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Processing of textured zinc oxide varistors via templated grain growth
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Abstract

Textured, dense zinc oxide varistors were successfully fabricated by Templated Grain Growth (TGG) technique. Rod-like, anisotropic ZnO
particles (templates) were synthesized by homogeneous precipitation method. The templates are aligned in such a position wherec-axes of
the templates are parallel to the tape casting direction during the modified tape casting process. Since zinc oxide varistors are liquid phase
sintered, addition of the templates to initial powder mixture does not result in constrained densification. The aligned zinc oxide templates
grow anisotropically during sintering. (1 1̄2 0) and (1 0̄1 0) prismatic planes of the ZnO crystals (templates) grow faster than the other ZnO
crystal planes. The growth of the templates results in texture development in zinc oxide varistors. As sintering temperature increases, fraction
o s by TGG.
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f textured grains in the microstructure increases. A template growth mechanism is also proposed for texturing zinc oxide varistor
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Zinc oxide varistors are electroceramic devices, which
re produced by sintering of zinc oxide with small amounts
f metal oxides such as Bi2O3, Sb2O3, CoO, Cr2O3, MnO
nd/or TiO2.1–3 These devices exhibit highly nonlinear
urrent–voltage (I–V) characteristics and hence they are
tilized as electrical and electronic circuit protectors against
ower and voltage surges.2,3 Electrical resistance of varistors
ecreases drastically when voltage is increased over a critical

hreshold voltage. When they are connected in parallel with
he equipment to be protected, they divert the transients
nd avoid any further over voltage on the equipment. The

hreshold voltage,Vth, of the varistor is determined byVth =
Ng −1)Vgb whereNg is the number of ZnO grains in series
ithin a sample and subsequently,Ng − 1 is the number
f grain boundaries between the electrodes, andVgb is the

hreshold voltage of a grain boundary. This grain boundary
hreshold voltage is determined by composition and defect

∗

structure of the grain boundary phase and usually estim
as 2–4 V. Since the threshold voltage dictates applic
area (i.e., voltage rating) of the varistor, varistors for var
applications can be prepared by controlling final ZnO g
size and the threshold voltage of each grain boundary
example, Eda et al. produced low-voltage ZnO varis
with a threshold voltage of 6 V/mm. In that study, large Z
grains (∼500�m) were achieved by controlling grain grow
via seed grains.4 Hennings et al. also utilized seed gra
to achieve a more uniform and controlled microstructur
low-voltage varistor systems.5 In addition, Sb2O3 is usually
utilized to inhibit grain growth in high voltage varist
ceramics;6 however, it has been recently reported that u
some conditions where Sb2O3 content is less than∼30 ppm
exaggerated grain growth can also be observed ev
antimony oxide-doped ZnO ceramics.7

The varistors exhibit three important regions in theI–V
curve: low current linear region, intermediate current n
linear region and high current upturn region.3 In the first
region, an ohmic (linear)I–V characteristic is observed a
the resistance of the ZnO grain boundaries determines thI–V
Corresponding author.
E-mail addresses:esuvaci@anadolu.edu.tr, esuvaci@yahoo.com
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characteristics. The second intermediate current nonlinear re-
gion is the heart of the current–voltage (I–V) characteristic of

955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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ZnO varistors, wherein the device conducts an increasingly
large amount of current for a small increase in voltage. The
degree of nonlinearity (represented by nonlinear coefficient,
α) is determined by the flatness of the nonlinear region, the
flatter theI–Vcurve (i.e., the greaterα) in this region, the bet-
ter the device. Although the controlling parameters for this
region only qualitatively understood,I–V characteristics are
controlled indirectly by the difference between electrical re-
sistivity of the grain boundary and the ZnO grain.3 The high
current upturn region shows the limiting condition for protec-
tion from high current surges. Accordingly, for applications
involving high magnitudes of current, varistors with high up-
turn current values are desirable. This region is controlled
by the resistance of the ZnO grains. Therefore, dopants such
as Al and Ga are utilized to enhance electrical conductiv-
ity of the ZnO grains and to shift the upturn point to higher
current values.8,9 This shift usually results in extension of
nonlinear region and increase inα. Consequently, the elec-
trical properties of ZnO varistors are directly related to their
microstructure and electrical resistivities of ZnO grains and
grain boundaries.

