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Abstract

Grain growth in ZnO doped with 0.1 to 1.2 mol% Mn was investigated during isothermal sintering from 1100 to 1300�C in air.
Mn doping promotes the grain growth of ZnO during sintering, and this e�ect is enhanced by increasing the Mn doping level. The

grain growth exponent is reduced from 3.4, for undoped ZnO, to 2.4, for ZnO doped with 1.2 mol% Mn, while the apparent acti-
vation energy for grain growth is reduced from 200 kJ/mol, for undoped ZnO, to 100±150 kJ/mol, for Mn-doped ZnO. Electrical
measurements suggest that an excess of Mn probably exists at grain boundaries, either as a very thin second phase or as an amor-

phous ®lm, which could bene®t grain boundary di�usion, therefore promoting the grain growth of ZnO. # 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

ZnO based varistors exhibit highly nonliner current±
voltage characteristics and have been used extensively as
electrical circuit protectors against power and voltage
surges. A typical ZnO based varistor is a very complex
chemical system and contains several dopants, such as
Bi, Mn, Co, Sb, Al, and Cr. The e�ect of Mn doping on
the electrical properties of ZnO varistor has been widely
investigated, and it is generally accepted1ÿ3 that Mn
doping can signi®cantly improve the nonliner current±
voltage characteristics of ZnO varistors by a�ecting the
defect chemistry at the grain boundaries.
The electrical properties of ZnO varistors are directly

dependent on the composition and on microstructural
characteristics, such as grain size, density, morphology
and the distribution of second phases. The e�ect of
some dopants, such as Al2O3,

4ÿ6 Cr2O3,
6 Bi2O3

7

Pr6O11,
8 and CuO,9 on the sintering of ZnO have been

investigated. The e�ect of Mn doping on the sintering of
ZnO is important in order to understand the role of this
element on ZnO varistor processing. In a previous
work,10 we studied the initial stage of sintering of Mn-
doped ZnO under nonisothermal conditions, and con-
cluded that the structure of ZnO grain boundaries was
not a�ected by Mn doping from 0.1 to 1.2 mol% in the
early stage of sintering.

In the present work, the e�ect of Mn doping on the
grain growth of ZnO is investigated. This study was
performed by isothermal sintering of ZnO doped with
Mn in the range of 0.1±1.2 mol% from 1100 to 1300�C
in air.

2. Experimental procedure

Reagent grade ZnO powder (Aldrich, Milwaukee,
WI, USA) of 99.9% purity and a mean particle size of
0.26 mm was used. To dope with Mn, ethanol based
solutions of hydrated manganese nitrate (Mn(NO3)2.

4H2O) were prepared and mixed with ZnO powder in a
planetary mill for 4 h. The amount of manganese ran-
ged from 0.1 to 1.2 mol%. The slurry was dried, and the
obtained powder was calcined at 450�C for 1 h, and
isostatically pressed (200 MPa) as cylindrical pellets.
The temperature of a tube furnace was raised up to a

predetermined value in the range of 1100±1300�C.
Samples were quickly inserted into the center of the
furnace. Appropriate corrections were made for the
equilibration time so that the heat treatment of the
individual samples may be considered isothermal. After
sintering for a predetermined time in the range of 10±
480 min, the samples were quenched to room tempera-
ture in air.
The relative densities of green and ®red specimens

were determined by the Hg-immersion method, using
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5.65 g/cm3 as the theoretical density of ZnO. X-ray dif-
fractometry (XRD, Model Geiger¯ex, Rigaku Co.,
Tokyo, Japan) was used for phase analysis of the sin-
tered specimens. The microstructures of the sintered
specimens were observed by scanning electron micro-
scopy (SEM, Hitachi S-4100), after polishing and ther-
mal etching. The grain size was measured from SEM
photomicrographs using the Quantimet 500+ Image
Analysis System (Leica Cambridge Ltd, UK). The
average grain size was obtained by the Schwartz-Salt-
ykov method.11 Grains 300±1000 were measured for
each specimen to calculate the average grain size. Using
a computer aided system, complex impedance of the
samples was automatically measured with a Solartron
1260 Impedance Gain-Phase Analyser, in the frequency
range of 1 Hz to 1 MHz.

3. Results and discussion

3.1. Density and microstructure

Fig. 1 shows the relative density as a function of the
sintering time for undoped and Mn-doped ZnO sintered
at 1200�C. For all the compositions, the relative den-
sities reach 94±96% after 10 min, and they are almost
constant with further increases in sintering time. There-
fore, the main densi®cation process ®nished after 10 min
sintering at 1200�C, behavior that was also observed in
pure ZnO ceramics by Gupta and Coble.12 No sig-
ni®cant e�ect of Mn doping on the sintered density of
ZnO was observed at this temperature. Fig. 2 presents
the relative density of the sintered ceramic as a function
of sintering temperature for undoped and Mn-doped
ZnO sintered for 2 h. At each sintering temperature, the
relative densities of ZnO doped with 0.1 and 0.3 mol%
Mn are similar to that of undoped ZnO. However, when
the Mn doping level is greater than 0.6 mol%, the rela-

