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bstract

rain growth of 2 wt% V2O5/Sb2O3 precursor doped ZnO–V2O5 based ceramics was studied for sintering from 900 to 1050 ◦C. The results are
iscussed and compared with those of the conventional Sb2O3 doped ZnO–V2O5 based ones of the same stoichiometric ratio in terms of the
henomenological grain growth kinetics equation: Gn −  Gn

0 =  K0t  exp(−Q/RT  ). Grain growth exponent and apparent activation energy of the
recursor doped ceramics are found to be 2.44 and about 218 kJ/mol, respectively, much lower than 4.03 and about 365 kJ/mol for the Sb2O3
oped samples. This result and the XRPD examination of the phase transformation within two extra batches of the precursor or the Sb2O3 slightly
ver-doped samples sintered at 550–900 ◦C for 1 h indicate the elimination of Sb2O3 related films contributes mainly to the observed noteworthy
ow temperature sintering (900 ◦C) of the precursor doped ZnO–V2O5 ceramics.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

ZnO–V2O5 (ZnVO) based varistor ceramics are one group
f newly developed ZnO based varistor ceramics, which have
omparable electrical nonlinearity as that of previously devel-
ped ZnO–Bi2O3 (ZnBiO) based or ZnO–Pr6O11 (ZnPrO) based
nes.1 More interestingly, ZnVO based ceramics can be well
intered at 900 ◦C, a temperature much lower than that of
nBiO based ceramics (∼1200 ◦C) or ZnPrO based ceram-

cs (∼1300 ◦C).2 This outstanding feature makes ZnVO based
eramics possible candidates for the fabrication of multi-layered
hip varistor using pure Ag (m.p. 961 ◦C) as inner electrode
nstead of the expensive palladium or platinum metals. The
lectrical properties of ZnO based varistor ceramics are very
ensitive to the microstructure because the varistor breakdown
oltage is in direct proportion to the grain size. Therefore there
ave been numerous studies addressing the grain growth of pure

3 4 5
nO, ZnBiO based ceramics, ZnPrO based ceramics and
nVO based ceramics,6 as it is vital to the comprehension of the
echanism controlling the microstructure development of ZnO
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ased ceramics. It may also enable a researcher or manufacturer
o tailor the microstructure of ZnO based varistor ceramics in a
ore efficient way according to the specific demands of appli-

ation. The grain growth behavior can be profoundly affected
y the dopants. For example, the addition of 1 mol% V2O5
romotes liquid-phase sintering and ZnO grain growth.6 Fur-
her addition of Sb2O3 hinders the grain growth significantly,
levating the sintering temperature as high as 1200 ◦C.7 Our
revious study8 showed antimony doped ZnVO varistor ceram-
cs can also be well sintered at 900 ◦C if the original 0.5 mol%
b2O3 dopant has been substituted by equivalent amount of pre-
ynthesized V2O5/Sb2O3 (V/Sb) precursor, indicating a distinct
intering behavior change compared to that of Sb2O3 doped
nes. Hence, present work further addresses the effects of anti-
ony dopant form change from Sb2O3 to pre-synthesized V/Sb

recursor on the sintering behavior of ZnVO based ceramics in a
uantitative manner by using an activation analysis of the kinetic
rain growth exponent and the apparent activation energy. These
arameters can be determined by the well known phenomeno-
ogical kinetic grain growth equation.
n −  Gn
0 =  K0t  exp

(−Q

RT

)
(1)

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.040
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Table 1
Average grain sizes of as sintered ZVSP and ZVSS samples (unit: �m).

900 ◦C 900 ◦C 900 ◦C 900 ◦C 950 ◦C 1000 ◦C 1050 ◦C
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here G  is the average grain size the as sintered ceramics at
ime t, G0 is the original grain size of ZnO powders, the n  value
s the kinetic grain growth exponent, K0 is the pre-exponential
onstant of the material, Q  is the apparent activation energy, R
s the universal gas constant, and T is the absolute temperature.
n present study, G0 is significantly smaller than G. Therefore,

0 can be neglected, and Eq. (1) simplifies to

n =  K0t exp

(−Q

RT

)
(2)

hich will be used throughout this study.
Present paper also presents the result of an XRPD examina-

ion on the phase transformation within two additional batches of
/Sb precursor or Sb2O3 slightly doped samples during sinter-

ng to help clarify the effect of antimony dopant form change on
he grain growth behavior of ZnO–V2O5 based varistor ceram-
cs.