Single crystal of zinc oxide has a wurtzite type hexago-
nal structure. In addition, while bond type between Zn and
O atoms exhibits covalent characteristic in thec-direction,
it is mostly ionic in thea-direction.10 Therefore, ZnO sin-
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a fine-grain size, and a dense matrix are critical require-
ments for TGG.23–25 Templates can be oriented by a variety
of techniques, including tape casting, slip casting, centrifu-
gal casting, and extrusion. After densification (i.e., >∼91%
TD), these larger anisotropic grains grow to consume the
matrix grains to yield ceramics with high degrees of crys-
tallographic orientation and textured grains.16 In addition,
template loading determines the inter-template spacing and
subsequently, the degree of template growth. The spacing
distance can be predicted from the initial template concen-
tration and template dimensions. That is, final grain size can
be controlled readily by controlling these parameters in TGG
process.

In the last few years, a variety of ceramic sys-
tems have been produced by TGG and related routes to
yield textured ceramics with interesting properties.26–29

For example oriented Si3N4 ceramics have been shown
to yield interesting fracture characteristics and ther-
mal conductivity.26–28 A variety of ferroelectric ceramics
(e.g., (PbMg1/3Nb2/3)O3–PbTiO3, Sr2Nb2O7, Bi4Ti3O12,
Sr0.53Ba0.47Nb2O6) have been textured by TGG.30–33 In
PMN–PT, Bi4Ti3O12 and Sr0.53Ba0.47Nb2O6, it was shown
that piezoelectric properties similar to those of single crys-
tals can be obtained. In addition, highly textured alumina and
mullite have also been produced.22,34 Those studies showed
t ram-
i

ibit
s sult
i ons.
S to in-
d mic
s nse-
q igate
p ess.

2

2
p

d via
h akka
e x-
a ine
(
w d to
2 s
h d
a
i as
o e
f rod-
u cen-
t the
le crystals exhibit highly anisotropic properties. For ex
le, the electrical resistivity of the single crystal is 3� cm

hrougha-axes whereas it is∼8.2� cm throughc-axes a
oom temperature.11 In thin film applications, this anisotrop
as been successfully utilized in the form of textured Z
lms to enhance performance of the devices.12,13 However
lthough bulk ZnO ceramics such as varistors could b
t from texturing as stated by Eda et al.4 in 1983, there ar
nly a few studies on texture development in bulk zinc o
eramics.14,15 In one of those studies, Tani and his cowork
howed the improvement of thermoelectric performanc
ttrium-substituted (ZnO)5In2O3 electroceramics by textu
evelopment.14

Textured microstructures allow access to ceramics
nisotropic properties, which are similar to single cry
alues.16 Alternatively, characteristics of one orientation
e used to benefit such as in the case of�-Al2O3 where

he faces parallel to the optical axis are harder than t
erpendicular to it.17 Earlier attempts to obtain textured c
amics involved orienting whisker, fiber or platelet-sha
articles.18–21 Such systems had low densities and requ
ot pressing and sinter forging to obtain dense, texture
amics. Recently, a process referred to as Templated
rowth (TGG) has been developed to circumvent the de
ation problem and to produce textured microstructures.22–24

GG can be defined as a technique for developing
allographic texture in ceramic bodies via the grain gro
f aligned anisometric (i.e., template) particles in a de
nd fine grain size matrix. Initial studies of TGG conclu

hat thermodynamically stable template particles, the a
ent of the template particles (or seeds) during form
hat TGG is a versatile technique to produce textured ce
cs with controlled grain size.

If polycrystalline ZnO ceramics are textured, they exh
ingle crystal-like anisotropic properties which may re
n superior properties in certain crystallographic directi
ince the TGG approach has been successfully utilized
uce texture and to control final grain size in various cera
ystems earlier, it can be applied for ZnO varistors. Co
uently, the research objective of this study was to invest
rocessing of textured zinc oxide varistors by TGG proc

