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CHAPTER 1
INTRODUCTION

At present, an electronic circuit has been utilized in most of equipments
and instruments. However, it can be destroyed by the overvoltage. To protect the
apparatus, an energy limiting device must be installed. Fuse is usually used as a barrier
to limit the current and voltage. Under normal conditions, the device is passive and
allows the apparatus to function properly. Under fault conditions, the fuse will blow to
prevent the circuit from burning or allowing the excess voltage and current to reach the

devices.

In addition to the fuse, the varistor, another type of intrinsic safety barrier,
can also arrest the surges. Unlike the fuses, it can protect the circuits from the
overvoltage without destroying itself. Therefore, it can be reused for several times. In
other words, the replacement of the suppressors is not required for a long period of

time.

Varistors can be produced from semiconducting materials such as
silicon carbide (SiC), zinc oxide (ZnO), titanium dioxide (TiO,) and strontium titanate
(SrTiO,) with suitable dopants. ZnO is widely used as the commercial composition and
has been extensively studied for many years. It normally contains some additives that
are metal oxide compounds. These dopants can improve the electrical properties of
ZnO and usually obtained when the multiple dopants are used. Bismuth oxide (Bi,O,)
and barium oxide (BaQ) are the most common additives and used with other metal
oxide-dopants.. However, these two oxides affecting the properties. of. ZnO have not

been clearly identified.

In this thesis, the effect of BaO on the varistor characteristics of Bi,O,-
doped ZnO ceramics was studied. Moreover, the microstructure related to the electrical

properties and the sintering temperature of these compositions was determined.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

The varistors are electronic ceramic devices with highly nonlinear
current-voltage (I-V) characteristics enabling them to be used as reversible, solid-state
switches with large energy absorption capabilities. Functionally, they can limit the
overvoltage equally in both polarities that are similar to back-to-back diodes without
being destroyed. They are typically used in parallel with electronic circuits in both the
ac- and dc- fields to protect them from voltage surges ranging from a few volts to tens of

kilovolts.

The original varistor ceramics were firstly developed in the early 1930s
for protecting telephone systems instead of selenium rectifiers. Silicon carbide (SiC)
varistors were developed by the Bell System. After their successive improvements in
processing taken place both in the United States and Japan, the ZnO varistor has been

extensively developed in Japan since 1969.

The ZnO-based varistor is prepared by mixing powder of ZnO with small
amounts of additives such as bismuth, antimony, cobalt, etc., forming this mixed powder
and sintering it. The resultant product is comprised of the conductive ZnO grains and
the resistive grain boundaries. The unique grain boundary property contributes to the

good nonlinear |-V characteristics.

In“addition to ‘its highly nonlinear |-V characteristic, the range of voltage
and current over which the device can be used and also the range of energy absorption
capability are far superior to those of SiC-based device. This versatility can provide
varistors to be useful both in the semiconductor industry as well as in the power

industry.



2.2 Fundamental Characteristics of Zinc Oxide Varistors

2.2.1 Electrical Properties of Zinc Oxide Varistors

The most important property of the ZnO varistors is the nonlinear |-V
characteristic as illustrated in Figure 21" The logarithmic |-V characteristic is typically
represented, since the current and voltage vary over so many orders of magnitude. At
low voltages, in prebreakdown region, the linear |-V relation occurs, but above a certain
voltage, called breakdown or threshold voltage, the current varies with voltage and the
relation between them is nonlinear. In this nonlinear region, the expression, given as

power-law, obeys the equation (2.1).

joc v (2.1)
The exponent (QL), usually called nonlinear coefficient, is a measure of
how rapidly current increases with applied voltage and is often used as a figure of merit.

It is defined by the equation (2.2).

din(l)
o= (2.2)
din(V)
Frebreakdouwm Monlinear Uptum
Region Region Region
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Figure 2.1 Nonlinear current-voltage characteristic of a ZnO-based varistor.

The nonlinearity can be very large, with a coefficient of 30-80 for many

commercial varistors. Therefore, the current can be vary by orders of magnitude with



only small changes in voltage. At still higher voltages (upturn region), a second linear
(ohmic) regime occurs. Unlike dielectric breakdown, varistor has a reversible
breakdown (with no or little hysteresis), and upon decreasing voltage below the
breakdown voltage, it becomes ohmic again. However, the degradation can result if a
varistor is held in the breakdown or nonlinear region and large amounts of resistive self-

heating are allowed to occur.

Functionally, the varistor can be regarded as a resistor prior to reaching
the breakdown voltage and as a conductor thereafter. At the steady operating voltage,
it is in the resistive state with low leakage current. When the voltage exceeds the
breakdown voltage, for instance, the varistor becomes high conducting and shunts the
voltage through it to ground before the apparatus is damaged. Finally, when the voltage

returns to normal, the varistor returns to the resistive state.

The breakdown voltage, also called nonlinear voltage, increases linearly
as the varistor thickness increases, and it decreases linearly as the average grain size of
the ZnO grains decreases. An increase in the sintering temperature, enhancing the ZnO
grain growth, results in a decrease of the nonlinear voltagezs. From these facts, it is
suggested that the nonlinear behavior of varistor is associated with the grain
boundaries. The model constructed (Figure 2.2) is used to calculate the electrical
properties of the individual grain boundaries’. The properties calculated are in good
agreement with measured values. For example, if “t” is thickness of the sample and “d”
is the average diameter of the ZnO grains, then “s”, the number of junctions along the

thickness of sample, is estimated from the equation (2.3).

(2.3)

ol |~

“V” calculated from the equation (2.4) is the voltage across a single grain
boundary when the applied voltage is equal to the breakdown voltage nominated by

V... (V.4 represented the voltage at the current of 1 mA). The accuracy of these



calculations is not, of course, very high because, in reality, the average grain size is a

statistical parameter5.