. Experiment  procedure

Analytical reagents of >99.5% purity were used. V/Sb
recursor used in present study was synthesized by heating a
ixture of Sb2O3 and V2O5 with a molar ratio of 4:1 at 650 ◦C

or 1 h. This procedure is identical to that of our previous study;
he product, as reviewed by X-ray powder diffraction (XRPD)
est, is a mixture of Sb2O4 (JCPDS:80-0231) and SbVO4
JCPDS:88-0278) with a molar ratio of 3:2.8 Two batches of
eramic samples of following composition (in mole ratio): (bal-
nced)ZnO + (0.5%)V2O5 + (0.15%)Mn3O4 + (0.25%)Co2O3 +
0.01%)Bi2O3 + (0.5%)Sb2O3 were prepared by a traditional
xide mixing approach respectively. Reagents were weighted
nd ball milled with zirconia balls and absolute alcohol in a
olypropylene container for 24 h. After drying, the mixture was
ressed into pellets of ∅12 mm ×  1.5 mm under uniaxial pres-
ure of 130 MPa. Then the pellets were sintered at temperatures
f 900, 950, 1000 and 1050 ◦C for 4 h, and at 900 ◦C for 2,

 and 8 h. Heating rate of 5 ◦C/min was used. After sintering,
he furnace was turned off, allowing the sintered pellets to be
ooled down naturally within the furnace. Samples of batch
, using V/Sb precursor as the starting antimony dopant, were
enoted as ZVSP. And those of Sb2O3 doped batch 2 were
eferred as ZVSS. Two additional batches with slightly over
oped V/Sb precursor or Sb2O3 (10 wt%) were also prepared
nd denoted as ZVS′

P and ZVS′
S, respectively to study the effect

f the antimony dopant form change on the phase constituent
volution and grain growth controlling mechanism of ZnVO
eramics. These samples were sintered at 500 and 750 ◦C for

 h and then directly quenched on the surface of a thick copper
late at room temperature to preserve the phase constituents
t above mentioned high temperatures. An additional ZVS′

S
ample was sintered at 900 ◦C for 1 h and then quenched
imilarly to further extend the temperature range of above study
f Sb2O3 doped ZnVO ceramics.
Phases characterization of the precursor, the sintered
eramics and the quenched samples was performed by X-
ay powder diffraction (XRPD) in a X-ray diffractometer
Xpert, Netherlands) using Cu K�1 radiation (λ  = 0.1541 nm).

d
m
e
s

VSP 1.98 2.56 3.11 3.47 3.31 5.43 6.86
VSS 1.50 1.81 2.01 2.15 2.60 4.21 6.17

icrostructures of polished and chemically etched specimens
ere examined by SEM (FEI Quanta 400). Density was decided

rom the weight and dimension of the ceramic body, and then
elative density ρr was calculated with respect to the theoretical
ensity of zinc oxide (5.675 g/cm3). The initial size G0 of ZnO
rains was examined by a X-ray granularity meter (Mastersizer
000) after they had been ball-milled with other dopants for 24 h.
verage grain size G  was calculated by equation

 =  1.56L̄  (3)

here L̄ is the average grain-boundary intercept length of four
andom lines on the SEM photos.9

.  Results  and  discussions

Relative density variation is the most obvious macro indicator
f a sintering process; therefore it has constantly been investi-
ated in studies of the sintering behavior ceramics. The results of
ensity measurements of the as sintered ZVSP and ZVSS ceram-
cs are shown in Fig. 1. As revealed, the density variations over
he studied sintering time or temperatures bears similar trends in
eneral: becoming more densified with the increments of time
r temperature. However, there are obvious differences between
wo batches of samples sintered at 900 ◦C for 2–4 h. The rel-
tive density of ZVSS sample is only 88% at 2 h, then slowly
ncreases to around 94% at 4 h. This result is consistent with
reviously reported low densities of Sb2O3 doped ZnVO7 or
nBiO10 based ceramics sintered at low temperatures. The den-
ities of ZVSP samples, on the other hand, are all beyond 97%
f the theoretical density of pure ZnO. The above results show
hat substituting Sb2O3 with pre-synthesized V/Sb precursor has
rought about an obvious change on the sintering behavior of
he studied ZnVO based ceramics.

.1. Microstructure  observation

Our deduction drawn on the base of density measure-
ents was furthered confirmed by SEM examinations of the
icrostructure of these samples. The results are shown in
igs. 2 and 3. It is evident that ZVSS samples sintered at 900 ◦C
or less than 4 h do bear a porous microstructure; whereas ZVSP
amples all has far more densified microstructure. The average
rain size of ZVSP sample, as summarized in Table 1, are gen-
rally larger than their ZVSS counterparts fabricated under the
ame conditions. However, samples of ZVSS and ZVSP ceramics
o bear one similar microstructural feature: the homogeneity in

icrostructure. The abnormal grain growth, a common phenom-

na of ZnVO based varistor ceramics,11 has been sufficiently
uppressed by antimony related spinel particles, whose pres-
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Fig. 1. Density variations of ZVSP and ZVSS ceramics: (a) with sintering time (sintered at 900 ◦C) and (b)with sintering temperature (soaking time: 4 h).

