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Abstract

Surfactant modified nano-origin ZnO-Bi,0O5 varistor powder was prepared in presence of cetyltrimethyl ammonium bromide (CTAB)
surfactant through an aqueous reflux reaction at 100 °C. The compacted varistor discs made from the nano-origin powders were subjected to step-
sintering, microwave sintering and solid-state sintering. The influences of CTAB in different sintering methods were analyzed from the
densification characteristics, evolution of sintered microstructures and associated varistor properties (/-V). The conventional solid-state sintering
produced 96% theoretical sintered dense samples at 1100 °C. The step and microwave sintered samples showed 93% and 99% sintered densities,
respectively, with controlled microstructures having grain sizes in the range of 2—6 m at the given conditions. The CTAB advantages were clearly
seen in grain structuring and grain boundary properties, in addition to the enhanced densification and homogenous microstructures for obtaining

high breakdown voltage and non-linearity coefficient.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Development of next generation high-energy ZnO varistors
such as nanostructured multilayered thin/thick film varistor
tapes, flexible ZnO—polymer composite varistors, directionally
grown ZnO nano-grained bulk varistors are being attempted
using the concepts of nanotechnology [1,2]. Industrial manu-
facturing of ‘nano-grained’ varistors, four-fold increase in the
energy handling efficiency, drastic reduction in the physical
dimensions, a single varistor component weight and minimizing
of the solid electronic wastes are a few targets fixed for the future
varistor devices. In fact the concept of ‘nano-varistors’ is widely
agreed because they have more number of active ZnO grains
and grain boundaries which can yield large current carrying
capacity [3,4]. According to Eq. (1), the threshold or breakdown
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voltage [V,] is determined by the average grain size [V,] of the
sintered ZnO.

D x Vg
d

where “D” is the electrode spacing, “d” is the ZnO grain size
and “V,” is the voltage per ZnO grain which is estimated as
~3 V [5]. This then implies that tailoring the device breakdown
voltage, V,,, is a matter of having an appropriate number of ZnO
grains, precisely, varistor equivalent circuits, in series between
the electrodes. This condition is easily satisfied by nano-
grained varistor microstructures.

Preparation of ‘nano-origin’ varistor powders and nearly
‘zero grain-growth sintering’ are the challenges associated
with ‘nano-grained’ varistors. Nano-origin varistor powders
with high degree of homogeneity in dopant distribution have
been attempted through a variety of chemical techniques like
precipitation, combustion, hydrothermal, high-energy ball
milling and sol-gel [3-8]. Varistor nanoparticles ranging

Vp=nVg= )
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between 25 and 50 nm with specific surface areas, in the range
of 20-30 m?/g, were successfully obtained in most of these
techniques. It is evident from the reports that the synthesis of
size controlled varistor nanoparticles is given more emphasis
than the densification of such varistor nanoparticles. More-
over, in many cases an intermediate calcination at <600 °C is
often used for the conversion of nano-precursors to fully
crystalline ZnO varistor powders. Undoubtedly, it accelerates
the particle growth and destroys the nano-nature. Hence,
methods for the direct-formation of nanocrystalline ZnO
needs to be explored. Nanocrystalline ‘core—shell’ varistor
particles were earlier reported by Suresh C. Pillai et al. where
an average grain size of 1.5 um was achieved at 1050 °C
along with a V, value of 850 £ 30 V/mm [9]. Nano-grained
ZnO varistor for high voltage applications has also been
achieved through a simple ‘solution-coating’ technique [10].
On the other hand Rao and co-workers used a spray pyrolysis
technique to prepare varistor nanoparticles with size in the
range of 20-200 nm [11].

Densification of nano-origin varistor powders without any
considerable grain growth still remains as a technical challenge
for obtaining nano-grained varistors. Since the non-linearity
strongly depends on the density of the varistors, it is important
to achieve a sintered density close to the theoretical value of
5.6 g/lem® and therefore a sintering temperature of above
1000 °C is definitely required. Though nanoparticles are known
to densify at low temperatures, the high surface area of
nanoparticles and the presence of multiple varistor forming
additives and dopants [Bi,03, Cr,O3, MnO,, BaO, TiO,, PbO,
and SiO,] increases the tendency of spontaneous grain growth,
even at 1000 °C [12,13]. Laser sintering, spark plasma sintering
and hot pressing have been attempted to arrest the grain growth
during densification [14,15]. However, the high initial
investments required limit their application in industries. The
presence of surfactant in varistor have been not well attempted
earlier for the refinement in varistor properties and in the
present work, we compare the sintering of surfactant modified
ZnO varistor nanopowders achieved through two-stage sinter-
ing, microwave sintering and conventional solid-state sintering
techniques. The evolution of microstructures with respect to
different modes of sintering is monitored and the varistor
properties of the sintered blocks were evaluated. The advantage
of using surfactant molecules in the synthesis of varistor
nanopowders is also explored and the properties are compared
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with the control samples prepared without the aid of the
surfactant.

