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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 positaxewloére
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. (1210) and (1 L 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
of textured grains in the microstructure increases. A template growth mechanism is also proposed for texturing zinc oxide varistors by TGG.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction structure of the grain boundary phase and usually estimated
as 2-4V. Since the threshold voltage dictates application
Zinc oxide varistors are electroceramic devices, which area (i.e., voltage rating) of the varistor, varistors for various
are produced by sintering of zinc oxide with small amounts applications can be prepared by controlling final ZnO grain
of metal oxides such as BD3, Sk»O3, CoO, CpO3, MnO size and the threshold voltage of each grain boundary. For
and/or TiQ.13 These devices exhibit highly nonlinear example, Eda et al. produced low-voltage ZnO varistors
current—voltage I&V) characteristics and hence they are with a threshold voltage of 6 V/mm. In that study, large ZnO
utilized as electrical and electronic circuit protectors against grains (¢~500.m) were achieved by controlling grain growth
power and voltage surgés’ Electrical resistance of varistors  via seed grainé.Hennings et al. also utilized seed grains
decreases drastically when voltage is increased over a criticalto achieve a more uniform and controlled microstructure in
threshold voltage. When they are connected in parallel with low-voltage varistor systentsln addition, ShOgz is usually
the equipment to be protected, they divert the transientsutilized to inhibit grain growth in high voltage varistor
and avoid any further over voltage on the equipment. The ceramics® however, it has been recently reported that under
threshold voltageVih, of the varistor is determined By, = some conditions where $03 content is less thax30 ppm,
(Ng —1) Vgn whereNy is the number of ZnO grains in series  exaggerated grain growth can also be observed even in
within a sample and subsequentlyy — 1 is the number  antimony oxide-doped ZnO ceramits.
of grain boundaries between the electrodes, gylis the The varistors exhibit three important regions in th®
threshold voltage of a grain boundary. This grain boundary curve: low current linear region, intermediate current non-
threshold voltage is determined by composition and defect linear region and high current upturn regidrn the first
region, an ohmic (linear)}-V characteristic is observed and
mpon ding author. the resista_m(_:e ofthe ZnO grgin bound_aries determinel_sthe
E-mail addressesesuvaci@anadolu.edu.tr, esuvaci@yahoo.com characteristics. The second intermediate current nonlinear re-
(E. Suvaci). gion is the heart of the current—voltade\) characteristic of
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ZnO varistors, wherein the device conducts an increasingly a fine-grain size, and a dense matrix are critical require-
large amount of current for a small increase in voltage. The ments for TGG32° Templates can be oriented by a variety
degree of nonlinearity (represented by nonlinear coefficient, of techniques, including tape casting, slip casting, centrifu-
a) is determined by the flatness of the nonlinear region, the gal casting, and extrusion. After densification (i.e~91%

flatter thel-V curve (i.e., the greates) in this region, the bet-
ter the device. Although the controlling parameters for this
region only qualitatively understoot;V characteristics are
controlled indirectly by the difference between electrical re-
sistivity of the grain boundary and the ZnO gréifithe 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-

TD), these larger anisotropic grains grow to consume the
matrix grains to yield ceramics with high degrees of crys-
tallographic orientation and textured grait¥sin 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

turn current values are desirable. This region is controlled process.
by the resistance of the ZnO grains. Therefore, dopants such In the last few years, a variety of ceramic sys-
as Al and Ga are utilized to enhance electrical conductiv- tems have been produced by TGG and related routes to
ity of the ZnO grains and to shift the upturn point to higher vyield textured ceramics with interesting properff€s?®
current value$:® This shift usually results in extension of For example oriented @ils ceramics have been shown
nonlinear region and increase dn Consequently, the elec- to yield interesting fracture characteristics and ther-
trical properties of ZnO varistors are directly related to their mal conductivit?628 A variety of ferroelectric ceramics
microstructure and electrical resistivities of ZnO grains and (e.g., (PbMg,3Nb/3)O3—PbTiG;, SKpNbO7, BigTizO12,
grain boundaries. Sro.53Bag47NbOg) have been textured by TGE™33 In