Zno arain

= electrode

Figure 2.2 Structural model of a varistor material with cubic ZnO grains4.

The current-voltage characteristic also varies with temperature in the way
presented in Figure 2.3 In prebreakdown region, the effect of temperature is relatively
strong and the current quickly increases with increasing temperature. In contrast, the
temperature unaffects on this characteristic in nonlinear and upturn regions, e.g. Vat a
current of 1 mA only slightly decreases with temperature. Hence, it can infer that the

carrier transport mechanisms, predominating in each region differ from one another.
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Figure 2.3 Variation of the current-voltage characteristic as a function of

temperature of a ZnO varistor’.



The |-V characteristic of a varistor depends on the factor involved in the
fabrication. These nonlinear characteristics are found only when sintering process is
carried out in air or oxygen7. A reduction in oxygen partial pressure leads to an increase
in the leakage current, corresponding to a decrease of the nonlinear coefficient (o). In
Matsuoka’s work’, the nonlinear coefficient reaches a maximum when this content is a
few percent (Figure 2.4), although the V, , increases with increasing content of
additives. As previously mentioned, the voltage V, _, also depends on the sintering
temperature, therefore the varistor properties can be improved by controlling the
process parameters. As a result, the different types and different nominal voltages can
be produced by using the same chemical composition and fabricating pellets of the

same thickness. This is significant because the ability of a varistor to absorb the energy

of a current surge depends on its volume.

Jrnm

0.0 o 1 10 100
1, ol

Figure 2.4 Variations of V, ,-and nonlinear coefficient (ot) as functions of the total

1TmA

content of additives (x); x - the total content of Bi,O,, Sb,0,, CoO, MnO,, and Cr,O,
(1:2:1:1:1)",

Figure 2.5 displays how an addition of various metal oxides affects the I-
V characteristic of a varistor. It is believed that a Bi,O, addition results in the nonlinear

behavior. Other suggestion is that the same role may be played by oxide of other

12

. . 8-10 . 11, . .
metals of large in radius, such as rare earth metal” = or barium Small ion radius



metal oxides, such as Mn and Co, diffuse into the ZnO grains and also give a rise of the
nonlinearity. They also affect the conductivity of the ZnO. The |-V characteristic shifts
towards greatly current density. The shape of the curve with upturn region depends on
the oxide content of trivalent metals of small ion radius, such as Al and Ga'’. The
amount of the latter additives should not exceed 50-150 ppm, since the great increase

in the leakage current occurs.

log ¥

log |

Li

Figure 2.5 Effect of oxide additives on the shape of the current-voltage

characteristic of ZnO varistor’.

It should also be noted the leakage increases when the varistor is

subjected to a hydrostatic pressureM or when the current frequently flows through it



2.2.2 Physics of Zinc Oxide Varistors

The conduction mechanism of the ZnO varistors has been proposed to a
large variety of models. Those models make neither a statement regarding the structure
of the grain boundary nor a prediction of the effect of a change in composition or
processing on the electrical behavior of the varistor. Therefore, the band models have
not been very helpful in predicting the ways of improving the varistor properties. The

electrical property of ZnO varistor has been developed by empiricism.

The progress of the conduction mechanism in a varistor’® is summarized
in Table 2.1. From these studies, the nonlinearity is recognized as a grain-boundary
phenomenon where a barrier to the majority charge carriers, which are electrons, exists
in the depletion layers of the adjacent grains. The most likely barrier at the grain

boundary of the ZnO microstructure is the Schottky. barrier' as shown in Figure 2.6.

Schottky Barvier hiodel
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e y
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-
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Figure 2.6 Grain-boundary atomic defect model analogous to Schottky Barrier

model: (a) Schottky model and (b) atomic defect model'’.



Table 2.1 Progress in research in the conduction mechanism of ZnO Varistors'®.

Year Model

1971 Space-charge-limited current (Matsuoka)

1975 Tunneling through a thin layer (Levinson and Philipp)

Tunneling through Schottky barriers (Levine)

1976 Tunneling through Schottky barriers (Morris, Bernascone, et al. )

1977 Tunneling through Schottky barriers with heterojunctions (Emtage)

1978 Tunneling through Schottky barriers with heterojunctions (Eda)

Tunneling through homojunctions (Einzinger)

1979 Tunneling through Schottky barriers (Hower and Gupta)

Holes-assisted tunneling through Schottky barriers (Mahan, Levinson, and Philipp)

1982 Bypass effect at heterojunctions (Eda)

1984 Hole-induced breakdown (Pike)

1986 Bypass effect at heterojunctions (Levinson and Philipp)

Hole-induced breakdown (Blatter and Greuter)

1987 Space-charge-induced current (Suzuoki et al.)

The basis for varistor characteristics. is that electron transport across
charged ‘grain boundaries "is “dependent on ‘voltage. © Thetheory usually proposed
describes the transport of majority carriers, which are electrons in the case of ZnQO,

across a charged grain boundary.