. Experimental procedure

.1. ZnO powder synthesis via homogeneous
recipitation

ZnO templates, used in this study, were synthesize
omogeneous precipitation method as reported by S
t al.35 Aqueous solutions of 0.01 M zinc nitrate he
hydrate (Zn(NO3)2·6H2O) and hexamethylene tetram
HMT) were employed for the synthesis. Zn(NO3)2·6H2O
as dissolved in the distilled water and pH was reduce
.0 by addition of 5 wt.% HNO3 solution. The solution wa
eated while it was stirred at≈600 rpm. HMT was adde
s the temperature of the solution reached 70◦C. A turbid-

ty in the solution, indicating the formation of particles w
bserved at 90◦C by the activation of HMT. Reaction tim

or 1.5 h was applied after the observation of turbidity. P
cts were collected by centrifuge of the suspension. The

rifuge stage was repeated for five times by renewing
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distilled water to remove impurity ions. Then the particles
were dried in a drying oven at 90◦C. Morphological and
chemical characterization of ZnO particles were performed
by scanning electron microscope and x-ray diffractometer,
respectively.

2.2. Slurry preparation and tape casting

In this study, 97% ZnO, 1% Bi2O3, 0.5% Co3O4, 0.5%
SnO2, 0.5% TiO2 and 0.5% MnO2 (each in moles) varistor
composition was used. Reagent grades of the mentioned ox-
ides were utilized as starting materials. Template containing
slurries were prepared by removing commercial ZnO pow-
ders in an equal amount to the template content from the
initial composition.

In this study, four different tape casting slurries were
prepared; template free and 5, 10 and 15 wt.% template
containing slurries. Those slurries were called as R, 5T,
10T and 15T, respectively. Metal oxide powders in the
varistor composition were ball milled in aqueous me-
dia with yttrium stabilized zirconia (YTZ) balls for 24 h.
The amount of the dispersant—25 wt.% ammonium poly-
methacrylate solution (Darvan-C, R.T. Vanderbilt Company,
Inc.)—in the slurry was 1.45 vol.%. After the milling stage,
plasticizer—polyethyleneglycol (PEG 3000)—was added to
t ). It
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ature, the furnace was shut down and cooled to room temper-
ature. Samples were sintered at 900, 1000, 1100 and 1200◦C
for 2 h with a heating rate of 5◦C/min.

2.3. Characterization

Density measurements of sintered samples were done by
Archimedes’ method. Orientation of templates in green sam-
ples and texture development in sintered samples were char-
acterized both by x-ray diffractometer and scanning electron
microscope analysis. XRD analysis were performed with Cu
K�1 radiation between 30◦ and 70◦.

Texture fraction of the sintered samples was determined
by Lotgering factor which is a x-ray-based semi-quantitative
characterization method.36 Lotgering factor is calculated by
the following equation

f = p − p0

1 − p0
(1)

wheref is a measure of degree of orientation,p andp0 are
the ratios of between sum of the intensities of the (0 0 l) re-
flections and the sum of the intensities of all (h k l) reflec-
tions (which occur in a certain range of theta values) for the
oriented and non-oriented samples, respectively. Lotgering
factor, f, is measured as 0 and 1 for random and perfectly
t nted
s .
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he slurry in the concentration of 6 vol.% (in solid base
as added as received powder due to its high solubili
ater at room temperature. Then, the slurry was stirre
0 min more to achieve complete dissolution of the P
fterward, binder—an aqueous solution of polyvinylalco

PVA) in 12.5 wt.% concentration—was added to the slu
he concentration of the binder in the slurry was 33 vol.%
olid base). After the addition of the binder, the slurry
all milled for 12 h more to achieve a homogeneous sl
he suspension was sieved through 104�m sieve to remov
ir bubbles. Then it was stirred by a magnetic stirrer. Wh
as being stirred, the templates were added to the slurr
ffective mixing of the templates into the slurry, the slu
as stirred for additional 3 h.
Tape casting was performed by using a tape caster m

ed with a comb blade which is formed by an array of p
part 0.5 mm from each other. The casting process wa
ied out by 400�m blade height and 40 cm/s casting sp
n a glass substrate. Tapes were dried at room tempe

n a closed chamber to prevent any contamination from
ironment. After the drying, tape thickness was∼250�m.
he tapes were cut into pieces and laminated (10–20
rs) under 25 MPa pressure at≈80◦C. Laminated sample
ere cut into 3 mm× 1.5 mm rectangular pieces. A notat
sed for the samples isxTy-c/a, wherex, y andc/a refer to

he template content, sintering temperature and directi
he sample with respect to the casting direction (“c” refers to
arallel and “a” refers to perpendicular directions to the ta
asting direction), respectively.