Single crystal of zinc oxide has a wurtzite type hexago- PMN-PT, Bj4TizO12 and Sg 53Ba0.47Nb20g, it was shown
nal structure. In addition, while bond type between Zn and that piezoelectric properties similar to those of single crys-
O atoms exhibits covalent characteristic in thdirection, tals can be obtained. In addition, highly textured alumina and
it is mostly ionic in thea-direction1® Therefore, ZnO sin-  mullite have also been producé#3* Those studies showed
gle crystals exhibit highly anisotropic properties. For exam- that TGG is a versatile technique to produce textured ceram-
ple, the electrical resistivity of the single crystal i22m ics with controlled grain size.
througha-axes whereas it i5-8.2Q2 cm throughc-axes at If polycrystalline ZnO ceramics are textured, they exhibit
room temperaturé&! In thin film applications, this anisotropy  single crystal-like anisotropic properties which may result
has been successfully utilized in the form of textured ZnO in superior properties in certain crystallographic directions.
films to enhance performance of the devié&s? However, Since the TGG approach has been successfully utilized to in-
although bulk ZnO ceramics such as varistors could bene-duce texture and to control final grain size in various ceramic
fit from texturing as stated by Eda etain 1983, there are  systems earlier, it can be applied for ZnO varistors. Conse-
only a few studies on texture development in bulk zinc oxide quently, the research objective of this study was to investigate
ceramicst*1° In one of those studies, Tani and his coworkers processing of textured zinc oxide varistors by TGG process.
showed the improvement of thermoelectric performance of
yttrium-substituted (Zn@)n203 electroceramics by texture
development?

Textured microstructures allow access to ceramics with
anisotropic properties, which are similar to single crystal 2.1. ZnO powder synthesis via homogeneous
values!® Alternatively, characteristics of one orientation can precipitation
be used to benefit such as in the casexgkl,O3 where
the faces parallel to the optical axis are harder than those ZnO templates, used in this study, were synthesized via
perpendicular to it” Earlier attempts to obtain textured ce- homogeneous precipitation method as reported by Sakka
ramics involved orienting whisker, fiber or platelet-shaped et al3®> Aqueous solutions of 0.01M zinc nitrate hex-
particles!®2! Such systems had low densities and required ahydrate (Zn(N@),-6H,0) and hexamethylene tetramine
hot pressing and sinter forging to obtain dense, textured ce-(HMT) were employed for the synthesis. Zn(h)@6H,0
ramics. Recently, a process referred to as Templated Grainwas dissolved in the distilled water and pH was reduced to
Growth (TGG) has been developed to circumvent the densifi- 2.0 by addition of 5wt.% HN@ solution. The solution was
cation problem and to produce textured microstructéfes? heated while it was stirred at600 rpm. HMT was added
TGG can be defined as a technique for developing crys- as the temperature of the solution reachedG0A turbid-
tallographic texture in ceramic bodies via the grain growth ity in the solution, indicating the formation of particles was
of aligned anisometric (i.e., template) particles in a dense observed at 90C by the activation of HMT. Reaction time
and fine grain size matrix. Initial studies of TGG concluded for 1.5 h was applied after the observation of turbidity. Prod-
that thermodynamically stable template particles, the align- ucts were collected by centrifuge of the suspension. The cen-
ment of the template particles (or seeds) during forming, trifuge stage was repeated for five times by renewing the

2. Experimental procedure
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distilled water to remove impurity ions. Then the particles ature, the furnace was shut down and cooled to room temper-
were dried in a drying oven at 9C. Morphological and ature. Samples were sintered at 900, 1000, 1100 and°1200
chemical characterization of ZnO particles were performed for 2 h with a heating rate of 8C/min.
by scanning electron microscope and x-ray diffractometer,
respectively. 2.3. Characterization
2.2. Slurry preparation and tape casting Density measurements of sintered samples were done by
) . . . . Archimedes’ method. Orientation of templates in green sam-
In this Ostud_y, 97% an), 1% BOg, 0.5% C@O4, 0.5% ples and texture development in sintered samples were char-
SnQ, 0.5% TG, and 0.5% MnQ (each in moles) varistor 4 ¢terized both by x-ray diffractometer and scanning electron

composition was used. Reagent grades of the mentioned 0Xyyicroscope analysis. XRD analysis were performed with Cu

ides were utilized as starting materials. Template containing Koy radiation between 30and 70.
slurries were prepared by removing commercial ZnO pow- gy re fraction of the sintered samples was determined

ders in an equal amount to the template content from the | gtgering factor which is a x-ray-based semi-quantitative

initial composition. _ _ _ characterization methotf.Lotgering factor is calculated by
In this study, four different tape casting slurries were 4 following equation

prepared; template free and 5, 10 and 15wt.% template

containing slurries. Those slurries were called as R, 5T, f= P — Dpo )
10T and 15T, respectively. Metal oxide powders in the 1-po

varistor composition were ball milled in agueous me- _ ) )