The current-voltage characteristics are controlled by the existence of an
electrostatic barrier at the grain boundaries. According to Pike’s paper18, a grain

boundary is referred to be formed by joining two identical semiconducting grains
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together with an intervening layer of grain boundary material (Figure 2.7). The grain-
boundary material is assumed to consist of the same semiconducting material with
defects and dopants. As a result, its Fermi energy level differs from that of the two
separated grains. And it also has eletronic states because of the defects and dopants
within the band gap energy. In order to achieve thermodynamic equilibrium, electrons
flow until the Gibbs free energy of an electron is equally everywhere. As illustrated in
Figure 2.7, to increase the local Fermi level, electrons flow to the grain boundary and
then are trapped by the defects and dopants until the Fermi level is the same throughout
the material. At equilibrium, the chemical energy gained by an electron occupying a
trap state is equal to the electrostatic energy spent in moving an electron from the grain
interior to the boundary. Consequently, the trapped electrons act as sheet of negative
charge at the boundary, leaving a layer of paositively charged donor sites on either side
of the boundary, and create an electrostatic field with a barrier at the boundary. The

magnitude of the potential barrier can be calculated by solving the Poisson equation for

the potential, D (x), from the knowledge of the grain-boundary charge density, PXx):

2

d
= Op=L ¥ (23)
dx &g

0

where € is the relative permittivity and €, is the permittivity of free space.

The charge at a boundary can be represented by a sheet of trapped

charge of local density (n).-Fromthe solution of the-Poisson equation, the barrier height

(CDB) and the width (d) of the depletion layer are given by the relations:

e2n2 Qz
P 0o o (2.4)
8880n0 8e880nO
12
Q ed,
d=—~| —— (2.5)
2n n

0 0

where n, is the carrier concentration in the grains. When the voltage (V) is applied

across the grain boundary, the band structure changes as expressed in Figure 2.8
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The current flows across the boundary are generally consistent with a thermionic
emission process. Coincidentally, additional electrons can be trapped at the boundary,
and there is a dynamic flow of trapped charges between the grains and the boundaries.

The current density (J) is related to the applied voltage by the relationship:

\JZA*T2 exp[—(eCDB(V)+8 )/ KT ]exp(—eV /KT) (2.6)

g

where A* is the Richardson constant, T is the temperature, 8@ is the Fermi level in the
adjoining grain, and k is the Boltzmann constant. The barrier height depends on the
applied voltage and the energy distribution of interface states. Yet, it can be

approximated in terms of a critical voltage, V., as followed.

12

Ve v
D, V)= 1—— (2.7)
4 Vc
(3rain
Boundary
________ Maiterial L\ W
+‘k++1+++ — ¥+ F T+ 5+ 5
B N Er
Dopants, impurities
+ Defecis

Figure 2.7 Formation of a potential barrier at a grain boundarym.

As indicated by the equation (2.4) the barrier height decreases with

increasing grain conductivity; accordingly, if the conductivity is too low, the barrier does
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not exist. As the formation of the barrier requires a Fermi level difference between the
grains and the boundary, if the Fermi level is too low, the states in the gap cannot be
filled. Moreover, since the grains and boundaries are in series, if the conductivity is too

low, the overall conductivity of the device is insufficient to be useful.

However, spatial variations in the charge along grain boundaries and in
ionized donor distribution in the depletion region cause spatial variations in the barrier

height and in the current density flowing across the barrier.

—

d 4 T———E

- ;--b—l-d:

Figure 2.8 Schematic energy band structure at the grain boundary with applied

voltage1.

Since this explanation cannot realistically account for either the very
large nonlinearity exhibited by varistor at small voltages per grain boundary. To
describe this phenomenon, the generation-of minority carriers-by “hot” electrons in the
depletion region at the high electric fields were also presented. This nonequilibrium
process ris ‘shown—in [Figure 2.9'.. Under very- highelectric fields, some electrons
crossing the barrier gain sufficient kinetic energy so they can produce minority carriers
by impact ionization of the valence states and acceptor states within the depletion
region. The holes (minority carriers) diffuse back to the grain boundary under the
influence of the electrostatic field at the grain boundary and compensate part of the
trapped negative charge. Therefore, the potential barrier is lowered. The electron flow

across the barrier increases. This impact ionization “feedback” process provides a high
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degree of nonlinearity in the electron transport across the grain boundary and brings

about very large nonlinear coefficients.
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Figure 2.9 Energy band diagram for a grain boundary under applied voltage,
illustrating the interband impact ionization process and the hole generation. Holes
are drawn to the grain boundary to compensate the trapped negative charge and

lower the potential barrier .

There is a limitation of the double Schottky barrier model. It attempts
only to describe electron transport across an individual grain boundary; however,
varistors are _polycrystalline materials containing. a large _number of individual

boundaries, each of which has different characteristics.

2.2.3 Chemistry of Zinc Oxide Varistors

The crystal structure of ZnO is shown in Figure 2.10".  Zinc oxide
crystallizes in the hexagonal lattice of wurtzite in which the oxygen atoms are arranged
in a hexagonal close-packed type with zinc atoms occupying half the tetrahedral sites.
The zinc and oxygen atoms are tetrahedrally coordinated to each other and are,
therefore, equivalent in position. The structure is thus relatively open with all the

octahedral and half of the tetrahedral sites are empty. Therefore, it is easy to
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incorporate external dopants into the ZnO lattice as is observed in a varistor. The open
structure involves the nature of defects and the mechanism of diffusion. The most
common defect in ZnO is the metal interstitial leading to a nonstoichiometric metal
excess n-type semiconductor. Figure 211" represents the band structure of ZnO. The
band gap of ZnO has been determined to be 3.3 €V and thermodynamically formed
natural defects occupy the donor and acceptor levels within the band gap. The
interstitial (Zn) has the fastest diffusion rate among the natural defects and plays an

important role in varistor stability.
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Figure 2.10 ZnO crystal structure’’.
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Figure 2.11 Electronic energy levels of native imperfection”.

