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Abstract

Hexagonal nanocrystalline varistor grade ZnO particles with size 50 nm and the specific surface area of 28
m?/g have been prepared by non-aqueous gelation technique involving diethylene glycol and triethanolamine.
The as-prepared varistor nanopowders were analyzed with the support of XRD, TG/DTA, FTIR, TMA, SEM
and TEM. Varistor discs were fabricated by pressing and their densification was studied at 850, 950, 1050 and
1150°C. The evolution of varistor microstructures, extent of grain growth and the influence of microstructure

on the I-V properties were explored and presented.
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I. Introduction

The demand for electrical energy increases steadi-
ly in developing nations like India which has definite
plans to set up more nuclear and hydroelectric power
plants and huge networking of power distribution lines
along with mini-power stations in near future. This will
bring the varistor industry to the limelight and also the
need to develop high performance, high energy varis-
tors. The industry has fixed the energy handling capa-
bility of 600 V/cm® as target for the new-generation
Zn0-Bi,0, varistor blocks within the restricted volume.
The implementation of environmental safety in the in-
dustrial sector has also called for a suitable ‘eco-design’
for the new varistor products.

Currently available ZnO-Bi,0, varistors have many
drawbacks, namely exaggerated grain-growth, volatili-
ty of Bi,O, liquid phase, formation of undesired reactive
phases, poor stability and prolonged densification sched-
ule [1-3]. During the sintering process, varistors additives
and dopants produce macro-grained microstructures with
grain sizes ranging between 15-20 um [4]. Such large
ZnO grains yield poor threshold voltage (V). Apart from
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these, a single varistor block has 40 mm % 40 mm dimen-
sions and more than 400 g weight. These issues receive
most of the attention in the design and development of
state-of-the-art varistors. The immediate requirements for
this concern were small-sized, light weight, sintered ZnO
varistors containing fine-grained active ZnO with homo-
geneous distribution of insulating grain boundaries [5].
Recent reports indicate that the use of nano-grained
ZnO varistors can solve the existing limitations in varis-
tor field. Hence, varistors development involving nano-
particles was taken up by many material scientists and
synthesis of varistors grade nanoparticles by novel chem-
ical methods like sol-gel, hydrothermal, citrate gel de-
composition, and microwave assisted flash combustion
and urea decomposition techniques have been numerous-
ly attempted [4—7]. Homogeneous mixing of low level
dopants and additives, low temperature densification, re-
duction in ZnO grain size and three to four times increase
in the varistors performance were a few advantages real-
ized when nano size raw material was used [4,7].
Literature studies show that the sintering of ‘nano-
varistors’ was very critical since high surface area ZnO
can undergo spontaneous grain growth. Therefore spe-
cial techniques such as spark plasma sintering, two-
stage densification, constrained and rate controlled sin-
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tering were used for retaining the sintered ZnO grains
in nano scale [8,9]. These techniques are still at the
laboratory research level. In conventional sintering of
nano-varistors, the densification was mostly carried out
at temperatures between 1000—1200°C. Although sin-
tered density as high as 98 %TD was achieved, ZnO
grain size >5 pum was frequently obtained. Recent-
ly densification of ZnO nano-varistors at low temper-
atures has been attempted. For example, Duran et al.
[10] have used a metallorganic polymeric method for
preparing varistor grade nanopowder and densification
of nano-varistors between 8§50-940°C. Suresh and team
[11] prepared miniaturized and self assembled varistor
through nanopowder. In their work, the nano originated
varistors were studied at a temperature of 1050°C.

Since sol-gel is a simple technique for nanoparticles
synthesis, we used the same for preparing varistor nano-
particles [12]. However, when an aqueous sol-gel syn-
thesis was applied for obtaining multi-component va-
ristor grade nanopowder, the most important precursor
additives, like bismuth and antimony salts, get hydro-
lyzed instantly which results in preferred precipitation
and non-homogeneous powders. Therefore, a non-hy-
drolytic sol gel synthesis was performed in this work
involving glycol and amine precursors [13]. The densi-
fication of varistor grade nanopowders at different tem-
peratures and the corresponding microstructures and
their effect on the breakdown voltage and non-linearity
coefficient were analyzed and reported.