tive density increases with increasing the sintering tem-
perature from 1100 to 1200�C, and then decreases with
further increasing the temperature, and the relative
densities at 1100 and 1300�C are lower than for
undoped ZnO.
Fig. 3 shows the microstructures of undoped and Mn-

doped ZnO sintered at 1200�C for 2 h. Similar micro-
structures were observed for undoped and Mn-doped
ZnO at other sintering temperatures in this study. All
the samples show uniform equiaxed grains and are free
of abnormal grain growth. The grain growth of ZnO is
promoted by Mn doping, but no signi®cant change of
the grain shape is observed. Although regular grain
growth is observed for all the compositions, the grain
size distribution broadens with the increase in Mn con-
tent. This e�ect is also observed in other doped ceramics
systems13,14 as a consequence of some heterogeneity in
the additive distribution in the grain boundaries, which
may result in di�erent grain boundary mobilities due to
the in¯uence of the dopant on the grain boundary
transport.

3.2. Grain growth analysis

Fig. 4 illustrates the e�ect of sintering temperature on
the grain growth of ZnO. The average grain size of each
sample increases with increasing sintering temperature
from 1100 to 1300�C. It is also observed that Mn dop-
ing promotes the grain growth of ZnO at each sintering
temperature. Fig. 5 shows the average grain size as a
function of the sintering time at 1200�C for Mn-doped
ZnO with various Mn content. The relative densities of
all the samples in Fig. 5 are similar between 94 and
96%, as shown in Fig. 1. Hence, the in¯uence of densi-
®cation on the grain growth is neglected. In Fig. 5, it is
observed that, for ZnO doped with 0.1 mol% Mn, the
average grain size is almost the same as for undoped
ZnO, and that ZnO grain growth is promoted by Mn
doping when the Mn content is greater than 0.3 mol%.

Fig. 1. Relative density as a function of sintering time for undoped

and Mn-doped ZnO sintered at 1200�C. Since the errors of these den-
sities are similar, only the error bars for 0.1% Mn are shown.

Fig. 2. Relative density as a function of sintering temperature for

undoped and Mn-doped ZnO sintered for 2 h.
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Fig. 3. Microstructures of undoped and Mn-doped ZnO sintered at 1200�C for 2 h: (a) undoped ZnO; (b) 0.1 mol% Mn; (c) 0.3 mol% Mn; (d)

0.6 mol% Mn; and (e) 1.2 mol% Mn.
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Grain growth kinetics can be described by the phe-
nomenological kinetic grain growth equation:

Gn ÿ Gn
0 � K0 t exp�ÿQ=RT� �1�

where G is the average grain size at the time t, G0 is the
initial grain size which is usually negligibly small, n is
the kinetic grain growth exponent, K0 is a pre-exponen-
tial constant, Q is the apparent activation energy for the
grain growth process, R is the gas constant, and T is the
absolute temperature. According to Eq. (1), under iso-
thermal conditions, the n value can be determined from
the slope of the log(G) versus log(t) plot. The n values
calculated from these plots in Fig. 6 are presented in
Table 1. The grain growth exponent of undoped ZnO is
close to 3, which has been observed for undoped ZnO
by numerous researchers.7,12,15ÿ17 With increasing Mn
doping level, the grain growth exponent is reduced from
3.4 for undoped ZnO to 2.4 for ZnO doped with
1.2 mol% Mn.
Fig. 7 shows the Arrhenius plots of log(Gn/t) versus 1/

T for undoped and Mn-doped ZnO constructed from

the data of Fig. 4. Eq. (1) can be expressed in the form
(G0 being neglected)

log�Gn=t� � log�K0� ÿ 0:434�Q=RT� �2�

the slope of which yields the apparent activation energy
for the grain growth process. The activation energies
obtained from the slopes of these Arrhenius plots in Fig.
7 are presented in Table 1. The activation energy for
undoped ZnO obtained in this study is close to 200 kJ/
mol, in good agreement with the results of numerous
investigations of ZnO grain growth process.7,12,17,18 Mn
doping reduces the activation energy for grain growth
of ZnO from 200 kJ/mol to 100±150 kJ/mol. This
reduction of activation energy for ZnO grain growth in
the presence of Mn also implies that Mn doping pro-
motes the grain growth of ZnO.
The grain growth of several doped ZnO systems have

been previously investigated. A similar reduction in the
apparent activation energy for grain growth of ZnO is
observed in the Bi-doped ZnO system (Q=�150 kJ/
mol)7 in which grain growth is also promoted by the
dopant, whereas the increase of the apparent activation
energy and the retardation of ZnO grain growth are
observed in the Sb-doped ZnO (Q=�600 kJ/mol),19

Fig. 5. Average grain size as a function of sintering time for undoped

and Mn-doped ZnO sintered at 1200�C.

Fig. 4. Average grain size as a function of sintering temperature for

undoped and Mn-doped ZnO sintered for 2 h.