2. Experimental
2.1. Synthesis of varistor nanopowders

Zinc nitrate hexahydrate (Merck, 99%), metal nitrates of
bismuth (Merck, 99%), cobalt (CDH, 99%) and chromium
(CDH, 98%) and antimony chloride (S.D. Fine Chemicals,
98%) were used as the raw materials for synthesis.
Cetyltriethylammoniumbromide (CTAB) (C,;9H4BrN, S.D.
Fine Chemicals, 98%) was used as the surfactant. Ammonia
solution (40%) and nitric acid (16N) were used for controlling
the pH. Distilled water was used as the refluxing medium.

The varistor composition containing 94 mol% ZnO, 3 mol%
Bi,O5 and 1 mol% each of Cr,03, CoO and Sb,O5 was chosen for
the study. The detailed processing steps involved in the synthesis
are already published [16]. Briefly, the varistor precursors were
hydrolyzed at pH 8.5 and the precipitate ultrasonically dispersed
in isopropanol medium. The reaction mixture, taken in an RB
flask was heated gently with the dropwise addition of 0.02 M
CTAB. The solution was then refluxed at 100 °C for 2 h. The
refluxed product was collected by centrifugal filtration and
washed with hot water and isopropanol to remove the excess
surfactant. The same synthesis procedure was followed to obtain
the control samples, but without the addition of CTAB. All the
varistor powders were dried at 70 °C for 6 h.

2.2. Sintering of ZnO varistor nanopowders

Varistor discs with dimensions 13 mm diameter and 2 mm
thickness was fabricated by uni-axial pressing at a pressure of
80 MPa. The sintering was achieved through three different
modes, namely conventional solid-state, two-stage step and
microwave sintering. The details of the sintering conditions are
presented in Table 1. The solid-state and step-sintering was
performed in an electrically heated silicon carbide furnace. The
heating rate was controlled using Libratherm temperature
programmer. In case of step-sintering, the sintering temperature
was first raised to 1100 °C at a heating rate of 35 °C/min and
then the samples were held at that temperature for 10 min to
attain equilibrium. Subsequently the temperature was mini-
mized to 850 °C and then soaked for 3 h. Microwave sintering

Table 1

Details of heating cycle used for the sintering of nanocrystalline varistor powder.

Surfactant Sintering process Abbreviated sample name Ramp

With CTAB Sintering 850 °C WS 850 3 °C/min up to 250 °C, 5 °C/min up to 600 °C,
Without CTAB WOS 850 8 °C/min up to 850 °C. Soaking for 3 h

With CTAB Sintering 1100 °C WS 1100 3 °C/min up to 250 °C, 5 °C/min up to 600 °C,
Without CTAB WOS 1100 8 °C/min up to 1100 °C. Soaking for 2 h

With CTAB Step-sintering 1100-850 °C WSS 35 °C/min up to 1100 °C,

Without CTAB WOSS 10 °C/min up to 850 °C. Soaking for 3 h

With CTAB Microwave sintering WMS 250 W (20 min), 900 W (20 min)

Without CTAB WOMS
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was performed using a 4 kW, 2.45 GHz microwave furnace. An
IR-sensor was used for monitoring the sample temperature. In
all the cases cooling was performed at normal cooling rates.

2.3. Characterizations

Crystal structure and phase analysis was done based on X-ray
diffraction data (Model: Philips, X’Pert Pro, CuKa radiation,
A =0.154 nm) between the scanning angles, 260 = 20-60°. The
primary crystallite size was calculated using the Scherrer’s
equation:

0.9A
Bcos6

where A = X-ray wave length, 6 = Bragg angle and B = line
broadening. The value B is usually measured from the in-
creased peak width at half the peak height, which is derived
from Warren formula, B> = B3, — B2, where By, is the mea-
sured peak width and By is the corresponding width of the peak
of a standard commercial ZnO powder. A Malvern zeta sizer
was used to obtain the particle size distribution (PSD). The
average poly-dispersity index (PDI) for the measurement was
0.32. The bulk surface area was determined by the BET
technique using a Micromeritics Gemini 2370 instrument
operating at liquid nitrogen temperature. Degassing of the
samples was done at 200 °C/2 h. The particle morphology
was investigated using Scanning Electron Microscopy (JEOL
5600 SL) and Transmission Electron Microscopy (TEM-JEOL
JEM 2000X). Thermo Gravimetric Analysis and Differential
Thermal Analysis TG/DT-50 H (SHIMADZU, Japan) were
performed at a constant heat flow of 10 °C/min in air. The
thermal analysis was carried out up to 1200 °C. The sintered
microstructure was taken on the fractured surfaces using SEM.
The average grain size was determined from the SEM micro-
graphs by an image analysis program. More than 300 grains
were taken into account for determining the average grain size.
Densities of sintered samples were measured using the Archi-
medes method.

