm
f Al3+ (0.0835 mol% Al2O3) were examined on the transmis-
ion electron microscope (TEM) and analysed by EDXS. This
EM/EDXS analysis showed the presence of Bi at most of the
xamined ZnO-ZnO grain boundaries, often accompanied by
r, and on some of the boundaries traces of Al were also present

ogether with the Bi and Cr. A TEM image of the examined ZnO-
nO grain boundary with the EDX spectra acquired across the
rain boundary region is shown in Fig. 6. In the EDX spectra
f the grain boundary peaks of Zn, Co and Mn are also present
ogether with Bi and Al (the Cu peak is an artifact from the
pecimen holder). The EDXS taken at several points on the ZnO

rain next to the examined grain boundary showed only Zn, Co
nd Mn. This indicated that in the EDXS of the grain boundary
n, Co and Mn originated from the ZnO grain, while only Bi, Cr
nd Al are specific to the grain boundary. It is most likely that

ig. 6. TEM image of a typical grain boundary between two ZnO grains and
DS spectrum recorded across the GB region.
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he detected Al is present in the Bi2O3 phase, as is Cr, although
t cannot be completely ruled out that Al is possibly present as
thin Al2O3 or Zn-Al-O-type layer on the surface of the ZnO
rain. On the basis of the detection of the Al2O3 at the grain
oundaries only in the presence of the Bi2O3-rich phase, and
lso from the known chemistry of varistor ceramics, another
ossible mechanism for the grain growth inhibition of small
mounts of Al2O3 in the Bi2O3-rich liquid phase affecting the
iffusion of ZnO through the Bi2O3-liquid film and hence grain
rowth should be considered. Namely, in ZnO-based varistor
eramics grain growth takes place in the presence of the Bi2O3-
ased liquid phase. In the ZnO-Bi2O3 system Senda and Bradt
eported22 that at lower Bi2O3 levels, below 0.5 mol%, the grain
rowth-controlling mechanism is a solution-precipitation phase-
oundary reaction of the solid ZnO and the Bi2O3-rich liquid
hase. In this case grain growth is enhanced by a thin layer of
i2O3 liquid phase at the grain boundaries of the ZnO. How-
ver, for larger amounts – about 1.0 mol% of Bi2O3 and more –
ay and Bradt reported23 that the grain growth rate-controlling
echanism is diffusion through the liquid phase, and the grain

rowth is hindered by the thickness of the Bi2O3 liquid layer. The
amples studied in this investigation contained about 1 mol% of
i2O3, and at the sintering temperature of 1200 ◦C the layer of
i2O3-rich liquid phase in which the varistor dopants and also
l2O3 are dissolved is likely to be present along the majority of

he grain boundaries. The possible limiting influence of small
mounts of Al2O3 present in the Bi2O3-rich liquid phase on
issolving ZnO and its diffusion through the Bi2O3-rich liquid
ayer would result in hindering of the ZnO grain growth. It is well
nown3 that in varistor ceramics a Bi3Zn2Sb3O14 pyrochlore-
ype phase is formed at temperatures as low as 600 ◦C. In the
ase of compositions with a Sb2O3/Bi2O3 ratio >1 – the sam-
les studied in this investigation had a Sb2O3/Bi2O3 ratio of 1.95
all the Bi2O3 participates in the formation of the pyrochlore

hase, while the Sb2O3 in excess of the Bi2O3 at lower tem-
eratures forms a ZnSb2O6 layer on the surface of the ZnO
rains, which above 800 ◦C re-crystallizes into segregated grains
f the Zn7Sb2O12 spinel phase. It is much more likely that in
uch a complex system of varistor ceramics a small amount
f added Al2O3 enters into these reactions and incorporates
nto pyrochlore- and Zn-Sb-O-type phases, rather than form-
ng its own phase. At temperatures above 900 ◦C the pyrochlore
hase decomposes into the Zn7Sb2O12 spinel-type phase and the
i2O3 liquid phase and the resulting Al2O3 is shared between

hese two phases. So, at the sintering temperature of the varis-
or samples, Al2O3 is present in the Zn7Sb2O7 phase, and the
i2O3-rich liquid layer spreads along the grain boundaries of the
nO. The results of the EDXS and WDXS analyses also con-
rmed that: the spinel phase incorporates an appropriate amount
f Al at temperatures at which the grain growth of ZnO, and
ence the uptake of the Al into the ZnO grains, is still negligi-
le. In the low-doped samples a larger part of the added Al is
ncorporated into the spinel phase, and only the remaining Al can

ncorporate into the ZnO grains during their growth. However,
ith an increasing amount of added Al more of it remains outside

he spinel phase in the Bi2O3-rich liquid and can incorporate into
he growing ZnO grains at the sintering temperature. On cool-
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ng from the sintering temperature the excess Bi2O3-rich liquid
hase pulls away from the ZnO-ZnO grain boundaries to the
riple points, leaving behind only a thin equilibrium Bi2O3 layer,
hich produces the varistor performance of the grain bound-

ries. As part of this process some of the residual Al2O3 from
he Bi2O3-based liquid phase and also other varistor dopants
Cr2O3) can stay in the Bi2O3 layer at the ZnO-ZnO grain bound-
ry or segregate to the grain boundaries. However, at this stage
egregated Al2O3 cannot effect the grain growth any more.