I1. Experimental

2.1. Non-hydrolytic synthesis of nanopowders

Varistor composition consisting of 94 mol% ZnO, 3
mol% Bi,0, and 1 mol% each of Cr,0,, CoO and Sb,0,
each, was prepared in this work. The preferred composi-
tion was found to be good for understanding the basic va-
ristor properties [8]. Thermogelation was the technique
used for making varistor gel. In a three necked reflux
flask fitted with a condenser, 1.0 M zinc nitrate (99 %,
Merck) precursor solution prepared in 100 ml iso-pro-
panol (99.9 %, Ranbaxy) was refluxed using a laborato-
ry heating mantle. When the reflux reaction temperature
reached 80°C, cobalt nitrate (0.30 g) (99 %, CDH), chro-
mium nitrate (0.42 g) (98 %, CDH) and antimony chlo-
ride (0.24 g) (98 %, S.D. fine) dissolved in 50 ml iso-pro-

panol medium were introduced dropwise. Bismuth nitrate
(1.52 g) (99 %, CDH) solution, prepared in diethylene
glycol (DEG) medium (25 ml), was simultaneously add-
ed. While refluxing, triethanolamine (50 ml) (99 %, Ran-
baxy) was slowly introduced into the precursor nitrates.
The volume ratio of the DEG, triethanolamine and iso-
propanol was maintained as 1 : 2 : 6. The precursor so-
lution turned to a transparent viscous gel after refluxing
for 105 minutes. The resultant precursor gel was collect-
ed and condensed further at 100°C in an electrical oven
until a thick viscous rigid mass was obtained. It was then
transferred to a 1000 ml beaker and heated at 270°C for
2 h at a rate of 3°C/min. Highly porous black ZnO based
foam was finally obtained. The black foam was then ball
milled in iso-propanol medium (300 ml) for a period of
2 h. So obtained black powder was washed with iso-pro-
panol, dried at 70°C and then subjected to direct calcina-
tion at 500°C for 2 h at a heating rate of 3°C/min. Nano-
crystalline varistor grade powder was finally obtained. It
was preserved for the fabrication of varistor discs.

2.2. Fabrication of varistors

1.5 g of varistor grade ZnO based nanopowder was
weighed and compacted at a pressure of 80 MPa into a
disc with dimensions 12 mm diameter and 2 mm thick-
ness using a hydraulic press (Lawrence & Mayo, India).
The discs were sintered at temperatures ranging between
850°C and 1150°C in an electrically heated silicon car-
bide furnace. The details of the sintering schedule were
given in Table.1. The heating rate was controlled by Li-
bratherm temperature programmer. In all cases, after
sintering, the furnace was cooled at normal furnace cool-
ing rates. The as fabricated varistor discs were polished
and electroded with silver and heated up to 600°C for 10
min, before carrying out the electrical measurements.

2.3. Characterization

The as prepared varistor grade ZnO based precur-
sor gel and the gel calcined at 270°C and 500°C were
characterized for the structural features, thermal stabil-
ity, phase analysis, bulk surface area and morphology
using FTIR, TG/DT, XRD, BET, SEM and TEM ana-
lytical tools respectively. FTIR spectra were recorded
on a Nicolet Magna 560 FTIR (USA) spectrophotom-
eter over the spectral range of 4000400 cm™ by KBr
pellet method. Thermal decomposition behaviour was

Table 1. Details of heating cycle used for the sintering of doped ZnO samples

Sintering

temperature 850°C/2h 950°C/2h 1050°C/2h 1150°C/2h
3°C/min up to 500°C 3°C/min up to 500°C 3°C/min up to 500°C 3°C/min up to 500°C
Ramp/ 5°C/min up to 850°C 5°C/min up to 850°C 5°C/min up to 850°C 5°C/min up to 850°C
dwell dwelling for 2 h 10°C/min up to 950°C 10°C/min up to 1050°C 10°C/min up to 1150°C

dwelling for 2 h

dwelling for 2 h dwelling for 2 h
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analyzed at a constant heat flow of 10°C/min in air at-
mosphere up to 1200°C using Shimadzu, TG/DTA-50H
(Japan) instrument.