dia with yttrium stabilized zirconia (YTZ) balls for 24h.  Wheref is a measure of degree of orientatignandpo are
The amount of the dispersant—25wt.% ammonium poly- the ratios of between sum of the intensities of the (001) re-

methacrylate solution (Darvan-C, R.T. Vanderbilt Company, fléctions and the sum of the intensities of allk() reflec-
Inc.)—in the slurry was 1.45vol.%. After the milling stage, tONS (which occur in a certain range of theta values) for the

plasticizer—polyethyleneglycol (PEG 3000)—was added to oriented _and non-oriented samples, respectively. Lotgering
the slurry in the concentration of 6vol.% (in solid base). It factor.f, is measured as 0 and 1 for random and perfectly
was added as received powder due to its high solubility in textured samples, respeptlvely. Texture fract|oln of_orlented
water at room temperature. Then, the slurry was stirred for SMples were characterized both framand c-directions.
20 min more to achieve complete dissolution of the PEG. AlS0 SEM analyses of thermally etched samples were per-
Afterward, binder—an aqueous solution of polyvinylalcohol formed from ¢ and a directions.
(PVA) in 12.5wt.% concentration—was added to the slurry.
The concentration of the binder in the slurry was 33 vol.% (in
solid base). After the addition of the binder, the slurry was 3. Results and discussion
ball milled for 12 h more to achieve a homogeneous slurry.
The suspension was sieved through juddisieve to remove  3.1. Template synthesis
air bubbles. Then it was stirred by a magnetic stirrer. While it
was being stirred, the templates were added to the slurry. For ~ Fig. 1shows the XRD pattern of the synthesized ZnO pow-
effective mixing of the templates into the slurry, the slurry der. All peaks shown in the pattern are ZnO peaks, indicating
was stirred for additional 3 h. that the synthesis conditions, used in this study, favored for-
Tape casting was performed by using a tape caster modi_mation of phase pure ZnO. For the template particles, size
fied with a comb blade which is formed by an array of pins and shape are as important as chemical pufty. 2 ex-
apart 0.5 mm from each other. The casting process was carhibits SEM micrograph of the synthesized ZnO particles. The
ried out by 40Qum blade height and 40 cm/s casting speed particles exhibit rod-like morphology. They are elongated in
on a glass substrate. Tapes were dried at room temperaturéhe c-direction as predicted by changes in peak intensity ra-
in a closed chamber to prevent any contamination from en- tios in the XRD pattern. They are7 pm long and~1 pm
vironment. After the drying, tape thickness wag50pm. thick (i.e., aspect ratio of the particles+s7). These results
The tapes were cut into pieces and laminated (10-20 lay-are in consistent with Sakka et al. who reported that size
ers) under 25 MPa pressuresa80°C. Laminated samples  0f ZnO particles, synthesized by homogeneous precipitation
were cutinto 3mnk 1.5mm rectangu|ar pieces_ A notation from a solution Containing 0.01 M zinc nitrate and 0.01 M
used for the samples i§Ty-c/a, wherex, y andc/a refer to HMT, was~7 um.3* Size and shape of the template particles
the template content, sintering temperature and direction ofare extremely important for controlling initial template align-
the sample with respect to the casting directiazi (éfersto ~ ment and subsequently final grain size and texture quility.
parallel and 4" refers to perpendicular directions to the tape Although higher the aspect ratio results in better alignment
casting direction), respectively. control during forming processes, presence of too large parti-
Laminated samples were heated a€Imin to 700°C for cles in the matrix of smaller ones may degrade some varistor
binder removal. After 30 min dwell time at the peak temper- properties’3
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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 growt?> When the template size is compared to
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Fig. 1. XRD pattern of ZnO particles synthesized from 0.01 M zinc nitrate L B I B B B B e AR,
hexahydrate and 0.01 M HMT. 3 — b
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3.2. Tape casting and template alignment . .
= ]
Tape casting slurry was prepared by milling of commer- Ty = 7
cial fine ZnO particles{2pm) and other metal oxides. Af- 2 IS .
ter 24 h milling, the average particle size of the mixture re- & [ T ]
. .. . L
duced to 0.um. Since driving force for template growthis £ r T
surface energy difference between template and matrix par— [ | & @ 15 ]
ticles, the greater the size difference results in the greater =] & = :’,_;
driving force for template growth®2% In addition, Suvaci I = =l

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 @ 0) peak to intensity of the (1D1) 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-