. Conclusions

The influence of Al2O3 doping in the range 0.00–0.83 mol%
0–5000 ppm Al3+) on the microstructure and current–voltage
haracteristics of ZnO-based varistor ceramics sintered at
200 ◦C for 2 h was studied. The threshold voltage VT (V/mm)
ncreased with the amount of Al2O3 doping from 220 V for the
l2O3-free sample to 325 V for the sample doped with about
.08 mol% Al2O3, and settled at 315 V for samples with larger
dditions of Al2O3. The nonlinear coefficient α was significantly
ncreased by the addition of up to 0.04 mol% Al2O3 in com-
arison with the Al2O3-free samples, while larger additions of
l2O3 caused it to decrease. Doping with Al2O3 had a negative

ffect on the average break-down voltage of the grain bound-
ries, VGB, which decreased, as well as on the leakage current,
hich increased sharply with additions of Al2O3.
Doping with Al2O3 strongly influenced the ZnO grain size

f the samples. The average ZnO grain size of 7.5 �m for the
l2O3-free sample decreased to 3.8 �m with additions of Al2O3
p to about 0.12 mol%, while for further additions of Al2O3
he average grain size remained at 3.7 �m. Doping with Al2O3
lso resulted in a greatly narrowed ZnO grain size distribution.
his decrease in the ZnO grain size is mainly responsible for

he significantly increased threshold voltage, VT, of the varistor
amples doped with Al2O3.

Doping with Al2O3 in the range of amounts studied in this
nvestigation had no influence on the phase composition of the
amples. In all the samples the microstructural analysis revealed
he presence of the ZnO phase, the Bi2O3-rich phase and the
n7Sb2O12 spinel phase. No ZnAl2O4 spinel phase, to which

he grain growth inhibition is attributed in the Al2O3-doped
nO or ZnO-Bi2O3 systems according to the literature data, was
etected in any of the samples. The ZnAl2O4 spinel phase can be
ormed in the ZnO-based varistor ceramics only with sufficiently
arge additions of Al2O3, in amounts exceeding the solubility
f aluminum in the Zn7Sb2O12 spinel phase, ZnO phase and
i2O3-rich phase. Namely, the results of the EDXS and WDXS
nalyses showed that most of the Al2O3 added to the varistor
amples distributed between the Zn7Sb2O12 spinel phase and
he ZnO phase, while only trace amounts were detected in the
i2O3-rich phase. The spinel phase incorporates an appropri-
te amount of Al2O3 even at the low temperatures at which the
rain growth of the ZnO, and hence the uptake of Al into the ZnO

rains, is still negligible. The amount of Al incorporated into the
pinel phase increases with increasing amounts of Al2O3 added
o the samples, but at a lower rate. Consequently, in the low-
oped samples a larger part of the added Al2O3 is incorporated
Ceramic Society 27 (2007) 3161–3170 3169

nto the spinel phase and only the remaining share can incor-
orate into the ZnO grains. However, with increasing amounts
f added Al2O3 more of it remains outside the spinel phase in
he Bi2O3-rich liquid and influences the current–voltage char-
cteristics of the varistor samples. Only this aluminum from the
i2O3-rich liquid phase can be incorporated into the growing
nO grains at the sintering temperature. In the sample doped
ith about 0.06 mol% Al2O3 (350 ppm Al3+) the ZnO grains

ontain about 0.02 wt% (0.06 at%) Al, while in the sample doped
ith about 0.12 mol% Al2O3 (700 ppm Al3+) the ZnO grains

ontain 0.05 wt% (0.15 at%) of Al.
It is aluminum dissolved in the Bi2O3-rich phase that

nfluences the current–voltage characteristics of the varistor
eramics; the coefficient of nonlinearity and the leakage current
ue to its donor effect at the grain boundaries and the break-
own voltage by its influence on the grain growth, which results
n a decreased ZnO grain size and a narrowed grain size dis-
ribution. The results indicate that the small amounts of Al2O3
resent in the Bi2O3-rich liquid phase at the sintering tempera-
ure most likely limit the dissolving of the ZnO and its diffusion
hrough the Bi2O3 liquid layer, present along most of the grain
oundaries. This results in hindering of the ZnO grain growth.
n cooling from the sintering temperature the excess Bi2O3-rich

iquid phase pulls away from the ZnO-ZnO grain boundaries to
he triple points, leaving behind only a thin equilibrium Bi2O3
ayer in which traces of the Al2O3, and also the other varistor
opants (Cr2O3), can be present and effect the current–voltage
haracteristics of the varistor ceramics.
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