Fig. 2. SEM photos of ZVSP and ZVSS samples sintered at 900 ◦C for 2–8 h.
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ples sintered at 950, 1000 and 1050 ◦C for 4 h.
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Fig. 3. SEM photos of ZVSP and ZVSS sam

nce were both confirmed by our previous study and the XRPD
esult of the quenched ZVS′

P and ZVS′
S samples, present in the

atter part of this article. This microstructural feature makes the
/Sb precursor doped ZnVO based ceramics more favorable

andidates for the fabrication of multilayered chip varistors with
igh surge energy handling ability, where in the homogeneity in
eramic’s microstructure is a must feature that ensures an uni-
orm distribution of currents over whole ceramic body between
wo electrodes.12

.2.  Activation  analysis  of  kinetic  grain-growth  parameters

In order to reveal the sintering behavior difference between
hese two different batches of ZnVO based ceramics, Eq. (1) was
xpressed in the form of

1 1
[ (

Q
)]
og G  =
n

log t  +
n

log K00.434
RT

(4)

The n value can be determined from the inverse of the slope of
he log(G) versus log(t) plot (Fig. 4) constructed on the base of

F
s

log t / hours

ig. 4. Grain growth of ZVSP and ZVSS ceramics sintered at 900 ◦C for various
intering times.
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XRPD results also confirms the general existence of ZnSb spinel
ig. 5. Arrhenius plots for grain growth of ZVSP and ZVSS ceramics: (a)
og(G2.44 · t−1) versus 104 · T−1/K−1; (b) log(G4.03 · t−1) versus 104 · T−1/K−1.

he isothermal grain growth data listed in Table 1. The obtained
 values for ZVSP and ZVSS ceramics are 2.44 and 4.03, respec-
ively.

Eq. (1) can also be rearranged as

og

(
Gn

t

)
=  log K0

0.434Q

R

(
1

T

)
(5)

The apparent activation energy Q  for the grain growth process
an be calculated from the gradient of the Arrhenius plot of
og(Gn/t) versus (1/T) (Fig. 5).The results for above two batches
f ceramics are 218 and 365 kJ/mol, respectively.

It is well known that small values of grain growth expo-
ent and apparent activation energy are indicative of the faster
oarsening speed of ceramic microstructures. These two kinetic
arameters may also pave the way for our appreciation of
ate controlling mechanism of grain growth. For example,
he grain growth exponent and apparent activation energy of
nO–V2O5 binary system with less than 2 mol% V2O5 are only
1.6 and ∼90 kJ/mol, respectively,6 even smaller than 3 and
224 kJ/mol for pure ZnO ceramic.3 And, it has been pos-

ulated that the rate controlling mechanism has changed from
olid-state diffusion of Zn2+ within the lattice for pure ZnO,3 to
 much faster solution–precipitation liquid phase sintering for
2O5-doped ZnO.6 Further addition of 2 mol% Sb2O3 shows

 dramatic retarding effect on the grain growth of the ceramics

p
T
t

ramic Society 31 (2011) 2331–2337 2335

f ZnO–V2O5 binary system, resulting in an obvious elevation
f sintering temperature from 900 ◦C to as high as 1200 ◦C.7

nfortunately, the authors of above mentioned paper did not per-
orm the activation energy analysis for the ceramic. As a result,
rain growth exponent n and apparent activation energy Q  are
ot available for such Sb2O3 doped ZnO–V2O5 ceramics. How-
ver Senda et al. did carry out an activation energy analysis for
.29–2.38 wt% Sb2O3 doped ZnO and reported large values of 6
nd 600 kJ/mol for the grain growth exponent and apparent acti-
ation energy, indicating the grain growth of Sb2O3 doped ZnO
s much slower than that of pure ZnO or ZnO–V2O5 binary sys-
em. They concluded that the as observed zinc-antimony spinel
articles on the boundary area and Sb2O3 induced twins within
nO grains are responsible for the retarded grain growth of ZnO
rains.13 A transmission electron microscope study of Sb2O3
ver-doped (2–10 mol%) ZnO, on the other hand, proved the
xistence of amorphous Sb2O3 induced non-crystalline films on
he surfaces of ZnO grains at temperatures below 700 ◦C, which
hen crystallize and finally transform into stable Zn7Sb2O12
Zn2.33Sb0.67O4) spinel films within the temperature range of
00–900 ◦C; such films are more likely the main reason respon-
ible for the retarded grain growth observed in Sb2O3 doped
nO.14

In present study, the grain growth exponent and apparent
ctivation energy for ZVSP and ZVSS samples are gener-
lly larger than those of ZnO–V2O5 binary system, but much
maller than those obtained for Sb2O3 doped ZnO ceramics,
ndicating the grain growth controlling mechanisms of stud-
ed ZVSP and ZVSS ceramics should be the combinations
f solution–precipitation liquid phase sintering mechanism for
2O5-doped ZnO and a retarded grain growth mechanism dom-

nated by Sb-rich films and spinel particles for Sb2O3 doped
nO ceramics. However, this deduction is still not enough

o explain the effect of antimony dopant form change on the
rain growth controlling mechanisms between the studied ZnVO
ased ceramics.