Fig. 2. SEM micrograph of ZnO particles synthesized from 0.01M zinc tive intensity for the (1 20) peak (i.e., the other prismatic
nitrate hexahydrate aqueous solution. plane) is observed in the XRD pattern of 10T sample. Since
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Fig. 4. SEM micrograph of 5T sample before firing.

the XRD patterns were obtained from top of the tapesandrel-  All samples exhibit relative densities >91% TD in alll
ative intensities of (1@ 0) and (1 12 0) peaks are higher in  sintering conditions. Initial TGG studies showed that only
the template containing system than that of the template freelimited template growth occurs up t691% theoretical
system, it can be concluded that the prismatic planes of thedensity, due to effect of grain connectivity and the presence
templates are aligned in a direction perpendicular to the tapeof porosity?® In addition, the limited template growth below
casting direction. Moreover, SEM micrographs demonstrate the critical density could be attributed to nonuniform wetting
well alignment of templates parallel to the tape casting direc- of anisometric particlé® or pinning of grain boundaries by
tion (i.e.,c-axes of templates are parallel to the tape casting pores as suggested by Burf&Burke postulated that there
direction) as shown ifrig. 4 for the 5T sample. This align- is a limiting density 0f~90% of theoretical for the onset of
ment was achieved by using a modified tape casting by usingabnormal grain growth when pores are the only second phase
an array of pins. Although effect of the pins on template align- inhibiting growth and the average pore diameter is about
ment has not been investigated systematically in this study, one-tenth the size of the graifi$He also reported that when
significant improvement in alignment was achieved by using
an array of pins. Park and Kim showed that torque for align- 100 T
ing whiskers was increased by times by dividing the flow i

Fig. 5 demonstrates the densification behavior of the R, 92
5T, 10T and 15T samples as a function of sintering tempera-
ture. After sintering at 1200C for 2 h the R sample exhibits e
98 + 1% TD, on the other hand other template containing 850 900 950 1000 1050 1100 1150 1200 1250
systems exhibit 96t 1% TD. In all samples, the template
particles do not appear to constrain densification, probably
because stresses do not develop in the presence of theig 5 Relative densities of (A) R, (B) 5T, (C) 10T, (D) 15T samples as a
liquid.38 function of temperature.

intonnarrow ones. Accordingly, in their samples prepared by - A) 1
employing the pins exhibited better whisker alignment that & % R I ]
samples prepared by plain tape casfihgn addition, these : - [(B)
results indicate that the aspect ratio of templates (&), ; 06 | ©) ]
was high enough for achieving template alignment during Z - L(D)
the tape casting. 8 i 1

gy ]
3.3. Sintering and texture development % I |

~ L J

Temperature (°C)
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second phases are present with pores, the onset density fophase enhances the reactivity of the liquid phase toward
abnormal grain growth is higher than90%. The limiting the ZnO matrix. This increase in the reactivity results in

density concept was reported for anisotropic grain growth increases relative velocity of prismatic planes over other
in pure aluming! Horn et al. reported that anisotropic grain  planes of ZnO and hence anisotropic grain growth is ob-

growth of platelike bismuth titanate (BliizO12) was limited
until the matrix density was'90% of theoretica$? Since all

served in TiQ added ZnO systenf®.In addition, Makovec
et al. reported that exaggerated grain growth is triggered by

samples used in this study exhibited relative densities greaterthe formation of B¢Oz-based liquid phase in reaction be-

than~91% TD in all conditions, the requirement of dense

matrix was satisfied with all samples. That is, the experimen-

tween BjTizO;12 and ZnO, and that nucleation and growth
of large anisotropic grains is influenced by presence of in-

tal conditions, chosen for this study, was favoring template version boundaries in ZnO graift3.Furthermore, recent

growth.
Figs. 6A and B shows the microstructures of R and 10T
samples, respectively, after sintering at 12G0for 2 h. In

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-

the microstructure of the R sample there are mostly equiaxedramics doped with StD3 or SnG.”-44 The SEM micrograph

grains within a size range of 5-20n. In addition, some
anisotropically grown grains are observed. Initial studies
on sintering of TiQ-doped ZnO system by Trontelj et al.
showed that presence of dissolved 7i® Bi,Os liquid

Fig. 6. SEM micrographs of (A) R and (B) 10T samples after sintering at
1200°C for 2 h.

ofthe 10T sample exhibits large aligned anisometric particles
(i.e., 30-4Qum x 10—20um) as well as fine{5 pum) 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 tdirection

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
varistor.