crystallite size =

@

2.4. Electrical measurements

Varistor properties were evaluated from the standard
current—voltage (/-V) measurements. Measurements were
performed using a pulsed mode d.c. power supply with
built-in power up to 800 V (DIGITRONICS, India) and a
current limit of about 100 mA. The dense varistor discs were
polished using metallographic grade emery sheet to a thickness
to 1 mm. The sintered samples had roughly 12 mm diameter.
The samples were electroded with silver and heated at 600 °C
for 10 min. The current passing through the cross-section of the
sample was monitored for every 10 V and then plotted against
current density and electric field. From the -V curves, the
breakdown voltage (V,) and the non-linearity coefficient ()
were determined. The ‘o’ value was measured between the
current densities of 0.1-1 mA wusing the relationship:
o =(log I, —log I})/(log V, — log V;) where V, and V, are
the voltage at current I, and /.

3. Results and discussions
3.1. Characterization of nanocrystalline varistor powder

Fig. 1 presents the XRD patterns obtained for the nano-origin
ZnO varistor powders prepared with and without CTAB. The
XRD pattern of the samples prepared without CTAB corresponds
to the hexagonal wurtzite phase of ZnO (JCPDS file no. 89-1397)
showing its direct crystallization at 100 °C. The samples
prepared with CTAB at identical reflux conditions exhibit a
broad peak between the 20 values 30-36° indicating the
formation of Zn-nuclei and its amorphous nature. The nucleation
and one directional growth of ZnO nanocrystals in the absence of
surfactant molecules have been observed under hydrothermal
and reflux reactions even below 100 °C at very low concentra-
tions, high pH and extended reaction times [16,17]. The direct-
formation of ZnO is hindered in the presence of CTAB due to the
capping effect of the surfactant molecules [18]. The adsorbed
CTAB layer on the surface of hydroxyl metal-oxide precipitates
acts as an interfacial barrier to the diffusion assisted growth of
crystalline ZnO. The presence of adsorbed CTAB molecules can
be observed in the TG curves given in Fig. 2. The thermogram
shows two-step decomposition with significant weight loss in the
second step observed between the temperatures 200 and 400 °C.
This weight loss corresponds to the decomposition of CTAB and
conversion of metal hydroxides to stable crystalline ZnO. CTAB
decomposition is generally observed in the temperature range of
220-350 °C [19]. The TG analysis clearly indicates that at least
400 °C is required to obtain crystalline ZnO. A calcination
treatment at 500 °C was employed for the as-prepared powders.
The XRD pattern of the calcined sample confirm the formation of
fully crystalline varistor grade ZnO powders.

Since there is no surfactant and additional calcination
treatment involved, the direct-formation route may appear more
attractive. The benefit of the surfactant aided synthesis lies in the
nano-nature of the resultant particles. Surfactant molecules play
significant role in controlling the nucleation kinetics, direction of
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Fig. 1. X-ray diffraction analysis of varistor nanopowder (a) without CTAB at
100 °C, (b) with CTAB at 100 °C, and (c) with CTAB, calcined at 500 °C.
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Fig. 2. TG analysis of varistor nanopowder prepared using CTAB.

crystal growth, morphology, particle size distribution, porosity
and surface area. In CTAB modified ZnO varistor samples, a
crystallite size of 16 nm is obtained even after calcination of the
precursor at 500 °C, while that for the directly formed counter
part is 24 nm. The TEM micrographs of the varistor grade
nanopowder are presented in Fig. 3. Cylindrical rod shaped
particles with physical dimensions 500 nm length and 75 nm
diameters can be evident in the ‘CTAB-free’ varistor nanopow-
ders. Growth of nanorods have been extensively reported in
simple reflux synthesis and arises from the charge imbalance
between the positively charged reactive Zn-(0 0 O 1) surface and
the negatively charged O-(0 0 0 1) inert surface [16,20]. The rod
shaped varistor nanopowders will result in poor packing during
compaction, making it difficult to obtain dense varistors at low
temperatures. Surfactants are usually added to reorient the
particle growth and are widely employed to obtain spherical
morphologies. Here the CTAB added nanopowders exhibit
loosely adhered spherical nanoclusters under TEM (Fig. 3b).
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Fig. 4. Particle size distribution analysis of varistor nanopowder, prepared
without CTAB at 100 °C, without CTAB calcined at 500 °C and with CTAB
calcined at 500 °C.