In ZnO varistor, the atomic defects are formed by oxide additives
incorporating at the grain and the grain boundary. The donor or donor-like defects
dominate the depletion layer while the acceptor or acceptor-like defects dominate the
grain boundary state. The relevant defect species are the zinc vacancies (VZn, and
VZn,, ), the oxygen vacancies (\/(.3 and V'c))’ the zinc interstitial atoms (Zni and Zn.i.),

and the externally incorporated donor and acceptor atoms (D, and D).
[
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Einzinger19 has demonstrated that a defect-induced potential barrier can
be formed from the unequal migration of defects toward the grain boundary, without the
requirement of a physically separating intergranular layer to account for the barrier as
pointed out by Matsuoka'. It was found that, with a substantial donor doping (Dan1O18
cm®), the grain boundary became rich in zinc vacancy concentration [V, ] and poor in
oxygen vacancy concentration [V,] during cooling from high sintering temperature. This
doping brought about an excess of [V, ] and a deficit of [V,] at the grain boundary. This

condition gave rise to a barrier at the depletion layer, so a separate interface layer at the

grain boundary was not required.
The chemistry of the ZnO varistors can be summarized as follows.

1. There is a charge separation at the grain boundary of the ZnO

varistor as a result of cooling from the sintering temperature.

2. The native donor concentrations: [Zni] and [Zn-i-], [V(')] and [Vb-],
are depressed while the acceptor concentrations; [VZ ,]and [VZ w
n n

are enhanced.

3. In the grain boundary region, the deep donors, D,., were found and

the mobile electrons were nearby markedly depleted.

2.2.4 Microstructure of Zinc Oxide Varistors

The ZnO varistors usually contain the bismuth oxide (Bi,O,) as a varistor
and other metal oxides such as Sb,0,, Co,0O,, SiO,,the additional dopants. Bi,O,, which
has low melting temperature of 825°C; causes the liquid-phase sintering. As a result,
the microstructure of varistors consists of large ZnO grains with a bismuth-rich second
phase at the grain boundaries. In addition, a bismuth-rich phase is found as the

insulating three-dimensional network, as shown in Figure 212",
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Figure 2.12 Three dimensional insulating intergranular layer of ZnO varistor after

leaching ZnO grains with acid'.

From the details above, the conducting ZnO grains separated by the
insulating grain boundaries are firstly predicted as presented in Figure 2.13”". However,
the complexity of the composition results in the more complex microstructure than that
from theoretical model.  Figure 2.14% shows a photomicrograph of the polished and
etched section of the commercial varistor. Its microstructure contains ZnO grains,
accompanied by twins delineating different ZnO crystal planes, the intergranular phase,
particles and pores. The comparison of second phase varies with the overall chemical
formulation, processing times and temperatures.  This suggests that they are
repositories for excess dopants not taken into solution within the ZnO grains or
segregated to the grain boundaries.. However, the-bismuth-rich phase appears to have
particular importance, since there are reports suggesting the varistor characteristics are
related to the particular crystalline” formed Bi,O, phasemz. Although the phase
transformations in pure Bi,O, are presented in Figure 2.1523, the Bi,O, phases forming
from the liquid phase sintering contain several dissolved elements, such as antimony,

zinc, and cobalt.
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Figure 2.13 Schematic illustration of the microstructure of a ZnO varistor’.
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Figure 2.14 Optical photomicrograph of a polished and etched section of a

. . 20
commercial varistor=.

Four stages can be distinguished associated with the fabrication of
varistor. (First, a liquid phase forms during ‘heating-of the powder. ‘The second phases
such as pyroclore and spinel can also form, depending on time, temperature and
formulation at this stage. The dissolution and diffusion of dopants continue to provide a
uniform dopant distribution. Second, liquid-phase densification and grain growth occur.
To obtain the composition uniformity including densification and grain size, the
appropriate sintering temperatures and times should be specified. Third, during cooling

to the intermediate temperature, crystallization of the secondary phases from the
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bismuth-rich liquid phase and the retraction of the liquid phase from the two grains
bonds to the triple junction occur. Finally, further cooling (from 700°C to 45000) with
slow rate or subsequent annealing in this temperature range leads to the development
of the electrical properties. This heat treatment is a key feature of the fabrication of
varistor, especially for high voltage applications. The annealing stage is necessary for

both the attainments of a high nonlinearity and stability against degradationq.

8i,0,
liquid v
. rapid
1098K v very fapcd cooling
cooling
V908K V919K
{from 1093K) {from 1048K]
-8i0 6 - Bi,0 8 - 81,0,
ik’ 7 7/ ? A936-048K
-918K
908-918 7973 K
A1003k| |{from 1018 K}

sow &8ssk | %~ B0~y ge3 a7k

V - cooling
4 - heating

Figure 2.15 Schematic diagram illustrating the phase transformation in pure Bi20323.

2.3 Fabrication of Zinc Oxide Varistors

The Bi-doped ZnO varistors are usually prepared by liquid phase
sintering ZnO_powder with Bi,O, and other additives such as antimony, manganese,
cobalt, silicon and aluminium oxides. The traditional ceramic techniques are normally

25(

used to produce the ZnO varistor’" Figure 2.16).

The fabrication process starts with weighing the stoichiometric amount of
the oxide powder and mixing into the homogeneous mixture. Then, the mixed powder is
pressed into the desired shape such as a disk and then fired at high temperature,
typically; 1100-1400 °C. Finally, the fired or sintered pellets are electroded usually with
a fired silver contact and attached with leads by soldering before finished with epoxy

encapsulation. After fabrication, the finished product was tested.
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In addition, the preparation of the ZnO varistor powder is alternated to
obtain the high voltage varistors. The precursor powder is prepared by calcining the
mixed powder at the temperature of 800-900°C. After that, the calcined powder is wet

milled and dried before pressing.