Figs. 7A and B shows SEM micrographs of 10T sample
from a-direction (i.e., top view, 10T1100-a) amedirection
(i.e., edge view, 10T1100-c), respectively, after sintering at
1100°C for 2 h. The XRD patterns obtained from these sam-
ples and R1100 sample are showfig. 8. While Fig. 7A ex-
hibits large, anisometric aligned graifég. 7B shows mostly
equiaxed grains. When the XRD patterns ofR1100,10T1100-
¢ and 10T1100-a are closely examined, it is observed that
while intensity of 0 0 0 2)peak increases, the other peak in-
tensities decrease in the 10T1100-c samplg.(8). On the
other hand, in the 10T1100-a system intensities of 0P
and (112 0) peaks increase whereas the other peaks dimin-
ish. These results obtained from the XRD and SEM studies
confirm the development of both morphological and crystal-
lographic texture in templated ZnO varistor ceramics. The
texture achieved in this study can be called as fiber texture
since the texture is controlled only in one particular direction
(i.e., c-direction)16

Although high degree of texture was achieved in this study,
the microstructure homogeneity still needs to be improved for
varistor applications. That is, the microstructure should con-
tain only the same-sized grains. When large grains are present
in much finer matrix of varistor ceramics, they cause chan-
nels of lower resistance and broad distribution of nonlinear
coefficient. In addition, current localization along such chan-
nels of lower resistance results in degradation of varistor.
Therefore, it is critical to understand the effect of process-
ing parameters on microstructure development in templated
ZnO-based varistor systems to achieve a uniform and textured
microstructure.
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(B)
Fig. 7. (A) Top and (B) edge views of 10T sample after sintering at 2000
for 2h.
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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 1208C for 2 h (Fig. 9). The XRD patterns
of 10T-a samples show that as the temperature increases, rela-
tive intensities of (1 @ 0) and (1 22 0) peaks increase. On the
other hand, in the 10T-c samples, relative intensitydf 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 120G were 0.55, 0.62, 0.80 and
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Fig. 8. XRD patterns of R, 10T-a and 10T-c samples after sintering at Fig. 9. XRD patterns of (A) 10T-a and (B) 10T-c samples after sintering at

1100°C for 2 h.

different temperatures for 2 h.
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Fig. 10. SEM micrographs of 15T-a samples after sintering at (AY20¢B) 1000°C, (C) 1100°C and (D) 1200C for 2 h.

0.85, respectively.:ig. 10shows the effect of sintering tem- Anisotropic temp|ate growth is observed in all sam-
perature on microstructure development for 15T-a samples.ples. Although initial template size isyim x 7 pm (i.e.,
These SEM micrographs demonstrate that as the temperatur@-direction dimensionx c-direction dimension) after the
increases, fraction of fine matrix grains decreases and largesintering at 1200C, 2h average size of anisotropic grains
template grains grow in the expense of fine matrix grains. becomes~25um x 9um. That is, prismatic planes grow
Therefore, fraction of textured grains in the microstructure faster than basal planes. It should be noted that, above
increases with increasing sintering temperature. It should be1000°C, the anisotropic template growth is much more
noted that, the template particles can not be distinguishedpronounced. This results in a significant increase in textured
from the matrix grains readily even after sintering at 900 fraction when the temperature changes from 1000 to 1C00
for 2h (Fig. 104). This suggests that even at this temperature as predicted by XRD and SEM. This change in nature of
template particles exhibit certain degree of anisotropic grain grain growth in ZnO-BiOs-TiO, system has also been
growth and their morphology switches from elongatedt(in  previously reported by Makovec and cowork&#é> They
direction) one to an equiaxed one. As showRigs. 10Cand  showed that ZnO grains are covered by a Bi and Ti rich layer
D, further anisotropic growth of templates results in elonga- ahove ~760°C. ZnO and BjiTizO;2 react at~1040°C,

Fion of template grains ia—_direction and hence, morpholog-  resulting in a ZaTiOs-type spinel phase and a#8s liquid

ical texture development in the system. phase. Grain growth is retardedTat ~850°C, while above
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Fig. 11. Schematic illustration of anisotropic template growth in ZnO-based varistor system.
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Fig. 12. SEM micrographs of 15T-c samples after sintering at (A)@EB) 1000°C, (C) 1100°C and (D) 1200C for 2 h.
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1040°C individual grains start to grow with the process of seed grains (via controlling the initial dopant content). At the

exaggerated grain growfts. present, little is known about the effect of inversion bound-
aries on the development of textured microstructure in ZnO-
3.5. Proposed template growth mechanism based ceramics. However, it is essential to understand how

