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Effect of Compaction Parameters and Sintering Configurations
on the Performance of ZnO Varistor

A N Mustafizul Karim

ABSTRACT

Zinc oxide varistors are electronic ceramic devices processed through conventional
ceramic technique. Its primary function is to protect an electrical circuit by limiting
transient surges repeatedly without failing thereby enhancing the system reliability.
There are various critical parameters of varistors, defined to evaluate the
performance characteristics. Investigating the influence of the compaction and other
processing variables and their optimization in terms of the performance
characteristics were the primary objectives ofthis project.

Enhanced energy absorption capability of the varistor is highly beneficial either in
increasing the reliability of the device and of the system or in reducing its volume
providing the same level of protection. Varistor discs capable of absorbing more
energy will aid in reducing the cost or be suitable for more demanding applications.
Evaluation of the effect of compaction parameters was carried out by varying the
pressing load and speed. The influence of holding times in pressing cycle was also
studied. In addition to the energy absorption capability, some other important
properties of the varistor were also investigated.

Statistical approaches such as the response surface methodology and factorial design
of experiments were adopted to develop necessary mathematical models on the basis
of the experimental data. The reliability of the models were also verified.

A correlation of the physical property and the electrical performance of the ZnO
varistor with the sintering orientation was established. The analysis by extensive
measurement of the microhardness revealed a relationship between the hardness and
grindability of varistor. The tensile strength measured on the disc shaped sections of
the arrester block was also found to differ significantly. The density gradient of the
sintered disc shows a remarkable influence of the sintering orientation of the disc. By
microstructural analysis the observed difference was confirmed.

A few alternative methods have been suggested to overcome the adverse effects
arising from the sintering orientation. In this regard horizontal sintering on Vee-
groove support was found to be advantageous. Influence of the surface to volume
ratio was evaluated by converting the cylindrical discs into hexagonal shape by
grinding. A new design with a hexagonal shape has been proposed.

The fracture mechanism of the varistor in a high amplitude short duration (HASD)
test was studied and a significant role of the stress wave was observed. The celerity
measured by a laser beam based technique through the varistor material was found to
be in good agreement with the theoretical prediction. An experimental study also
revealed the effect of the stress wave. This understanding will lead to a new approach
in combating the fracture from the high current pulse.
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Chapter 1

INTRODUCTION

11 GENERAL OVERVIEW OF VARISTOR

The name varistor, for a variable resistor, is broadly used to cover a variety of
devices whose electrical resistance is a non-linear function of the applied voltage.
They are non-ohmic in nature as their electrical characteristics do not follow Ohm’s
law. These devices can be either bidirectional or unidirectional depending upon
whether they are capable of carrying current in two or in one direction. However,
varistors used for transient overvoltage suppression are commonly bidirectional or
symmetrical devices. They are composed of polycrystalline semiconductor materials
generally packaged in a sandwich fashion providing a terminal on both surfaces of the
semiconductive material. The material choice, its cross-sectional area and thickness
and its processing parameters during manufacture determine the electrical

characteristics of a varistor.

Zinc oxide varistors are electronic ceramic devices, the primary function of which is
to protect the electrical systems by sensing and limiting transient surges and to do so
repeatedly without being destroyedl In general, electrical properties of varistors are
controlled by the physical dimensions of the varistor body which is sintered in various
forms such as discs, chips and tubes. The energy rating is determined by volume,
voltage rating by thickness or the current flow path length, and current capability by
area measured normal to the direction of current flow. However, considerable
variation in electrical properties is possible by microstructural changes obtained

through altering the chemical formulation and/or the sintering parameters.

In recent years the surge arrester with metal-oxide varistors has become the standard
for overvoltage protection at all power system voltage levels26. Traditional arresters

with spark gaps and silicon carbide resistors are hardly used now-a-days. Zinc Oxide



varistors have been experiencing a growing demand because of their superior
features. Present day telecommunication and automotive systems are being
increasingly equipped with electronic circuit having modern miniaturized solid state
devices which are more sensitive to voltage surges (spikes and transients). The recent
trend of such growth can be visualized by an example of ever increasing use of

electronic circuits in the automotive industry7as shown in Figure 1.1.

