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Abstract

A new chemical process has been developed to form a low voltage varistor. The chemistry of process has been analysed and used
to produce particles consisting of an intimate mix of ZnO, Zn,TiO4 and B-Bi,O3 phases. The powder was used to produce low-
voltage varistor with useful electrical properties. © 2001 Elsevier Science Ltd and Techna S.r.I. All rights reserved.
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1. Introduction

Zinc oxide varistors are semiconductive ceramics
containing small amounts of other metal oxides (such as
Bi,03, CoO, MnO, Sb,05; and Cr,03), exhibiting highly
non-linear current—voltage characteristics similar to
back-to-back Zener diodes but with much greater cur-
rent and energy handling capabilities [1,2,3]. Each oxide
has a specific function and a variety of phases evolve
from the mixture on densification affecting the micro-
structure and, consequently, the varistor response [4].

Fabrication of ZnO varistors follow standard ceramic
techniques. ZnO and other constituents are mixed by
milling in a ball mill and dried by spraying. The mixture
is pressed to the desired shape usually disc like. The
resulting pellets are sintered at high temperature (typically
1000-1400°C) [1]. A simplified flow diagram and the
major findings of the microstructural analyse are sum-
marized in Fig. 1. The four basic compounds formed are
ZnO, spinel, phrochlore and bismuth-rich phases. The
phrochlore disappears at high temperature forming spinel
and Bi203 [5]

The observed current—voltage characteristics of a
varistor are often empirically described by the power
law relation:
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J = C(E)” (1)

where J is the current density, E the electrical field, « the
coefficient of non-linearity and C is a constant that is
related with the microstructure [6]. Values of « defined
current density are usually quoted along with Ey,
breakdown field (in Vmm~! at a defined current density,
usually 1 mA-cm™2) necessary for the current to increase
rapidly above the knee of the J—E curve. The value of
the breakdown voltage, E, (in Vmm™!) is related to
grain size

1000
Eb = ngNg = ngT (2)

where Vg, is the barrier voltage, N, the number of
grains per mm, and d the average grain diameter in pm.
Consequently, fine grained varistors will give a higher
Ey, at a fixed component size component size assuming
barrier voltage is constant [4].

For spark protection in car electronics, low-voltage
varistors are applied with breakdown voltage of 22 V.
The microstructure of low-voltage ZnO varistors has to
be fairly coarse-grained in order to ensure low voltage
breakdown voltage [7]. Two principal approaches have
been used for making low-voltage varistors. One
approach is the classical approach of selecting additives
that encouraged grain growth and, in some case, exag-
gerated grain growth [8]. TiO, is commonly used as a
grain-growth-enhancing additive. However, when ZnO
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Fig. 1. Simplified flow diagram for the fabrication of ZnO varistors
and the major findings of the microstructural analyses [5].

is sintered with small additions of TiO,, a large spread
in grain size due to discontinuous grain growth is often
observed [7]. The other is to adopt the approach used in
making multilayer capacitors, namely making thin lay-
ers by a process such as tape-casting and then stacking
up the layers with interdigitated electrodes [8].

In the present work a new chemical process has been
developed to form a low voltage varistor. Details of
chemistry of the precipitation process are given together
with a brief description of microstructural development
and electrical behaviour of varistor from this route.

2. Experimental procedure

The starting materials for production of the varistor
powder the composition given in Table 1 were reagent
grade ZnO, BI(NO3)35H20, CO(NO3)2'6H20, Ml’lClz‘
4H,0 and Ti(C,H50),. The processing route is shown
in Fig. 2. The chemistry of the precipitation process was
examined by measuring pH during titration of varistor
solution with NaOH + ZnO.

The bulk densities of sintered samples were determined
from their weights and dimensions. The characterization
of sintered specimens was carried out by X-ray diffrac-
tion using Cuk, radiation. Powder morphology were
examined using secondary electron imaging (SEI) using a
scanning electron microscope (SEM). The phase dis-
tribution was revealed by backscatterd electron imaging
after polishing and thermally etching for 20 min at

Table 1
The composition used for precipitation powder varistor

Oxide ZnO Bi,0O; CoO MnO TiO,
Mol% 97.50 0.5 1.0 0.5 0.50

Metal salts

| Dissolving salts in HCI |

NaOH ZnO0 H,O

‘ Precipitation (T =25°C)

‘ Filtering and Washing |
\—> waste solution

I Drying for 24h at 110°C |

Wet powder

Powder

Calcination for 18h at 550°C |

salt agglomerates

I Uniaxial Die Pressing at 100 MPa I

I Sintering for 1- 6h at 1150°C-1300°C I

Fig. 2. Block diagrams of the chemical processing route.

100°C below the sintering temperatures. Grain size
measurements were done on the photomicrographs of
the etched samples using the following equation.

G =156L 3)

where G is the average grain size, L is the average grain
boundary intercept-length of four random lines on two
micrographs [9]. The voltage—current characteristics for
samples determined from 10 pA/cm? to 100 mA/cm?.