To clarify the specific mechanisms controlling the grain
rowth of ZVSP and ZVSS ceramics, ZVS′

P and ZVS′
S sam-

les were sintered at 500 and 750 ◦C for 1 h and then directly
uenched on the surface of a thick copper plate at room tem-
erature. One additional ZVS′

S sample was further sintered at
00 ◦C for 1 h and then quenched by the same method. The phase
onstituents of those samples were determined latterly using a
tandard XRPD technique. The XRPD patterns are present in
ig. 6, and the as identified phase constituents are summarized

n Table 2. As it presents clearly in Table 2, there is clearly no
b2O3 detected in all V/Sb precursor over doped ZVS′

P sam-
les, indicating the absence of Sb2O3 related films and their
indering effect on the grain growth of ZVSP ceramics during
he sintering process. Therefore, the ZnO grains of ZVSP ceram-
cs can grow at a much faster speed compared to that of ZVSS
amples, resulting in smaller grain growth exponent and appar-
nt activation energy values for this batch of samples. Above
hase within samples sintered at temperatures above 700 ◦C.
hus these spinels, generally in forms of particles, may hinder

he grain growth of ZVSS and ZVSP samples.
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Fig. 6. XRPD patterns of quenched ZVS′
P and ZV

Table 2
Phase constituents of V/Sb precursor or Sb2O3 over doped ZnVO based ceramics
over the temperature range of 500–900 ◦C.

Temperature ZVS′
P ZVS′

S

550 ◦C ZnO, Sb2O4, SbVO4,
Zn3(VO4)2

ZnO, Sb2O4, Sb2O3

750 ◦C ZnO, Sb2O4, SbVO4,

Zn3(VO4)2, ZnSb2O6,
Zn2.33Sb0.67O4

ZnO, Sb2O4, ZnSb2O6

900 ◦C – ZnO, ZnSb O ,
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More interestingly, the result of present study also enables
s to compare the general magnitude of the hindering effect
f zinc antimony spinel particles and Sb2O3 related films on
he grain growth of ZnVO based ceramics. As above men-
ioned, the apparent activation energy of ZnO–V2O5 binary
ystem with less than 2 mol% V2O5 is only around 90 kJ/mol.6

sing this activation energy as the comparing basement, all the
pinel particles can only result in an increment of 128 kJ/mol
218 −  90 = 128 kJ/mol) in the activation energy for ZVSP sam-
les. Therefore, the increment in activation energy caused by
he existence of Sb2O3 related films in ZVSS samples could be
ecided as 147 kJ/mol (365 −  228 = 147 kJ/mol). That is, in gen-
ral, Sb2O3 related films are the main reason responsible for the
indering effect of Sb2O3 on ZnVO based ceramics.

. Conclusion

Grain growth of the V2O5/Sb2O3 precursor or the Sb2O3
oped ZnVO based ceramics of the same stoichiometric com-
osition were investigated by means of phenomenological grain
rowth kinetics analysis. The microstructure homogeneity of
he ZnVO ceramics can be generally improved by both anti-
ony dopants. However, the sintering behavior of the studied
nVO based ceramics varies remarkably with the antimony
opant form changes. The V/Sb precursor doped ZnVO ceram-

cs can be well sintered at all studied sintering temperatures
nd sintering times, including at 900 ◦C for 2 h and 4 h. In con-
rast, the Sb2O3 doped ones have to be sintered for a longer
S′
S samples sintered at 550–900 ◦C for 1 h.

ime or at a higher temperature in order to obtain the similar
ensity. The kinetic grain growth exponent n  and the apparent
ctivation energy Q  for the V/Sb precursor doped ZnVO based
eramics were 2.44 and 218 kJ/mol, much lower than 4.03 and
65 kJ/mol of the Sb2O3 doped ones. The grain growth of the
/Sb precursor doped ceramics is mainly dominated by combi-
ational mechanism of liquid phase assisting of ZnVO ceramic
nd spinel particles pinning of ZnO–Sb2O3 ceramic. While in
b2O3 doped samples, the grain growth of ZnO grains is fur-

her retarded by the Sb2O3 related films. This kind of specific
lms, in general, contributes mainly to the poor densification of
b2O3 doped ZnVO based ceramics. The results of present study
resent a way to fabricate Sb2O3 doped ZnVO based ceramics
t low temperature of 900 ◦C, simply by pre-heating V2O5 with
b2O3 to form V/Sb precursor, and then using it as the substitute
or the original Sb2O3.
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