Crystalline nature and phase composition were stud-
ied by powder X-ray diffraction technique (Philips,
X’pert Pro X-ray diffractometer) using Cu Ko radia-
tion (4 = 0.154 nm). The crystallites size was calculat-
ed by the Scherer equation [14]. The bulk surface area
was determined by the BET technique using Micromer-
itics Gemini 2370 instrument operating at liquid nitro-
gen temperature. Degassing of the samples was done
at 200°C/2h. The morphological features were inves-
tigated by scanning electron microscopy (SEM, JEOL
5600 SL) and transmission electron microscopy (TEM-
JEOL JEM 2000X). Selected area electron diffraction
(SAED) patterns using TEM were also taken for identi-
fying the polycrystalline nature of the sample.

The varistor discs fabricated from the nanopowders
were characterized for the densification, density mea-
surements, sintered microstructural features and current-
voltage (I-V) properties. Densification curves were ob-
tained using thermo-mechanical analyzer (TMA-60H
Shimadzu, Japan). Cylindrical samples of size 6 mm
height and 5 mm diameter were used for the TMA anal-
ysis. The test was performed up to 1300°C at a heating
rate of 10°C/min. A dead load of 0.3 g was given for en-
suring the contact between the measuring probe and the
sample. The linear shrinkage ratio (AL/L)) of the sam-
ple with respect to temperature was measured. The green
density was determined from the dimensional measure-
ments. Densities of the sintered varistor pellets were
measured by Archimedes method. The microstructures
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Figure 1. FTIR transmittance spectra of: varistor grade

precursor gel (a), gel calcined at 270°C (b), gel
calcined at 500°C (c) and ZnO powder (d)

of the sintered varistor discs were observed on fractured
surfaces after providing gold coating using SEM (JEOL
5600 SL). The average ZnO grain size was determined
from the SEM micrographs by indigenously developed
image analysis software. More than 300 grains were tak-
en into account for determining the average grain size.

2.4. I-V measurements

Electrical performance of the sintered varistor was
measured using a pulsed mode D.C. power supply
having a built-in power source (600 Volts, Digitronics,
India) with a current limit of 100 mA. The amount of
current passing through the cross section of a sample
was monitored for every 5 volts and the current densi-
ty vs. electric field curves were plotted. From the I-V
curves the breakdown voltage (¥,) and the nonlinear-
ity coefficient (a) were determined. The o value was
measured between 0.1 mA and 1 mA, using the stan-
dard relationship:

a=(logl,—logl;)/(log V,-log V)

where V, and V, are electric field at current /, and 7, re-
spectively.

ITI. Results and discussion

3.1. Characterization of precursor gel and varistor
grade ZnO nanoparticles

FTIR analysis in Fig. 1 shows the complexation of
the precursor metal nitrates with TEA and DEG. The
broad stretching bands at 3356, 3436 and 3449 cm!
in the as-prepared varistor grade precursor gel and the
samples calcined at 270°C and at 500°C, respective-
ly, indicate the presence of bonded and free hydroxyl
groups [14]. The series of transmittance peaks at 1653
cm™, 1630 cm™ and 1593 cm™ are indicating the bend-
ing modes of —OH groups [15]. The precursor gel exhib-
its the characteristic stretching bands of nitrate group at
1394 cm! and 817 cm'. The nitrates decompose dur-
ing calcinations and therefore these peaks are getting
disappeared in the calcined samples [16,17]. The typi-
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Figure 2. TG (a) DTA (b) analysis of varistor grade
precursor gel



S. Anas et al. / Processing and Application of Ceramics 4 [1] (2010) 7-14

cal wavelength ranges for C-N stretches of the tertiary
amines are in the range of 12501020 cm™'. The absorp-
tion peaks in this region are also matching with the C-
O-C peaks of the DEG [16,18]. It is observed that these
characteristic peaks are deteriorating with increase in
temperature, which confirms the removal of organic
matters. Tertiary amine has weak stretching vibrations
in the spectral range 3200-3000 cm™ [18]. It can be seen
that the shoulder peak existing at 3144 cm! in the spec-
trum of the precursor gel is absent in the calcined sam-
ples, due to the decomposition of the tertiary amines.