Laminated samples were heated at 1◦C/min to 700◦C for
inder removal. After 30 min dwell time at the peak temp
extured samples, respectively. Texture fraction of orie
amples were characterized both froma- andc-directions
lso SEM analyses of thermally etched samples were

ormed from c and a directions.

. Results and discussion

.1. Template synthesis

Fig. 1shows the XRD pattern of the synthesized ZnO p
er. All peaks shown in the pattern are ZnO peaks, indica

hat the synthesis conditions, used in this study, favored
ation of phase pure ZnO. For the template particles,
nd shape are as important as chemical purity.Fig. 2 ex-
ibits SEM micrograph of the synthesized ZnO particles.
articles exhibit rod-like morphology. They are elongate

hec-direction as predicted by changes in peak intensit
ios in the XRD pattern. They are∼7�m long and∼1�m
hick (i.e., aspect ratio of the particles is∼7). These resul
re in consistent with Sakka et al. who reported that
f ZnO particles, synthesized by homogeneous precipit

rom a solution containing 0.01 M zinc nitrate and 0.01
MT, was∼7�m.35 Size and shape of the template partic
re extremely important for controlling initial template alig
ent and subsequently final grain size and texture qual25

lthough higher the aspect ratio results in better alignm
ontrol during forming processes, presence of too large p
les in the matrix of smaller ones may degrade some va
roperties.2,3
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Fig. 1. XRD pattern of ZnO particles synthesized from 0.01 M zinc nitrate
hexahydrate and 0.01 M HMT.

3.2. Tape casting and template alignment

Tape casting slurry was prepared by milling of commer-
cial fine ZnO particles (∼2�m) and other metal oxides. Af-
ter 24 h milling, the average particle size of the mixture re-
duced to 0.6�m. Since driving force for template growth is
surface energy difference between template and matrix par-
ticles, the greater the size difference results in the greater
driving force for template growth.16,25 In addition, Suvaci
and Messing showed that, in TGG-like processes, the tem-
plate to matrix particle size ratio determines the thermody-
namic driving force and it should be equal to at least 1.5 for
template growth.25 When the template size is compared to
matrix particles after 24 h milling, the ratio becomes∼11
in length direction and∼1.7 in thickness direction. These re-

F zinc
n

Fig. 3. XRD patterns of (A) R and (B) 10T samples before firing.

sults suggest that after 24 h milling of the mixture, the particle
size reduction was adequate to provide thermodynamically
favorable conditions for template growth. Thus, duration of
the milling stage was chosen as 24 h, in this study.

Fig. 3A and B shows the XRD patterns of the R and the
10T samples, respectively, before firing. When the patterns
are closely examined, it is observed that relative intensities
of the peaks are changing from one pattern to another. When
intensity of the (1 0̄1 0) peak to intensity of the (1 0̄1 1) peak
(i.e., the highest intensity peak for random sample) ratio is
calculated for those patterns, it is found that the peak inten-
sity ratios are 0.60 and 0.80 for the R and the 10T samples,
respectively. This result implies that templates are aligned
during the tape casting process. In addition, a higher rela-
tive intensity for the (1 1̄2 0) peak (i.e., the other prismatic
plane) is observed in the XRD pattern of 10T sample. Since
ig. 2. SEM micrograph of ZnO particles synthesized from 0.01 M
itrate hexahydrate aqueous solution.
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Fig. 4. SEM micrograph of 5T sample before firing.

the XRD patterns were obtained from top of the tapes and rel-
ative intensities of (1 0̄1 0) and (1 1̄2 0) peaks are higher in
the template containing system than that of the template free
system, it can be concluded that the prismatic planes of the
templates are aligned in a direction perpendicular to the tape
casting direction. Moreover, SEM micrographs demonstrate
well alignment of templates parallel to the tape casting direc-
tion (i.e.,c-axes of templates are parallel to the tape casting
direction) as shown inFig. 4 for the 5T sample. This align-
ment was achieved by using a modified tape casting by using
an array of pins. Although effect of the pins on template align-
ment has not been investigated systematically in this study,
significant improvement in alignment was achieved by using
an array of pins. Park and Kim showed that torque for align-
ing whiskers was increased byn2 times by dividing the flow
intonnarrow ones. Accordingly, in their samples prepared by
employing the pins exhibited better whisker alignment that
samples prepared by plain tape casting.37 In addition, these
results indicate that the aspect ratio of templates (i.e.,∼7)
was high enough for achieving template alignment during
the tape casting.