Today, the preparation process of ZnO varistors is developed for many
purposes such as to obtain the better homogeneity, to lower the sintering temperature,

or to prepare the different shape.
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2.4 Applications of Zinc Oxide Varistors

The ZnO varistors used as the transients protective devices are directly
connected across the power line in parallel with the-load to be protected as shown in
Figure 2.17. In addition to their highly nonlinear behavior, a significant advantage of
them derives from the ceramic nature of the material. Because of their polycrystalline
with energy absorption occurring essentially at the grain boundaries distributed
throughout the volume of the material, ZnO varistors are inherently able to absorb more
energy than single-junction protective devices such as Zener diodes. The capability to

absorb thosed energy is in hundreds of Jiem’.
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A second good feature is an ability to configure a particular device to
conform to system constraints. A various size and shape of the ZnO varistors can be
formed. For example, a miniature sleeve fabricated as a tube that can be fit around a
connector pin, a miniature chip varistor and the large volume of varistor used in power

system protection can be made.

The requirements of the varistor for their applications are:

1. high nonlinear coefficient,

2. suitable breakdown voltage,

3. low leakage current,

4. long life or high stability, and

5. high energy absorption capability.

/‘ SUPELY YARISTO
l.\':'-" VOLTAGE LoAD

24,25
Figure 2.17 Typical application of ZnO varistor as a transient protective element.



CHAPTER 3
EXPERIMENTAL PROCEDURE

Varistor materials used in this study were ZnO ceramic varistors. The 95
wt% ZnO - 5 wt %Bi,O, system was chosen as the base composition. The nonlinear
coefficient (o) reported by Asokan and coworkers in 1987 was 13.4%°. The suitable
sintering condition of this composition with less than 5 %Bi,0, concentration was 900 °C
with a soaking period of 2 hours in the ambient air to obtain the optimum properties.
This condition was employed in this study. The different atmosphere was also applied

during sintering.

BaO was selected as a dopant in this composition. It was found to
enhance the grain size, resulting in an increase of the nonlinear coefficient. Fan and
Freer (1997)°" confirmed that the result of BaO increased the nonlinear behavior of ZnO
ceramics. The highest o of 0.78 mol% BaO doped composition sintered at 1300 °C for

1 hour was 14.

Consequently, the effects of BaO addition up to 1 wt% on the properties

of 95%2Zn0-5%Bi,0, were studied.

3.1 Material Preparation

The compositions investigated in this research were :
1) 95 % Zn0 - 5 % BIi,O, as the base composition,
2) 0.5 wt%BaO-doped base composition, and

3) 1.0 wt%BaO-doped base composition.

The samples were synthesized by following method (Figure 3.1).
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Zn0, Bi,0, and BaCO,
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Drying » DTA
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Figure 3.1 Flow chart of the experimental procedure.
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(1) The reagent grade ZnO (RIEDEL-DE HAEN), Bi,O, (RIEDEL-DE
HAEN) and BaCO, (BAKER ANALYZED) were weighed in the

proportion amounts providing the designed compositions.

(2) All starting materials were mixed and milled for 6 hours in a high
density polyethylene bottle with zirconia balls as a grinding media

and ethyl alcohol as a solvent.

(3) The mixture was dried and then calcined in air. The calcining

schedule was determined by the differential thermal analysis (DTA).

(4) The calcined powder was ball milled for 6 hours and 2 wt% polyvinyl

alcohol (PVA) acted as binder were added in the last milling hour.

(5) The dried powder was pressed into disks by cold isostatic pressing

(CIP).

(6) The binder was burned out at 520°C for an hour with a heating rate

of 1 °C/min in oxygen.

(7) All samples were sintered at 900 °C for 2 hours with a heating rate of

4 °C/min in air and oxygen.
3.2 Material Characterization
3.2.1 Thermal Analysis

To identify the suitable calcining temperature, the differential thermal
analyzer (PERKIN ELMER DTA7) was used. The mixed oxide powder was placed in the

sample crucible and alumina was used as the reference material. The data were taken

from room temperature to 1200 °C with a heating rate of 10 °C/min.

After calcining, the powder was rechecked for the complete reactions

with the same procedure. [f there is no peak existed, the reactions are complete.
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3.2.2 Phase Determination

The phases of the calcined and sintered samples were determined by X-
ray diffraction. The calcined powder or sintered pellet was placed in the X-ray
diffractometer (JEOL JDX 3530) and the data were collected from 20 to 90 degree of
two theta with step angle of 0.02 degree and a counting time of 0.5 sec. The data

obtained were matched with the JCPDS data files and finally the phases were identified.

3.2.3 Bulk Density Determination

The Archimedes method was used to determine the bulk density of the

sintered disks. The bulk density (B) was calculated from the equations followed:

Bg/cm =D/V (3.1)

(W=5)
v,em® = (3.2)
density of liguid

where D = dry weight (g)
V = exterior volume (cmS) calculated from the equation (3.2),
W = saturated weight (g), and
S = suspended weight (g).

3.2.4 Microstructure Characterization

The scanning electron microscope (JEOL JSM-5410LV) was used to
study the microstructure of the sintered sample. The sample was polished down to 1
micron and then thermally etched at 800 °C and 900 °C (for samples sintered at 900
°C and 1000 °C, respectively) for 2 hours with a heating rate of 4 °C/min. Gold (Au) as

an electrode was sputtered on its polished surface before investigation.
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3.2.5 Current-Voltage (I-V) Measurement

The |-V relation was obtained by collecting the currents at the several
applied voltages. The power supply and the microampmeter used in this measurement
were set up as illustrated in Figure 3.2. The data were converted into the current
densities (A/cm’) and the applied fields (V/cm) by dividing the current with an area of
electrode and the voltage with a distance of electrode separation. The data curve on a
logarithmic scale was used to determine the nonlinear coefficient (a). The bulk
resistivity was estimated from the slope in the prebreakdown region in linear scale. The
a-value was calculated from the reciprocal of the slope in the nonlinear regime as

shown in the equation (3.3).

| WA
QIM (3.3)

log (V2 / V1)

Sample

Power supply Ampmeter

Figure 3.2 Diagram of the current-voltage (I-V) measurement; the arrow represents

the direction of the current flow.