the inversion boundary effect can be utilized in the favor of
Based on the experimental results and discussions, thetexture development in TGG-type processes.
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- 4. Conclusions
allel to the tape casting direction during the forming process
(Fig. 11A). Then, upon heat treatment, prismatic planes of = The present study demonstrates that the TGG approach
the templates grow faster than other planes and this growthhas been successfully applied to fabricate textured and dense
preferentially occurs perpendicular to the tape casting direc-zinc oxide varistors with controlled microstructures. Rod-
tion (Fig. 11B). In the literature, this anisotropic growth of like, anisotropic ZnO particles (templates) were synthesized
ZnO prismatic planes has been explained by three differ- by homogeneous precipitation method from 0.01 M zinc ni-
ent mechanism&*4446 First, when the atomic arrangement trate and hexamethylene tetraamine aqueous solutions. The
in hexagonal ZnO crystals is considered, tB® 0 1) basal templates are aligned during the modified tape casting pro-
planes have atomic populations consisting of either all zinc cess. After the forming:-axes of the templates are oriented in
or oxygen atoms as pointed out by Perkifidf there are a direction parallel to the tape casting direction. Constrained
no defects like screw dislocations perpendicular to the basaldensification by the template particles has not been observed
planes, the growth of these planes is hindered significantly. probably due to the presence of liquid phase during sinter-
Similarly, the (1 12 2) pyramidal planes contain only Zn or ing. The aligned zinc oxide templates grow anisotropically
O atoms; however, their packing density is not as high as thatduring sintering. (1 20) and (10 0) prismatic planes of
of the basal planes. In contrast, the @) and (1 QL 0) pris- the ZnO crystals (templates) grow faster than the other ZnO
matic planes have equal number of zinc and oxygen atomscrystal planes. Since orientation can only be controlled in
and hence they are expected to be the leading growth facetslirection, the growth of the templates results in fiber texture
on ZnO crystals. That is, the prismatic planes are more pref-in zinc oxide varistors. As sintering temperature increases,
erential to grow than the other ZnO crystal planes due to the fraction of textured grains in the microstructure increases.
atomic arrangements in ZnO crystal structure. Second pro-These results show that the TGG is a powerful technique
posed mechanism is based on the grain growth in the pres-o induce texture in zinc oxide-based varistors and it can be
ence of a reactive liquid phase as described earlier. Tronteljapplicable other zinc oxide-based ceramics.
et al. qualitatively described that TiOncreases the reactiv-
ity of the liquid phase toward the ZnO matfix.Therefore,
the growth rate difference between the prismatic planes andAcknowledgements
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posed mechanism for anisotropic grain growth in ZnO-based References
systems is the effect of the inversion boundaries on the growth
of ZnO grains. Makovec et al. reported on exaggerated growth 1. Matsuoka, M., Nonohmic properties of zinc oxide ceramigs:. J.
of ZnO grains that contain Ti-rich inversion boundaries. Inad- _ APP!- Phys. 1971,10(6), 736-746.
" . . . 2. Clarke, D. R., Varistor ceramicd. Am. Ceram. Soc1999, 82(3),
dition, they found that ZnO grains are elongated in the direc- 485-502.
tion parallel to the inversion boundary line and thapZid4 3. Gupta, T. K., Application of zinc oxide varistord. Am. Ceram.
spinel particles are frequently captured in rapidly growing Soc, 1990,73(7), 1817-1840.
ZnO grain54_'3 Moreover, Daneu and coworkers also reported 4. Eda, K., Inada, M. and Matsuoka, M., Grain growth control in ZnO
anisotropic grain growth of ZnO grains doped with small varistors using seed graind. Appl. Phys. 1983,54(2), 1095-1099.
. - . 5. Hennings, D. F. K., Hartung, R. and Reijnen, P.JJ.Am. Ceram.
amounts of Sn@ due to the inversion boundarié$ They Soc, 1990,73(3), 645-648.
also discussed possibility of grain size control in ZnO-based . kim, J., kimura, T. and Yamaguchi, T., Microstructure development
ceramics by controlling the number of inversion boundary in SkyOz-doped ZnO.J. Mater. Sci, 1989,24, 2581-2586.



7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

E. Suvaci,l. Ozgir Ozer / Journal of the European Ceramic Society 25 (2005) 1663-1673

Daneu, N., Recnik, A. and Bernik, S., Grain growth control
in Sh,Os-doped zinc oxide.J. Am. Ceram. Soc.2003, 86(8),
1379-1384.

. Carlson, W. G. and Gupta, T. K., Improved varistor nonlinearity via

donor impurity dopingJ. Appl. Phys.1982,53, 5746-5753.