3.3. Sintering and texture development

Fig. 5 demonstrates the densification behavior of the R,
5 era-
t ts
9 ing
s te
p ably
b of the
l

All samples exhibit relative densities >91% TD in all
sintering conditions. Initial TGG studies showed that only
limited template growth occurs up to∼91% theoretical
density, due to effect of grain connectivity and the presence
of porosity.25 In addition, the limited template growth below
the critical density could be attributed to nonuniform wetting
of anisometric particles39 or pinning of grain boundaries by
pores as suggested by Burke.40 Burke postulated that there
is a limiting density of∼90% of theoretical for the onset of
abnormal grain growth when pores are the only second phase
inhibiting growth and the average pore diameter is about
one-tenth the size of the grains.40 He also reported that when

F as a
f

T, 10T and 15T samples as a function of sintering temp
ure. After sintering at 1200◦C for 2 h the R sample exhibi
8 ± 1% TD, on the other hand other template contain
ystems exhibit 96± 1% TD. In all samples, the templa
articles do not appear to constrain densification, prob
ecause stresses do not develop in the presence

iquid.38

ig. 5. Relative densities of (A) R, (B) 5T, (C) 10T, (D) 15T samples

unction of temperature.
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second phases are present with pores, the onset density for
abnormal grain growth is higher than∼90%. The limiting
density concept was reported for anisotropic grain growth
in pure alumina.41 Horn et al. reported that anisotropic grain
growth of platelike bismuth titanate (Bi4Ti3O12) was limited
until the matrix density was∼90% of theoretical.32 Since all
samples used in this study exhibited relative densities greater
than∼91% TD in all conditions, the requirement of dense
matrix was satisfied with all samples. That is, the experimen-
tal conditions, chosen for this study, was favoring template
growth.

Figs. 6A and B shows the microstructures of R and 10T
samples, respectively, after sintering at 1200◦C for 2 h. In
the microstructure of the R sample there are mostly equiaxed
grains within a size range of 5–20�m. In addition, some
anisotropically grown grains are observed. Initial studies
on sintering of TiO2-doped ZnO system by Trontelj et al.
showed that presence of dissolved TiO2 in Bi2O3 liquid

F
1

phase enhances the reactivity of the liquid phase toward
the ZnO matrix. This increase in the reactivity results in
increases relative velocity of prismatic planes over other
planes of ZnO and hence anisotropic grain growth is ob-
served in TiO2 added ZnO systems.42 In addition, Makovec
et al. reported that exaggerated grain growth is triggered by
the formation of Bi2O3-based liquid phase in reaction be-
tween Bi4Ti3O12 and ZnO, and that nucleation and growth
of large anisotropic grains is influenced by presence of in-
version boundaries in ZnO grains.43 Furthermore, recent
reports from Daneu and coworkers also conclude that the
inversion boundaries have a profound effect on the grain
growth and microstructure development in ZnO-based ce-
ramics doped with Sb2O3 or SnO2.7,44 The SEM micrograph
of the 10T sample exhibits large aligned anisometric particles
(i.e., 30–40�m× 10–20�m) as well as fine (∼5�m) matrix
grains. In this microstructure large grains are the grown tem-
plate particles. It should be noted that, the template grains
grow faster in prismatic plane direction than thec-direction
and hence in the final microstructure grains appear to be
aligned ina-direction. In addition, the preferred growth of
matrix grains in this direction is observed. These results sug-
gest that the template particles do not only induce texture
but also orient matrix particles in certain growth directions
and thus they regulate the final microstructure of the ZnO
v
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ig. 6. SEM micrographs of (A) R and (B) 10T samples after sintering at
200◦C for 2 h.
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aristor.
Figs. 7A and B shows SEM micrographs of 10T sam

rom a-direction (i.e., top view, 10T1100-a) andc-direction
i.e., edge view, 10T1100-c), respectively, after sinterin
100◦C for 2 h. The XRD patterns obtained from these s
les and R1100 sample are shown inFig. 8. WhileFig. 7A ex-
ibits large, anisometric aligned grains,Fig. 7B shows mostly
quiaxed grains. When the XRD patterns of R1100, 10T1
and 10T1100-a are closely examined, it is observed
hile intensity of (0 0 0 2)peak increases, the other peak

ensities decrease in the 10T1100-c sample (Fig. 8). On the
ther hand, in the 10T1100-a system intensities of (1 01̄ 0)
nd (1 1̄2 0) peaks increase whereas the other peaks d

sh. These results obtained from the XRD and SEM stu
onfirm the development of both morphological and cry
ographic texture in templated ZnO varistor ceramics.
exture achieved in this study can be called as fiber te
ince the texture is controlled only in one particular direc
i.e.,c-direction).16