3. Results and discussion

Zinc oxide is amphoteric, solube in both acids and
bases. When ZnO is added to a NaOH solution, the
following reaction partially occurs [10,11]:

7ZnO + 2NaOH — Na,ZnO, + H,O 4)

Then it becomes Na,ZnO, (solution)+ ZnO + NaOH
(solution) mixture. The other metal salts are dissolved in
water with adding HCI to have clear solution. If acid and
base solutions are rapidly mixed, the following reactions
occur.

Bi*? +3(OH)" — Bi(OH), | (5)

Tit* 4+ 4(OH)~ — Ti(OH), | (6)

Zn0;*+2H" — Zn(OH), — ZnO | +H,0 (7
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Co*? +2(0H)" — Co(OH), | ®)

Mn*? 4+ 2(OH)” — Mn(OH), | 9)

The final product of the process was dried for 24 h at
110°C and calcined at 550°C for 18 h. After such che-
mical processes, it is well known that a very large sur-
face area, fine and homogeneous morphology can be
obtained [4]. This makes the powder easy to sinter.

Fig. 3 shows that the homogeneous primary particles
are ranging around 0.5-1 um arising from the rapidly
coprecipitation. However, in common with all pre-
pitated powders, it was agglomerated. Energy dispersive
spectroscopy (EDS) analysis suggested that the calcined
powder was chemically very homogeneous on the scale
of the interaction rang (about 1 um).

Sung and Kim [12], and Suziki and Bradt [13], have
suggested that at below 1030°C TiO, rapidly dissolves
in the Bi,Os-rich liquid phase, reacting with the Bi,O;
liquid, and forming the compound BisTi30;,, according
to the following reaction,

2Bi,05(1) + 3TiO;(solution) — BigTizO15(s) (10)

Zn
o
=
ol
=
& 3
= b Zn
Zn
Ti
Mn ¢,
Bi
I T
0 5 10
Energy, keV

Fig. 3. Secondary electron SEM image of the calcined powder show-
ing very fine morphology and EDS.

The solid BisTi30;, is then reported to decompose
and react with the solid ZnO grains at ~1050°C,
according to the reaction [13,14]

Bi4Ti30]2(S)+6ZI’IO(S) —> 2B1203(1)

. (11)
+3Zn,TiOu4(s)

The XRD patterns of 1030 and 1150°C are shown in
Fig. 4 (a,b). The presence of the BisTizO;, phase is
revealed in the sample fired at 1030°C [(a) in Fig. 4], but
it disappears after firing at 1150°C and is accompanied
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Fig. 4. XRD patterns of the ZnO-Bi,O3-CoO-MnO-TiO, samples sin-
tered at (a) 1030°C and (b) 1150°C: (Z) ZnO grain; (T) BisTiz05; (B)
Bi-rich grain boundary; (S) Zn,TiO, spinel grain.

Table 2
Electrical measurements for ZnO-Bi,O5-CoO-MnO-TiO, varistor sys-
tem

Relative Grain Breakdown voltage
density (%) size (um) (E,, V mm™)

Sintering

Temp. (°C) Time (h)

1150 1 95.9 25.4 65
1150 6 93.4 35.7 44
1200 1 95.6 32.0 54
1200 6 93.2 423 40
1250 1 94.5 34.4 43
1250 6 92.0 44.7 30
1300 1 93.9 35.8 35
1300 6 91.7 46.1 28
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Fig. 5. Backscattered electron SEM image of pellet sintered 6 h at 1150°C: EDS analyses of various features are shown (a) and SEI (b).
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Fig. 6. E-J characteristics of ZnO-Bi;03-CoO-MnO-TiO, varistor
system sintered at 1200°C.

by formation of the liquid Bi,O3; and Zn,TiO,4 spinel
[(b) in Fig. 4].

Fig. 5 is a higher magnification backscattered electron
SEM image of a sample sintered for 6 h at 1150°C reveal-
ing the dark grey Zn,TiO,4 spinel phase with the lighter
grey ZnO grains and white Bi,O3 phases located at grain
junctions as confirmed by the EDS spectra (Fig. 5).

The electrical response (Table 2 and Fig. 6) of var-
istors is produced from coprecipitated powder. The
samples given a lower sintering temperature and shorter

time have higher E, value because of smaller grain size.
This reported work on the densification process of
Zn0O-Bi,03-MnO-Co0O-TiO, system showed decrement
in the % relative density data with increasing sintering
temperature and time (Table 2). This was attributed to
the entrapment of gas giving rise to closed pores in ZnO
grains and also to the Bi,O3 losses due to volatilisation
[15].

4. Conclusions

Homogeneous low voltage ZnO varistor powder pre-
pared by chemical processing and single step has been
successfully fabricated. Submicrometer particles result
from the process, consisting of an intimate mix of ZnO,
Zn,TiO, spinel phase and Bi,O3 phases.
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