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Thermal Analysis

To determine the appropriate calcining schedule of 95%Zn0-5%8Bi,0,
base composition, the reaction peaks of the stoichiometric mixture of ZnO, Bi,O, and
BaCO, were detected by DTA. The thermal analysis results of undoped and Ba-doped
base composition were shown in Figure 4.1. As indicated by the two exothermic peaks,
the reactions occurred around 315 °C and 800 °C for undoped sample. However, with
1 wt% of BaO additive, the second reaction peak shifted to a lower temperature. This
may indicate that Ba was attributed to the reaction of this solid solution at high
temperature. The observed peak at lower temperature was associated with the reaction
of Bi,O, as expected for all compositions with this additive oxide. According to this
result, the proposed calcining schedule was to increase the temperature to the
presence of the reaction peaks and soaking at each reaction temperature was still
necessary for a large amount of powder to complete the reaction. Nevertheless, the
actual first soaking temperature was 300 °C instead of 315 °C since a slow heating rate
of 2 °C/min, not 10 °C/min as used in DTA, was set in the program controller. In

general, a slow heating rate shifts the reaction peaks toward lower temperature.

Figures 4.2, 4.3 and 4.4 show the results of DTA traces for calcined
powder of undoped and- Ba-doped compositions. Although two small humps as
obviously shown on the derivative curve of Figure 4.3 could be observed at the same
reaction temperatures of calcined powder, they were not significant since after forming it

was sintered to 900 °C with two hours soaking at this temperature.
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doped 95%Zn0-5%Bi,0, base compositions.
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4.2 Effect of Barium Oxide Dopant and Sintering Atmosphere
4.2.1 Crystal Phases

The results of XRD patterns for both of calcined powder and sintered
pellet are shown on Figures 4.5 and 4.6, respectively. The major and minor phases for
calcined powder of undoped and doped with 1 wt% of BaO are similar. They were
identified to be the hexagonal ZnO as appeared in JCPDS no. 36-1451 (Appendix A)
and the bismuth-rich phases. These phases are possible either various polymorphs of
bismuth oxide phases or zinc bismuth oxide phases since the existing peaks for both
are almost exactly at the same two-theta (Appendix B). This result is in good agreement
with previous works™ ™. After sintering at 900 °C for two hours, the phases presented in
the sintered sample are still unchanged as illustrated in Figure 4.7. The X-ray diffraction
pattern of the samples sintered in oxygen also shows an unknown bismuth-rich phase at
30 ° two-theta. With an increasing amount of BaO, the intensity peak height at this two-
theta increases. This may imply that Ba prevents the evaporation of Bi, which generally
occurs at 800-850 °C. Similar effect can be observed in the samples sintered in air as
shown in Figure 4.8. Based on these results, comparison between sintering in oxygen

and air, the formation of phases is independent of sintering atmosphere.
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Figure 4.5 XRD patterns of calcined powders of undoped and 1 %BaO-doped base
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Figure 4.6 XRD patterns of pellets sintered at 900°C for 2 hours in oxygen.
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Figure 4.7 XRD patterns of calcined and oxygen-sintered samples.
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Figure 4.8 XRD patterns of pellets sintered at 900°C for 2 hours in air.

4.2.2 Bulk Density

The bulk density of the sample was determined by Achemides method
and their results as a function of sintering atmosphere and %BaO are shown in Table
4.1. The sintering atmosphere obviously affects the density of samples. Higher density
can be obtained if sintering in oxygen. Doped with BaO, the density of the samples
decreases. This indicates that the higher sintering temperature is required for Ba-doped

composition to achieve the optimum density.
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Table 4.1 Bulk density of 95%Zn0-5%Bi,0, ceramics doped with BaO up to 1 wt% sintered

at 900 °C for 2 hours in air and oxygen.

% BaO Bulk Density (g/cm®)
Sintered in Air Sintered in Oxygen
0 of3 5.8
0.5 5.4 5.7
il 5.4 5.6

4.2.3 Microstructure

Figure 4.9 represents SEM photomicrographs of polished samples after
sintering at 900 °C in oxygen. The microstructure of undoped base composition of
95%7Zn0-5%Bi,0, contains the second phase as appeared on the matrix grains and at
the grain boundaries. As supported by the X-ray diffraction results, this should be any
form of bismuth-rich phases. With 0.5 %BaO additive, the second phase apparently
increased. This still persists in the sintered composition with 1 %BaO additive.
Furthermore, the grain size tends.to grow with an.addition of BaO, thus enhancing the
number of pores in the grains and at the grain boundaries. In other words, the formation

of second phase associated with the larger grains may influence on the density.

Figure 4.10 shows SEM image of 0.5 %BaO-doped composition after
sintering in air. It is clearly confirmed that the samples sintered in air have lower density

than those in oxygen as compared to Figure 4.9 (l1).
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Figure 4.9 SEM photomicrographs of polished samples sintered at 900°C for 2

hours in oxygen.
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Figure 4.10 SEM photomicrograph of 0.5 %BaO-doped composition sintered in air

at 900°C for 2 hours.