. Miyoshi, T., Maeda, K., Takahashi, K. and Yamazaki, T., Effects

of dopants on the characterization of ZnO varistors.Alivances

in Ceramics. Grain Boundary Phenomena in Electronic Ceramics
Vol 1, ed. L. M. Levinson and D. Hill. American Ceramic Society,
Columbus, OH, 1981, p. 309.

Zinc Oxide Rediscovere@he New Jersey Zinc Company, New York,
NY, 1957.

Nakamura, Y., Harada, T., Kuribara, H., Kishimoto, A., Motohira and
Yanagida, H., Nonlinear, current-voltage characteristics with nega-
tive resistance observed at ZnO-ZnO single contdctdm. Ceram.
Soc, 1999,82(11), 3069-3074.

Ellmer, K., Diesner, K., Wendt, R. and Fiechter, S., Relations be-
tween texture and electrical parameters of thin polycrystalline zinc
oxide films. Solid State Phenom1996,51/52 541-546.

Chen, J. J., Gao, Y., Zeng, F., Li, D. M. and Pan, F., Effect of sput-
tering oxygen partial pressures on structure and physical properties
of high resistivity ZnO films.Appl. Surf. Scj.2004,223 318-329.
Isobe, S., Tani, T., Masuda, Y., Seo, W. S. and Koumoto, K., Thermo-
electric performance of yttrium-substituted (Zr@®)O3 improved
through ceramic texturinglpn. J. Appl. Phys.2002,41, 731-732.
Suzuki, S. and Sakka, Y., Control of texture in electroceramics by
slip-casting in a high magnetic fiel&key Eng. Mater. 2003, 248
191-194.

Messing, G. L.Textured Ceramics. Encyclopedia of Materials: Sci-
ence and Technolog¥lsevier Science, Ltd., 2001.

Gitzen, W. H.,Alumina as a Ceramic MaterialThe American Ce-
ramic Society, Ohio, 1971 (p. 60).

Kimura, T., Yashimoto, T., lida, N., Fujita, Y. and Yamaguchi, T.,
Mechanisms of grain orientation during hot-pressing of bismuth ti-
tanate.J. Am. Ceram. Soc1989,72, 85-89.

Takenaka, T. and Sakata, K., Grain orientation and electrical prop-
erties of hot-forged BiTizO1, ceramics.Jpn. J. Appl. Phys.1980,

19, 31-39.

Ma, Y. and Bowman, K. J., Texture in hot-pressed or forged alumina.
J. Am. Ceram. Soc1991,74(11), 2941-2944.

Watanabe, H., Kimura, T. and Yamaguchi, T., Sintering of platelike
bismuth titanate powder compacts with preferred orientatiom.
Ceram. S06.1991,74(1), 139-147.

Seabaugh, M. M., Kerscht, I. H. and Messing, G. L., Texture de-
velopment by Templated Grain Growth in liquid phase sintexed
alumina.J. Am. Ceram. Soc1997,80(5), 1181-1188.

Seabaugh, M. M., Hong, S. H. and Messing, G. L., Processing of tex-
tured ceramics by Templated Grain Growth.Geramic Microstruc-
ture: Control at the Atomic Levekd. E. P. Tomsia and A. Glaeser.
Plenum, New York, 1998, pp. 303-310.

Messing, G. L., Seabaugh, M. M. and Hong, S. H., Tailoring mi-
crostructure development via Templated Grain GrowthChramic
Processing Sciengeed. G. L. Messing, F. F. Lange and S. Hirano.
American Ceramic Society, Westerville, OH, 1998, pp. 497-502.
Suvaci, E. and Messing, G. L., Critical factors in the Templated
Grain Growth of textured reaction-bonded alumida.Am. Ceram.
Soc, 2000, 83(8), 2041-2048.

Hirao, K., Nagaoka, T., Brito, M. E. and Kanzaki, S., Microstructure
control of silicon nitride by seeding with rod-likg-SizsN4 particles.

J. Am. Ceram. Soc1994,77(7), 1857-1862.

Hirao, K., Ohashi, M., Brito, M. E. and Kanzaki, S., Processing
strategy for producing high anisotropic silicon nitride Am. Ceram.
Soc, 1995,78(6), 1687-1690.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

44,

45,

46.

47.

1673

Hirao, K., Watari, K., Brito, M. E., Toriyama, M. and Kan-
zaki, S., High thermal conductivity in silicon nitride with
anisotropic microstructurel. Am. Ceram. Soc1996,79(9), 2485—
2488.