Table 1

Grain growth exponent and apparent activation energy of undoped

and Mn-doped ZnO

Composition Grain growth

exponent

Activation energy

(kJ/mol)

Undoped ZnO 3.4 199

0.1% Mn-doped ZnO 3.4 162

0.3% Mn-doped ZnO 3.1 147

0.6% Mn-doped ZnO 2.5 100

1.2% Mn-doped ZnO 2.4 107

Fig. 6. Plots of log (G) versus log (t) for undoped and Mn-doped ZnO

sintered at 1200�C.
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K-doped ZnO (Q=�560 kJ/mol),20 Na-doped ZnO
(Q=�310 kJ/mol),21 and Al-doped ZnO (Q=�400 kJ/
mol) systems.22 From these observations, it was sug-
gested that the dopants which promote the grain growth
of ZnO form continuous grain boundary phases in ZnO
ceramics. These continuous grain boundary phases
could be liquid phases at sintering temperature, as
observed in Bi-doped ZnO7 and Ba-doped ZnO,23 but
may also be solid-state phases, as suggested for the Pr-
doped ZnO8 and Cu-doped ZnO9 systems. By enhan-
cing the mass di�usion transport at grain boundaries,
these continuous grain boundary phases promote the
grain growth of ZnO. From the results of XRD and
SEM, no obvious second phase was observed for all the
sintered samples in the present work. However, from
complex impedance measurements, it was observed
that, Mn doping induces a grain-boundary semicircle in
the impedance spectra of ZnO doped with 0.3, 0.6 and

1.2 mol% Mn, while the impedance spectra of undoped
ZnO and ZnO doped with 0.1 mol% Mn are devoid of
any grain-boundary semicircle. Fig. 8 shows the impe-
dance spectra with Cole±Cole representation for Mn-
doped ZnO sintered at 1200�C for 8 h. The intercept of
the grain-boundary semicircle with the real axis at the
low-frequency end should be equal to Rgb+Rg, where
Rgb is the grain-boundary resistance and Rg is the grain-
bulk resistance, while the high-frequency end of the
grain-boundary semicircle should intercept the real axis
at Rgi. The resistivities of all the compositions con-
structed from Fig. 8 are presented at Table 2. It can be
observed in Fig. 8 and Table 2 that Mn doping mainly
increases the grain-boundary resistance with keeping the
grain-bulk resistance almost unchanged. This suggests
that excess Mn probably exists in the grain-boundary
region, although no second phase is detected by XRD
or SEM. Mn at the grain-boundary can exist as a very

Fig. 7. Arrhenius plots of log(Gn/t) versus 1/T for undoped and Mn-doped ZnO: (a) undoped ZnO; 0.6 mol% Mn and 1.2 mol% Mn; (b) 0.1 mol%

Mn and 0.3 mol% Mn.

Fig. 8. Cole±Cole representation of the complex impedance, where Z0 is the real part and Z00 is the imaginary one, for Mn-doped ZnO sintered at

1200�C for 8 h.
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thin second phase of the ZnMnO3 type in a nanometer
scale, or as an amorphous Mn-rich ®lm. The presence of
a second phase or amorphous ®lm can bene®t grain
boundary di�usion, thus promoting the grain growth of
ZnO. Further careful microanalysis is necessary to
evaluate the mechanism by which Mn a�ects the grain
growth of ZnO. It is interesting to note that Bi, Ba, Pr,
Cu, and Mn, which promote the grain growth of ZnO,
also make ZnO ceramics show varistor behavior.

4. Conclusion

Isothermal sintering of ZnO doped with Mn from 0.1
to 1.2 mol% was performed in the range of 1100 to
1300�C in air. The e�ect of Mn doping on the grain
growth of ZnO was investigated. All the sintered sam-
ples in this study show uniform equiaxed grains and are
free of abnormal grain growth. Mn doping promotes
ZnO grain growth during sintering, and this promoting
e�ect is enhanced with increasing Mn doping level. The
grain growth exponent and the activation energy of
undoped ZnO obtained in this study were found to be
3.4 and 200 kJ/mol, respectively, in good agreement
with the results of other investigations on ZnO grain
growth process. Mn doping reduces the grain growth
exponent to a value of 2.4, for ZnO doped with
1.2 mol% Mn, and also reduces the activation energy to
100±150 kJ/mol. From complex impedance measure-
ments, it was observed that Mn doping mainly increases
the grain-boundary resistance with keeping the grain-
bulk resistance almost unchanged. This fact suggests
that excess Mn probably exists in the GB region, either
as a very thin second phase or as an amorphous ®lm,
which could bene®t the grain boundary transport for
grain growth.
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Table 2

Relative density, D, average grain size, G, and resistivity, � of undoped
and Mn-doped ZnO sintered at 1200�C for 8 h

Compositions D (%) G (mm) � (
cm)

Undoped ZnO 95 8.9 10

0.1% Mn-doped ZnO 96 9.2 46

0.3% Mn-doped ZnO 96 11.7 228

0.6% Mn-doped ZnO 95 14.2 1050

1.2% Mn-doped ZnO 95 15.0 3128
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