4.2.4 Current-Voltage (I-V) Characteristics

In order to evaluate the nonlinear electrical behavior varistor consisting
of 5 wt% of Bi,O, and from 0 to 1 wt% of BaO, the |-V curve was carried out. As far as
the effect of sample dimension on electrical properties is concerned, the applied electric
field versus current density is usually plotted for electrical characteristics of materials.
The results of I-V curve for all undoped and Ba-doped compositions sintered at 900 °C
in both oxygen and air are plotted in Figures 4.11 and 4.12, respectively. In the first
region, the |-V characteristic displays the ohmic behavior for all compositions as shown
in Figure 4.13. The current is proportional to the applied voltage in this prebreakdown
region. The slope of this straight line can be used to determine the bulk resistivity of the
sample. The bulk resistivity, which is the sum of resistivities obtained from ZnO grains,
grain boundaries, second phases including pore, as a function. of %Ba0O additives and

sintering atmosphere is also given in Table 4.2.

The results show that the resistivity of composition sintered in oxygen
increases as %Ba0O additive increases. In contrast to those sintered in air, the resistivity
decreases as % BaO increases. This may be because bismuth acted as an insulating
barrier cannot evaporate from the compositions doped with BaO and sintered in oxygen.
Hence, the resistivity should increase with the amount of BaO. However, pores occur in

the samples sintered in air resulting in decrease of resistivity. In addition, either



37

vacancies of oxygen or zinc interstitial atoms may introduce electrons in the low partial

pressure of oxygen, corresponding to increase the conductivity.

Table 4.2 Bulk resistivity as a function of %BaO additive and sintering atmosphere of

95%2n0-5%Bi,0, sintered at 900 °C for 2 hours.

% BaO Bulk Resistivity ((Q2.cm)
Sintered in Air Sintered in Oxygen
0 6.0x10° 0.7x10°
0.5 3.0x10° 2.0x10°
! 0.7%10° 5.0X10°

Table 4.3 Nonlinear coefficient as a function of %BaO additive and sintering atmosphere of

95%2n0-5%Bi,0, sintered at 900 °C for 2 hours.

% BaO Nonlinear Coefficient ()
Sintered in Air Sintered in Oxygen
0 2.7 4.8
0.5 4.1 4.8
1 4.2 5.4

In the breakdown region or nonohmic behavior, the empirical power law
is used to determine the nonlinear coefficient (o). The coefficient values for all
compositions are also presented in Table 4.3. The maximum a of about 5 is found in the

composition doped with 1 %BaO sintered in oxygen atmosphere. With air sintering,
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BaO addition increases the nonlinear coefficient (o). This observation is consistent with
the previous study27. Likely, the samples sintered in oxygen also have higher a with
higher BaO content. These might be due to the increasing in grain size. Since the
larger grain size might increase the conducting region in the bulk sample, after

breakdown, the high current passed through these large conducting grains.
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Figure 4.11 Current-voltage characteristics of doped and BaO-doped compositions

sintered at 900°C for 2 hours in oxygen (I : Linear scale ; Il : Logarithmic scale).
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4.3 Effect of Soaking Time

To study the effect of soaking time on the characteristics of varistor, 0.5
%Ba0O-doped base composition was sintered at 900 °C in oxygen with a different

soaking period. Two and five-hour soaking times were selected in this investigation.

4.3.1 Crystal Phases

The results of X-ray diffraction patterns of the pellets sintered for 2 and 5
hours at 900 °C are displayed in Figure 4.14. Both results obtained are very similar,
indicating that there is no phase change due to longer soaking time at this sintering
temperature. The major and minor phases are previously identified to be the hexagonal
ZnO and the bismuth-rich phases. Consequently, the phase formation is unaffected by

changing the sintering soaking time from two to five hours.

A
50007 A=Zn0

4500 1
4000
36004
30004
2500
20004

B =Bi-rich phase

Counts

1000

B
BB
500 ____E
[
!pll:l

Figure 4.14 XRD patterns of 0:5% BaO-doped pellets sintered:in oxygen at 900°C

for 2'and 5 hours.

4.3.2 Microstructure

Figure 4.15 shows the SEM micrographs of 0.5 %BaO-doped
composition sintered for 2 and 5 hours at 900 °C. It is found that the longer period of

soaking time caused the nonuniform grain growth. This finding agrees with previous

. 27
studies™ .
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(1) 5 hours

Figure 4.15 SEM photomicrographs of 0.5% BaO-doped composition sintered at

900°C for 2 and 5 hours.

4.3.3 Current-Voltage (I-V) Characteristics

The |-V relation of the samples sintered for different period is presented

in Figure 4.16. With increasing sintering time, the I-V curve is shifted down.

In prebreakdown region, the bulk resistivity decreases (from 3x10°

Q.cm to 1x10° Q).cm) as the soaking time increases as observed from the slope of the
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Figure 4.17. This may result from the larger grain size created by prolonging sintering

time.
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Figure 4.16 Current-voltage characteristic of 0.5% BaO-doped composition

sintered at 900°C for 2 and 5 hours (I : Linear scale ; Il : Logarithmic scale).
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In nonlinear region (Figure 4.18), the nonlinear coefficient (o) is likely
reproduced in the sample sintered for 2 hours as previously reported. The coefficient
(o) is slightly decreased when the soaking time raises from 2 to 5 hours. This may be
due to an increase in grain size compensating with the nonuniform grain growth, which

found in the sample sintered for longer period.
4 .4 Effect of Sintering Temperature

4.4.1 Microstructure
/

Representative micrograph of the polished composition sintered at 1000
°C is shown in Figure 4.19. The higher sintering temperature yields more uniform
microstructure as compared to that sintered at 900 °C on Figure 4.15. It should be

noted that the magnifications used between Eigures 4.15 and 4.19 are different.

Figure 4.19 SEM photomicrograph of 0.5% BaO-doped composition sintered at
1000°C for 2/hours in oxygen.