Sacks, M. D., Scheiffele, G. W. and Staab, G. A., Fabrication of
textured silicon carbide via seeded anisotropic grain grodthim.
Ceram. S06.1996,79%6), 1611-1616.

Sabolsky, E. M., James, A. R., Kwon, S., Trolier-McKinstry, S.
and Messing, G. L., Piezoelectric Properties @f 0 1) tex-
tured Pb(Mg,3Nby/3)03—PbTiQ; ceramics Appl. Phys. Letf.2001,
78(17), 2551-2553.

Brahmaroutu, B., Messing, G. L., Trolier-McKinstry, S. and Selvaraj,
U., Templated Grain Growth of textured,8th,05. In ISAF'96 Pro-
ceedings of the Tenth IEE International Symposium on Applications
of Ferroelectrics, Vol 1] ed. B. M. Kulwicki, A. Amin and A. Safari.
IEE, Piscataway, NJ, 1996.

Horn, J. A, Zhang, S. C., Selvaraj, U., Messing, G. L. and Trolier-
McKinstry, S., Templated Grain Growth of textured bismuth titanate.
J. Am. Ceram. Soc1999,82(4), 921-926.

Duran, C., Trolier-McKinstry, S. and Messing, G. L., Fabrication
and electrical properties of textured Sr0.53Ba0.47Nb206 ceram-
ics by Templated Grain Growthl. Am. Ceram. Soc2000, 83(9),
2203-2213.

Hong, S. H. and Messing, G. L., Development of textured mullite
by Templated Grain Growthl. Am. Ceram. Soc1999,82(4), 867—
872.

Sakka, Y., Halada, K. and Ozawa, E., Synthesis of ZnO par-
ticles by the homogeneous precipitation method. @gramic
Transactions—Ceramic Powder Science Il, VolThe American Ce-
ramic Society Inc., 1988.

Lotgering, F. K., Topotactical reactions with ferrimagnetic oxides
having hexagonal crystal structures—3l.Inorg. Nucl. Chem.1959,
9(2), 113-123.

Park, D.-S. and Kim, C.-W., A modification of tape casting for
aligning the whiskersJ. Mater. Sci. 1999, 34, 5827-5832.

Suvaci, E., Seabaugh, M. M. and Messing, G. L., Reaction-based
processing of textured alumina by Templated Grain GrowttEur.
Ceram. S06.1999,19, 2465-2474.

Simpson, Y. K. and Carter, C. B., Faceting behavior of alumina in
the presence of a glass.Am. Ceram. Soc1990,73(8), 2391-2398.
Burke, J. E., Role of grain boundaries in sinteridlgAm. Ceram.
Soc, 1957,40(3), 80-85.

Harmer, M. P., Bennison, S. J. and Narayan, C.Ativances in
Materials Characterizationed. D. R. Rossington, R. A. Condrate
and R. L. Snyder. Plenum Press, New York, 1983.

Trontelj, M., Kolar, D. and Karsevec, V., Influence of additives
on varistor microstructure. IrAdvances in Ceramics, Vol 7, Ad-
ditives and Interfaces in Electronic Ceramjosd. M. F. Yan and

A. H. Heuer. American Ceramic Society, Columbus, OH, 1983, pp.
107-116.

. Makovec, D., Kolar, D. and Trontelj, M., Sintering and microstruc-

ture development of metal oxide varistor ceramMster. Res. Bull.
1993,28(8), 803-811.

Daneu, N., Recnik, A., Bernik, S. and Kolar, D., Microstructural
development in Sn@doped ZnO-BiOz ceramics.J. Am. Ceram.
Soc, 2000,83(12), 3165-3171.

Makovec, D. and Trontelj, M., Formation reactions of low-voltage
varistor ceramicsMater. Sci. Monogr. 1991,66-¢ 2137-2147.

Sung, G. Y. and Kim, C. H., Anisotropic grain growth of ZnO grain
in the varistor system ZnO-BD3—MnO-TiG,. Adv. Ceram. Mater.
1988, 3(6), 604—606.

Perkins, J., Morphology of ZnO microcrystals. Cryst. Growth
1977,40, 152-156.



	Processing of textured zinc oxide varistors via templated grain growth
	Introduction
	Experimental procedure
	ZnO powder synthesis via homogeneous precipitation
	Slurry preparation and tape casting
	Characterization

	Results and discussion
	Template synthesis
	Tape casting and template alignment
	Sintering and texture development
	Effect of sintering temperature on texture development
	Proposed template growth mechanism

	Conclusions
	Acknowledgements
	References