Such nanoparticles must possess high specific surface area. The
BET surface area obtained for the CTAB modified varistor
nanopowders was 30 m*/g and that obtained for CTAB-free
powder was only 18 m*/g. Porosity is also created during the
thermal decomposition of CTAB molecules. The advantage over
particle size distribution can be confirmed from the particle size
analysis given in Fig. 4. The powders prepared without CTAB
possessed a wide mono modal size distribution (100 nmto 1 m)
under the as-prepared conditions. Since the CTAB added
samples were subjected to calcination, the CTAB-free powder
was also calcined at 500 °C prior to particle size analysis for
better comparison. After calcination, the powders prepared
without CTAB showed a bi-model size distribution with ~70%
of particles in the range 204 nm and the remaining around 1 pm.

100 nm

100 nm

Fig. 3. TEM image of (a) varistor powder refluxed without CTAB and (b) with CTAB.
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Fig.5. SEM image of normally sintered varistor samples (a) WS 850, (b) WOS 850, (c) WS 1100, and (d) WOS 1100. Inset of (a) magnified image of WS 850 and (b)

magnified image of WOS 850.

On the other hand, the CTAB modified samples possess a narrow
size distribution about 212 nm.

3.2. Sintering of surfactant modified varistor nanopowder

Densification of varistors is achieved by liquid phase
sintering and the presence of Bi,O5 additive produces Bi-rich
viscous glassy phase at ~740 °C. However the complete
densification close to theoretical density is usually accom-
plished by ZnO grain growth at sintering temperatures above
1200 °C, performed with intermediate soaking and slow
cooling. The sintering process between 800 and 900 °C is
very critical due to the enhanced sintering kinetics for diffusion
and mass transport followed by grain growth in this region. In
fact the growth kinetics further enhanced in nano-origin
powders due to its high surface area. ‘Constrained-sintering’
and ‘rate controlled sintering’ have been successfully employed
for the densification of varistor nanopowders without grain
growth [21]. Alternately, rapid heating rates and extended
period of aging at low temperatures can produce desired
insulating grain boundaries along with the controlled grain
growth. Therefore we have opted for the microwave and step-
sintering techniques in this study. A heating rate as high as
200 °C/min can be easily achieved in microwave sintering. In
two-stage step-sintering the samples are rapidly heated to high
temperatures but a prolonged aging is carried out at low
temperatures. Here, a peak temperature of 1100 °C and an
aging temperature of 850 °C were used. The aging temperature

is slightly above the liquid phase formation temperature, ideal
for controlling the grain growth and Bi,Oj vaporization.

The SEM images in Fig. 5a—d present the microstructures of
the solid-state sintered varistor samples prepared with and
without CTAB and densified at 850 and 1100 °C, respectively.
Fig. 5a and b represents the microstructures of the samples
sintered at 850 °C. The SEM image clearly shows the initiation of
ZnO grain growth at 850 °C. The samples prepared with CTAB
have grown comparatively less and the average grain size
determined was 800 nm. In the case of CTAB-free samples this
was about 2.5 wm. The sintered densities of the samples were
82% and 65% of TD, respectively. In both cases, the presence of
porosity confirms the poor densification. When the sintering
temperature was increased to 1100 °C, the theoretical densities
increased rapidly and the samples modified with CTAB attained
96.79% sintered density whereas the CTAB-free samples could
achieve only 93.93%. The average grain size of these samples was
determined as 8 and 10 pm, respectively. The advantage of using
CTAB is evident from the uniform distribution of ZnO grains.

Fig. 6a and b shows the SEM images of the samples sintered
using microwave. In this case, ZnO grain morphology changed
slightly from hexagonal to spherical and in presence of CTAB,
the excessive growth reduced appreciably (Fig. 6a and b). The
SEM images clearly show the advantages of the rapid heating
rates in microwave heating. The molecular level influence of
the microwave heating in diffusion assisted grain growth may
prevent the excessive growth of ZnO grains. Here also the
addition of surfactant ensures more uniform distribution of ZnO



2356 S. Anas et al. /Ceramics International 36 (2010) 2351-2358

Fig. 6. SEM image of microwave sintered varistor samples (a) WMS and (b) WOMS. Inset of (a) magnified image of WMS and (b) magnified image of WOMS.

grain throughout the varistor volume. The surfactant added
samples have homogeneous distribution of ZnO grains and
grain boundaries (Fig. 6b). The average ZnO grain size in the
order of 6 pm was obtained for both CTAB added and free
samples. The CTAB advantage can be seen in the densities of
the step-sintered samples. The microwave sintered, CTAB
added samples had a theoretical sintered density of 99.75% TD
whereas the CTAB-free samples had only 89.29% TD. CTAB is
a highly polar organic surfactant that readily absorbs
microwaves. The rapid interaction of microwaves with the
CTAB molecules produces high degree of dielectric heating at
the molecular level resulting in less grown and dense varistors.