46

4.4.2 Current-Voltage (I-V) Characteristics

Figure 4.20 shows the I-V curves of undoped and Ba-doped samples
sintered at a higher sintering temperature of 1000 °C in oxygen. The undoped sample
had the linear |-V behavior (o0 =1) while the 0.5 and 1.0 %BaO-doped samples still have
the nonlinear |-V relation. The ohmic behavior in the undoped base composition occurs
due to the lost of the Bi,O, as discussed in the previous papers™®. Since the nonohmic
still appears in the 0.5 and 1.0 %BaO compositions sintered with the same condition, it
implies that the BaO provides the stability of varistor performance. This can be
confirmed by the presence of particles referred as the Bi-rich phases in previous part

(4.2.1).

In prebreakdown region, BaO increasing gives rise in the bulk resistivity
of the sample as presented in Table 4.4. This is also attributed to the stabilization of

Bi,O,.
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The nonlinear exponent increases as the BaO increases (Table 4.5). The
maximum coefficient of about 7 is found in the 1 %BaO-doped sample. In addition, as
compared to Table 4.3, the nonlinear coefficient increases when a higher sintering
temperature of 1000 °C is applied. This result confirms that the higher a can be
obtained from the sample sintered at a higher temperature resulting in the better uniform

microstructure.

Table 4.4 Bulk resistivity as a function of %BaO additive of 95%Zn0-5%Bi,0, sintered at

1000 °C for 2 hours in oxygen.

% BaO Bulk Resistivity (€2.cm)
0 0.06x10°
0.5 1.00X10°
- 2.00%10°

Table 4.5 Nonlinear coefficient as a function of %BaO additive of 95%2Zn0-5%Bi,0, sintered

at 1000 °C for 2 hours in oxygen.

% BaO Nonlinear coefficient (at)
0 1
0.5 6.0




CHAPTER 5

SUMMARY, CONCLUSIONS AND SUGGESTION

5.1 Summary

In this thesis, the effects of BaO additive, sintering atmosphere, soaking

time, and sintering temperature on the varistor characteristics of 95%Zn0O-5%Bi,0,

ceramics were investigated.

5.1.1 Effect of BaO Dopant and Sintering Atmosphere

1.

The crystal phases for all compositions sintered at 900 °C for 2 hours
both in air and oxygen are the hexagonal ZnO (the major phase) and
the bismuth-rich phases (the minor phases). This indicates that the

formation of phases is independent of sintering atmosphere.

With BaO additive, the bulk density of 95%2Zn0-5%Bi,0, composition
decreases. However, a higher density can be obtained in that
sintered in- oxygen. This confirms that the higher sintering

temperature is required to achieve the optimum density.

The microstructure of these ceramics consists of ZnO grains, the
particles of Bi-rich phases and pores. The grain size tends to grow

with an addition of BaO and thus enhancing the numbers of pores.

The bulk resistivity depends on the BaO content and sintering
atmosphere. With sintering in oxygen, the bulk resistivity increased
as %BaO increases. Unlikely, the resistivity of samples sintered in air
decreases as %BaO increases. It is possibly due to grain growth
and oxygen vacancy or zinc interstitial taken place. Since BaO may

prevent the loss of bismuth acted as the insulating barrier.
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5. Both increasing in % BaO and sintering in oxygen bring about higher

nonlinear coefficient (). This may be due to the loss of Bi prevented

by BaO additive.

5.1.2 Effect of Soaking Time

1.

When soaking time increases from 2 to 5 hours, the phases detected
by XRD are the same, which compose of the hexagonal ZnO and the
Bi-rich phases. The independence of soaking time on the phases is

identified.

The longer soaking time increases the grain size of composition.

The bulk resistivity- decreases as the soaking time increases because

of the larger grain size and the larger amount of Bi,O, evaporated.

The nonlinear coefficient slightly decreases as prolong sintering.
This results from an increase in grain size compensating with the

nonuniform grain growth.

5.1.3 Effect of Sintering Temperature

1.

The grain size of the samples sintered in oxygen for a constant
soaking time of 2 hours increases as the sintering temperature

increases.

Undoped composition sintered at 1000 °C in oxygen for 2 hours
exhibits ‘.ohmic behavior because of the loss of Bi,O, at high
temperature. In contrast, Ba-doped compositions exhibit better
nonlinear characteristics. This result indicates that BaO can stabilize
Bi,O, at higher sintering temperature. Moreover, the more uniformity
of the microstructure also provides the better nonlinearity at higher

sintering temperature.
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3. The bulk resistivity decreases as the sintering temperature increases
because of the loss of Bi,O, insulating barrier and the larger in grain

size.

5.2 Conclusions

1. BaO prevents the Bi,O, evaporation and promotes the grain growth

and a higher nonlinear coefficient.

2. Sintering in oxygen improves the nonlinear characteristics of varistor.

3. The increase in soaking time from two to five hours brings about the
nonuniform grain growth, resulting in decreasing in nonlinear

coefficient.

4. The increase in sintering temperature from 900 °C to 1000 °C also
causes the more uniform grain growth bringing about a higher

nonlinear coefficient.

5. The higher nonlinear coefficient is found in the sample having a
larger _grain_size and a higher density. Furthermore, the better
electrical property results from the uniform microstructure developed

by increasing the sintering temperature.

5.3 Suggestion for Future Work

From this research; the density-and the nonlinear.coefficient are relatively
low as compared to those from other works. To improve these characteristics, the

following studies are suggested.

1. A study of varistor characteristics as a function of an amount of BaO

with the higher sintering temperature.
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A study of densification as a function of an amount of BaO with the

higher sintering temperature.

A study of fabrication process of 95%Zn0O-5%Bi,0, ceramics with

BaO additives.

A study of atomic defects of BaO-doped ZnO ceramics.

An application testing of BaO-doped ZnO ceramics at high current

density with 8x20 us waveshape.
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