In order to confirm the formation of crystalline ZnO,
the FTIR spectra of the precursor gel and the calcined
powders were compared with the standard ZnO pow-
ders. In phase-pure ZnO, very intense peaks are ob-
served in the range 600-400 cm™ [15,19]. Such intense
characteristic peaks are absent in the precursor gel in-
dicating that there is no direct formation of ZnO nuclei
during refluxing. It is contrary to the earlier published
reports where direct formation of ZnO was reported in
reflux reactions conducted in the alkaline media [8,20].
However, it is observed that the spectra taken for the gel
has a red shift in the range of 600-400 cm™ indicating
the complex formation between zinc and the TEA-DEG
complexing agents. The multiple low intense peaks in
the range of 500400 cm™ for 270°C calcined gels may
represent the ZnO primary seed nuclei formation. Calci-
nation at 500°C results in the evolution of a strong peak
at 419 cm™! corresponding to the characteristic peak of
ZnO [15,20].

TG and DTA analysis of the as-refluxed precursor
gel supports the FTIR spectral interpretations. The ther-
mogram obtained for the as-prepared varistor grade
precursor gel is presented in Fig. 2. The TG curve in
Fig. 2 shows three distinct decomposition steps at tem-
peratures 110°C, 297°C and 537°C with the associat-
ed weight losses of 2.3%, 7% and 43%, respectively.
The weight loss in the initial stage is significantly low,
which is mainly caused by the removal of free moisture
from the precursor gel. The weight loss up to 297°C is

o

due to the degradation of CH,OH ligands in TEA, de-
composition of DEG and burning of nitrate groups from
the metal nitrate precursors [21]. Moreover, release of
dense yellow fumes from the gel mass is noticed nearer
to 250°C confirming the decomposition of nitrates and
evolution of nitrogen oxides. In fact, it is observed that
the entire decomposition is accompanied by the evolu-
tion of various gaseous products such as CO, CO,, NO
and NO, [17]. The evaporation and decomposition of
TEA are generally observed in the temperature range
from 204-314°C. A large weight loss in the third stage
corresponds to the decomposition of metal complexes
to stable varistor grade metal oxides. Since there is no
further weight loss, it is confirmed that a temperature of
at least 400°C is required to convert the precursor gel
into crystalline metal oxides. Differential thermal anal-
ysis again supports the thermo gravimetric results to ex-
plain the conversion of the metal complexes to metal
oxides (Fig. 2). The strong exothermic peak at 452°C
is associated with the decomposition of the precursor
gel and formation of the stable metal oxides. Based on
the TG/DTA analysis, the precursor gel was subjected
to heat treatments at 400 and 500°C, respectively. The
corresponding morphological changes were also noted.

At 270°C, the dehydrated precursor gel became a
solid mass with a strong inter-particle network. At this
temperature the gel is only partially decomposed and as
a result, a hard carbonaceous foamy mass is obtained.
The optical image of the foamy mass obtained is pro-
vided as inset in Fig. 3a. Since the oxide conversion is
not completed at this temperature, as evidenced from
FTIR and TG, the foamy polymeric mass is first ball
milled and then the calcined at 400 and 500°C. The ball
milling was performed for the de-agglomeration of the
particles. The SEM images of the calcined ZnO varis-
tor powders were shown in Fig 3. At 400°C, where the
crystalline ZnO is only partially formed, the SEM image
shows a platelet like morphology (Fig. 3a). The magni-
fied image further reveals that there is a hexagonal array
of ZnO particles within a single platelet (Fig. 3b). When

Figure. 3. Morphological features of varistor grade precursor powder at 400°C/2h: (a) platelets of nano precursors
(Inset- Varistor grade foamy mass at 270°C/2h) (b) hexagonal array of ZnO in a precursor sheet
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Figure 4. X-ray analysis of varistor precursors calcined (a)
at 270 °C (b) and at 500°C
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the calcination temperature is increased to 500°C/2h,
fully crystalline hexagonal ZnO nanoplatelets are ob-
tained.

The varistor precursors calcined at 270°C showed
BET surface area of 32 m?/g, whereas the direct calci-
nation at 500°C yielded surface area of 28 m?g. Both
these values are significantly higher compared to the
conventional wet-mixed, spray granulated ZnO varis-
tor powders (3 m*/g) [8]. The nanopowder thus exhib-
it nearly ten times higher surface area than the reported
conventional varistor powder, indicating that the pow-
der is sinter-active and results in early densification
upon sintering.