Although high degree of texture was achieved in this st
he microstructure homogeneity still needs to be improve
aristor applications. That is, the microstructure should
ain only the same-sized grains. When large grains are pr
n much finer matrix of varistor ceramics, they cause c
els of lower resistance and broad distribution of nonli
oefficient. In addition, current localization along such ch
els of lower resistance results in degradation of vari
herefore, it is critical to understand the effect of proc

ng parameters on microstructure development in temp
nO-based varistor systems to achieve a uniform and tex
icrostructure.
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Fig. 7. (A) Top and (B) edge views of 10T sample after sintering at 1100◦C
for 2 h.

Fig. 8. XRD patterns of R, 10T-a and 10T-c samples after sintering at
1100◦C for 2 h.

3.4. Effect of sintering temperature on texture
development

Texture development as a function of sintering temper-
ature was analyzed based on the XRD patterns taken from
10T-a and 10T-c samples, after sintering at various tempera-
tures from 900 to 1200◦C for 2 h (Fig. 9). The XRD patterns
of 10T-a samples show that as the temperature increases, rela-
tive intensities of (1 0̄1 0) and (1 1̄2 0) peaks increase. On the
other hand, in the 10T-c samples, relative intensity of (0 0 0 2)
peak increases with increasing sintering temperature. These
results indicate that when sintering temperature increases,
degree of texture increases in those samples. Similar results
were obtained for 5T and 15T samples. Lotgering factors
calculated from the XRD patterns to quantify these results.
For example, Lotgering factors for the 5T samples, sintered
at 900, 1000, 1100 and 1200◦C were 0.55, 0.62, 0.80 and

F
d

ig. 9. XRD patterns of (A) 10T-a and (B) 10T-c samples after sintering at
ifferent temperatures for 2 h.
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Fig. 10. SEM micrographs of 15T-a samples after sintering a

0.85, respectively.Fig. 10shows the effect of sintering tem-
perature on microstructure development for 15T-a samples.
These SEM micrographs demonstrate that as the temperature
increases, fraction of fine matrix grains decreases and large
template grains grow in the expense of fine matrix grains.
Therefore, fraction of textured grains in the microstructure
increases with increasing sintering temperature. It should be
noted that, the template particles can not be distinguished
from the matrix grains readily even after sintering at 900◦C
for 2 h (Fig. 10A). This suggests that even at this temperature
template particles exhibit certain degree of anisotropic grain
growth and their morphology switches from elongated (inc-
direction) one to an equiaxed one. As shown inFigs. 10C and
D, further anisotropic growth of templates results in elonga-
tion of template grains ina-direction and hence, morpholog-
ical texture development in the system.

m-
p
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s ins
b w
f bove
1 ore
p ured
f 0
a e of
g en
p
s ayer
a
r
p

t (A) 900◦C, (B) 1000◦C, (C) 1100◦C and (D) 1200◦C for 2 h.

Anisotropic template growth is observed in all sa
les. Although initial template size is 1�m × 7�m (i.e.,
-direction dimension× c-direction dimension) after th
intering at 1200◦C, 2 h average size of anisotropic gra
ecomes∼25�m × 9�m. That is, prismatic planes gro

aster than basal planes. It should be noted that, a
000◦C, the anisotropic template growth is much m
ronounced. This results in a significant increase in text

raction when the temperature changes from 1000 to 110◦C
s predicted by XRD and SEM. This change in natur
rain growth in ZnO–Bi2O3–TiO2 system has also be
reviously reported by Makovec and coworkers.43,45 They
howed that ZnO grains are covered by a Bi and Ti rich l
bove∼760◦C. ZnO and Bi4Ti3O12 react at∼1040◦C,
esulting in a Zn2TiO4-type spinel phase and a Bi2O3 liquid
hase. Grain growth is retarded atT< ∼850◦C, while above
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Fig. 11. Schematic illustration of anisotropic template growth in ZnO-based varistor system.