The microstructure of step-sintered samples are presented in
Fig. 7a and b. The average ZnO grain size of these samples was
only 2 pm, irrespective of CTAB addition. The combined effect
of microwave sintering and surfactant addition in modifying the
grain size and grain distribution is clear from the magnified
image given as inset in Fig. 7a. As seen from the magnified
images, inset in Fig. 7b, the samples without CTAB have no
microstructural uniformity. The microstructure clearly shows
the presence of porosities in the CTAB-free samples. The
presence of CTAB facilitates uniform particle size distribution
and increased particle packing. Moreover, CTAB addition
favors the homogeneous distribution of low level varistor
dopants that also contribute to densification.

The -V properties of the sintered ZnO samples prepared
with and without CTAB are presented in Fig. 8. The change in

the average grain size, density and electrical properties of the
varistor with respect to the different sintering conditions are
also summarized in Table 2. Since all the three modes of
sintering resulted in different densities, grain sizes and grain
boundary thicknesses, the V,, and ‘o’ values vary largely. The
step-sintered samples show the maximum V), value obtained is
465 + 3 V/mm. Even though microwave sintering resulted in
the highest theoretical density, the V,, value achieved is only
240 + 8 V/mm. The solid-state sintered samples have reason-
able V,, value, 323 &+ 7 V/mm, in spite of the larger grain size.
The samples sintered at 850 °C through solid-state route
behaved as an ohmic device. In microwave sintered samples,
the rapid heating rates may have resulted in the heterogeneous
vaporization of low level additives, particularly Bi, causing the
reduction in the break down field. In light of this study, we
propose rapid microwave heating followed by conventional
aging near to liquid phase temperature as appropriate for
obtaining desired nano-grained ZnO varistor microstructures.
The I-V measurements made on CTAB added varistor samples
confirm that the V,, value is significantly improved irrespective
of the sintering methods. The V,, values obtained in this work
are 388, 532 and 246 V/mm for the conventional solid-state,
step and microwave sintered samples, respectively. The
advantage of CTAB is found in terms of ZnO grain size
control and homogeneous distribution of grain boundary
additives. In all cases the CTAB added samples showed good
non-linear properties.

Fig. 7. SEM image of step-sintered varistor samples (a) WSS and (b) WOSS. Inset of (a) magnified image of WSS and (b) magnified image of WOSS.
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Fig. 8. The current—voltage behavior of the sintered varistor blocks (a) with CTAB and (b) without CTAB.

Table 2

Change in the average grain size, density and electrical properties of the varistor with respect to the different sintering conditions.
Sample Average grain size (m) % Density (g/cm3) V;, (V/mm) Non-linearity coefficient ()
WS 850 <1 82.86 - -
WOS 850 >1 65.71 - -
WS 1100 6 96.79 388 13.28
WOS 1100 10 93.93 323 16.84
WSS 2 93.21 532 7.67
WOSS 3 91.07 465 6.60
WMS 6 99.75 246 17.07
WOMS 7 89.29 240 16.02

4. Conclusions

An attempt on synthesis and sintering characteristics of
nano-origin ZnO-Bi,O; varistors has been made. The
following conclusions could be made from this work.

1. High surface area nanocrystalline varistor particles can be
easily prepared in bulk quantities through reflux reaction
involving CTAB surfactant.

2. Among the selected sintering techniques, the microwave
sintering resulted in 99% theoretical sintered density with a
grain size of 6 um. The step-sintering resulted in 93%
sintered density but having a grain size of only 2 pm. Hence
it is proposed to have rapid heating of varistor discs under
microwaves and low temperature aging by step-sintering to
obtain nano-grained ZnO-Bi,O; varistors.

3. Varistor discs prepared from CTAB modified nano-origin
varistor powders show enhanced densification, significant
ZnO grain size control and uniform distribution of varistor
additives in all the three modes of sintering.

4. In all the cases of sintering, CTAB modified nano-origin
varistor discs have shown enhanced breakdown field and
high non-linearity.
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