The powder X-ray analysis of the varistor nanopo-
wder prepared at 270 and 500°C is presented in Fig. 4,
which clearly shows semi crystalline and fully crystal-
line ZnO particles at 270 and 500°C, respectively. All
the major peaks along the different orientations con-
firm the phase composition of wurtzite ZnO (hexagonal
phase, space group P6, mc) at both temperatures. The
peaks can be assigned to (100), (002), (101), (102) and
(110) planes, which is in good agreement with the stan-
dard JCPDS file for ZnO (No. 89-1397). Only for sam-
ples treated at 500°C, the XRD analysis shows the com-
plete formation of nanocrystalline ZnO. Using Scherer
equation, an average crystallite size of 11.7 nm is esti-
mated for this powder. This value is still lower than the
directly calcined aqueous sol-gel derived varistor grade
nano ZnO, for which the primary crystallite size is re-
ported as ~30 nm at 500°C [22].

The crystalline nature and morphology of the nano-
particles have been further investigated by TEM and
the Fig. 5 displays the respective TEM image of the
nanopowder obtained at 500°C/2h. The magnified
TEM image shows the clusters of nano ZnO polyhe-
drons with mean size <50 nm. The selected area elec-
tron diffraction (SAED) of the nanocrystals showed
ring patterns corresponding to polycrystalline wurtz-
ite ZnO (Inset of Fig. 5).

3.2. Sintering behaviour of nanopowder compacts

The dilatometric analysis of the varistor compacts
prepared from the gel derived powder is presented in
Fig. 6. The dilatometric curve shows the on-set densi-
fication temperature as 780°C confirming the sintering
efficiency of the nano size varistor particles. The den-
sification was progressing up to 1024°C at a faster rate.
A small step at 830°C is also observed indicating the
formation of glassy liquid phase due to Bi,O, [9]. We
have earlier reported the sintering behaviour of spray
granulated industrial grade varistor powder where the
on-set densification temperature was observed only at
846°C [8]. An advantage of at least 100°C is apparent-
ly seen in the on-set densification temperature when the
nanopowder is employed. The dilatometric curve fur-
ther shows a gradual change in the slope indicating the
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Figure 7. Microstructure of oriented growth of ZnO varistor
discs sintered at 850°C
faster pore elimination and a sluggish grain growth. It
may also be possible that there is a directionally orient-
ed grain growth. This is confirmed from the SEM imag-
es of the sintered microstructures presented in Fig. 7.
Due to the nano nature and high surface area of the
starting powder, a sintering temperature slightly more
than the on-set densification temperature is believed

to be adequate for obtaining reasonably dense varistor
disc [10,23]. However, when the samples are sintered at
850°C, a porous microstructure is obtained with an ori-
ented one dimensional ZnO growth. This further supports
the results from dilatometric analysis. The ZnO grains
have grown into a bunch of rods resembling the fingers
(Fig. 7). Such intermediate microstructure has not been
reported earlier in sol gel synthesis. The calculated sin-
tered density at this stage is only 4.12 g/cm® (73 %TD).
At this temperatures wetting of ZnO grains by the Bi,0,
liquid phase will also takes place. At 950°C, the oriented
grain structure is collapsed and a characteristic hexago-
nal ZnO morphology is evolved (Fig. 8). In this case the
average grain size was found to be <2 um. The sintered
density also improved to 5.0 g/cm’ (89 %TD). However,
when the sintering temperature is increased to 1050°C,
the increment in density is only marginal. At 1050°C the
sintered density of the varistor disc was 5.1 g/cm? (91
%TD). However, the average grain size is found to be
increased from 2 to 4 pm (Fig. 8). The grain boundar-
ies are well formed with a clear distribution of the liquid
phase along the grain boundaries. May be due to effect
of grain growth, the pore elimination seems to be com-
pleted at this stage. The samples sintered at 1150°C have

Figure 8. Microstructure of the varistors obtained by sintering at 950°C/2h (a) 1050°C/2h (b) and 1150°C/2h (c¢)
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Table 2. Densification and electrical properties of the doped ZnO pellets with successive increments in sintering temperature

Sintering temperature ~ Grain Size [um]

Density [g/cm?]