Fig. 12. SEM micrographs of 15T-c samples after sintering at (A) 900◦C, (B) 1000◦C, (C) 1100◦C and (D) 1200◦C for 2 h.
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1040◦C individual grains start to grow with the process of
exaggerated grain growth.43

3.5. Proposed template growth mechanism

Based on the experimental results and discussions, the
texture development in ZnO-based varistor systems by the
TGG approach can be described schematically as shown in
Fig. 11. Initially, anisotropic ZnO templates are oriented par-
allel to the tape casting direction during the forming process
(Fig. 11A). Then, upon heat treatment, prismatic planes of
the templates grow faster than other planes and this growth
preferentially occurs perpendicular to the tape casting direc-
tion (Fig. 11B). In the literature, this anisotropic growth of
ZnO prismatic planes has been explained by three differ-
ent mechanisms:43,44,46 First, when the atomic arrangement
in hexagonal ZnO crystals is considered, the (0 0 0 1)basal
planes have atomic populations consisting of either all zinc
or oxygen atoms as pointed out by Perkins.47 If there are
no defects like screw dislocations perpendicular to the basal
planes, the growth of these planes is hindered significantly.
Similarly, the (1 12̄ 2) pyramidal planes contain only Zn or
O atoms; however, their packing density is not as high as that
of the basal planes. In contrast, the (1 12̄ 0) and (1 0̄1 0) pris-
matic planes have equal number of zinc and oxygen atoms
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seed grains (via controlling the initial dopant content). At the
present, little is known about the effect of inversion bound-
aries on the development of textured microstructure in ZnO-
based ceramics. However, it is essential to understand how
the inversion boundary effect can be utilized in the favor of
texture development in TGG-type processes.

4. Conclusions

The present study demonstrates that the TGG approach
has been successfully applied to fabricate textured and dense
zinc oxide varistors with controlled microstructures. Rod-
like, anisotropic ZnO particles (templates) were synthesized
by homogeneous precipitation method from 0.01 M zinc ni-
trate and hexamethylene tetraamine aqueous solutions. The
templates are aligned during the modified tape casting pro-
cess. After the forming,c-axes of the templates are oriented in
a direction parallel to the tape casting direction. Constrained
densification by the template particles has not been observed
probably due to the presence of liquid phase during sinter-
ing. The aligned zinc oxide templates grow anisotropically
during sintering. (1 1̄2 0) and (1 0̄1 0) prismatic planes of
the ZnO crystals (templates) grow faster than the other ZnO
crystal planes. Since orientation can only be controlled inc-
d ture
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osed mechanism is based on the grain growth in the
nce of a reactive liquid phase as described earlier. Tro
t al. qualitatively described that TiO2 increases the reacti

ty of the liquid phase toward the ZnO matrix.42 Therefore
he growth rate difference between the prismatic planes
he other ZnO planes becomes significant and this resu
nisotropic grain growth of ZnO crystals. The SEM mic
raphs, taken from edges of 15T samples (i.e., 15T-c),
upport the proposed mechanism and show the faster g
f the prismatic planes, and subsequently, enlargement
asal planes (Fig. 12). In addition, abnormal grain growth
bserved in these microstructures. The faster growth o
rismatic planes of the ZnO templates continue until

mpinge each other (Fig. 11C). After impingement, furthe
rowth occurs in thec-direction (Fig. 11D). The third pro
osed mechanism for anisotropic grain growth in ZnO-b
ystems is the effect of the inversion boundaries on the gr
f ZnO grains. Makovec et al. reported on exaggerated gr
f ZnO grains that contain Ti-rich inversion boundaries. In
ition, they found that ZnO grains are elongated in the d

ion parallel to the inversion boundary line and that Zn2TiO4
pinel particles are frequently captured in rapidly grow
nO grains.43 Moreover, Daneu and coworkers also repo
nisotropic grain growth of ZnO grains doped with sm
mounts of SnO2 due to the inversion boundaries.44 They
lso discussed possibility of grain size control in ZnO-ba
eramics by controlling the number of inversion bound
irection, the growth of the templates results in fiber tex
n zinc oxide varistors. As sintering temperature increa
raction of textured grains in the microstructure increa
hese results show that the TGG is a powerful techn
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