Breakdown Voltage [V,] Non-Linearity Index, o

950°C/2h <2 5.0
1050°C/2h <4 5.1
1150°C/2h <8 5.4

557 34
493 36
323 16

sintered density of 5.4 g/cm’ (97 %TD) with an aver-
age grain size of 8 um (Fig. 8). Sintering of varistors be-
yond 1150°C was not advantageous in ZnO-Bi,0, varis-
tor system [8,24]. Therefore we restricted the sintering
within 1150°C. The advantage of nanopowder is again
confirmed from the sintered grain size values of ZnO.
We have earlier studied the sintering behaviour of the
micronized varistor powder by a solid-state process [8].
In that case, an average grain size of >15 pm was ob-
tained at 1050°C. Whereas in the present work of gel de-
rived nanopowder, the sintered grain size was found to

*
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Figure 9. X-Ray diffraction patterns of ZnO nanopowder
compact at various sintering temperatures
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Figure 10. Current-voltage characteristics of the sintered
nanopowder compact with successive increments in
sintering temperature
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be approximately three times lower under identical tem-
peratures. Apart from the average grain size, the distri-
bution and thickness of the glassy phase and the forma-
tion of secondary phases was also found to be critical
in deciding the varistor behaviour. The X-ray diffraction
analyses have been done for the varistor samples sin-
tered at 950-1150°C. At 1150°C the presence of a week
peak corresponding to Zn_Sb,O,, spinel and Bi,0, phas-
es was noticed (Fig. 9).

3.3. Electrical properties of sintered compacts

In ZnO-Bi,0, varistors, the electrical performance
vary strongly with the number of bulk ZnO grains and
the thickness of the grain boundary glassy phase. The
change in breakdown voltage and nonlinearity coeffi-
cient of the varistors prepared via gel derived nanopow-
der with respect to the sintered density and grain size is
summarized in Table 2. The linear increase in the grain
size from 950 to 1150°C shows a decreasing trend in the
nominal breakdown voltage. This is in accordance with
the empirical relationship reported for the breakdown
voltage and ZnO grain size, V, = m d/G Ve where V, is
the breakdown field, d is the sample thickness, G is the
average grain size and V', is the voltage across a single
potential barrier and the coefficient m is averaging the
potential barrier distribution [9].

The current-voltage characteristics of the sintered
nano-varistors are presented in Fig. 10. The break-
down field is significantly high for the sample sintered
at 950°C, where the obtained ¥, value is 557 V/mm. Al-
though the density is low at 950°C, the presence of one
dimensional ZnO grains as well as the increased num-
bers of hexagonal shaped fine ZnO grains may be a pos-
sible reason for the high ¥, value. The oriented grain
structures exhibit more grain boundary area within the
restricted varistor volume and may resulted in high
breakdown voltage. The V, is decreased from 493 to
323 V/mm when the sintering temperature is increased
from 1050°C to 1150°C. This should be correlated to
grain size increase at these temperatures. It can also be
seen that the nano-varistors exhibited extended non-oh-
micity irrespective to the sintering temperatures [1,25].
However, a moderate value of the leakage current (J,)
can be expected for these varistors, since the density
value of all the varistors is < 97 %TD. Step-sintering
and hot pressing methods were approachable methods
for these varistor precursor powders, for the increased
density and better varistor properties. As depicted in Ta-
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ble 2, the alphas value obtained at 950°C and 1050°C
were 34 and 36, respectively, for the nano origin varis-
tors. The alpha value was found to be decreased at still
higher temperatures, which may be due to the vaporiza-
tion and loss of Bi,0,. Altogether, the study reveals that
the gel derived varistor nanopowder have control in sin-
tered ZnO grain size with respect to sintering tempera-
ture and with reasonable densification the powder offers
better quality factors of the varistor like higher break-
down voltage and good non-linear properties.

IV. Conclusions

High surface area nanocrystalline varistor grade ZnO
based particles with platelet morphology and an aver-
age particle size of 50 nm have been achieved through a
non-hydrolytic sol-gel technique. The varistor nanopar-
ticles have advantages as on-set densification at 746°C,
one dimensional ZnO grains at 850°C, an average grain
size <4 um at 1050°C and <8 um at 1150°C respective-
ly with >95 %TD. The nano frame varistors with nar-
row grain size distribution possess higher breakdown
voltage and non-linearity when compared to the report-
ed conventional varistors, which were prepared from
the spray dried varistor granules.
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