Time (year)

Figure 1.1 Trend of electronic component cost integrated in an automobile

To secure the functional reliability of such sensitive electronic components, transient
protection technology is progressing rapidly introducing the ZnO varistor with new

configurations to fit the requirements of the wide range of applications.

1.2 SOURCES OF TRANSIENT SURGES

There are numerous sources of transient surges which occur in electrical circuits.
These may result from the sudden release of previously stored energy. This energy
can be accumulated within the circuit and released by a voluntary or controlled
switching action or it can be stored outside the circuit and be injected or coupled into

the circuit ofinterest by some action beyond the control ofthe circuit designer.



Transient problems arise frequently from the power source feeding the circuit. These
transients create the most consternation because it is difficult to define their
amplitude, duration and energy content. They can also originate from switching

parallel loads on the same branch of a distribution system.

Lightning is another major source of severe transient surges. For millions of years,
our planet has experienced continuous activity of atmospheric electrical disturbances.
The extent of this activity is enormous and it is estimated that about 2000
thunderstorms are always in progress throughout the world and about 100 lightning

flashes strike the earth every second8.

The estimated average energy dissipated per unit length of channel, in a single
lightning stroke is 105joules per meter. On the average lightning stroke is 3 km long
delivering a total expected energy of 3x108 joules per stroke. There are usually
multiple strokes in a lightning flash the average being four. Thus a huge quantity of
electrical energy (more than a trillion kwh per year) is being dissipated to the earth

through the lightning stroke.

Transients may occur either in a repeatable fashion or as random impulses.
Repeatable transients such as communication voltage spikes, inductive load
switching, etc. are more commonly observed. These transients are less dangerous as
they can be defined and suppressed without much difficulty. Random transients are
more problematic as they may occur at unpredictable times and at remote locations.
Gathered data and experience can provide the necessary guidelines of the transient
environments in low voltage AC power circuits, telecommunications equipment and

automotive electrical systems.

1.2.1 REPEATABLE TRANSIENTS

There are a few recognized sources of repeatable transients. A sudden change in the

electrical conditions of any circuit causes a transient voltage to be generated from the

energy stored in the circuit inductance and capacitance. The rate of change in current



in an inductor generates a voltage. It is this effect that accounts for most switching-
induced transient overvoltages. On switching loads and under fault conditions the
overvoltage occurs as commutating spikes in power conversion circuits. But the
effect of one switching operation can be repeated several times as arcing may occur
at the contact gap of the switch. Some examples of the repeatable transients are

briefly described.

Energizing the Transformer Primary

When a transformer is energized at the peak of the supply voltage, the coupling of
this voltage step function to the stray capacitance and inductance of the secondary
winding can generate an oscillatory transient voltage. The peak amplitude of the
transient can be up to twice the normal peak secondary voltage9 as shown in Figure
1.2. Subsequent oscillations depend on the inductance (L) and capacitance (C) of the

circuit.

LINE

Figure 1.2 Voltage transient caused by energizing transformer primary
De-energizing the Transformer Primary
The opening of the primary circuit of a transformer generates extreme voltage

transients9, especially if the transformer drives a high impedance load. Surges in

excess of ten times normal voltage have been recorded across power semiconductors



Figure 1.3 Voltage transient by interruption of transformer magnetizing current

when this type of switching occurs. Interrupting the transformer magnetizing current,
and the resulting collapse of the magnetic flux in the core, couples a high voltage

transient into the transformer secondary winding as shown in Fig 1.3.

Fault with Inductive Power Source

If a short develops on any power system, the fuse clears and devices parallel to the
load may be adversely affected. When the fuse or circuit breaker opens, it interrupts
the fault currents causing the slightly inductive power source to generate a high
voltage and high energy transient across any parallel devices9as shown in Figure 1.4.

Sudden interruption of a high current load can have a similar effect.

Figure 1.4 Voltage transient caused by fuse blowing during power fault



Switch Arcing

Switch arcing is another source of repeatable transients. When current in inductive

circuits such as relay coils or filter reactors, is interrupted by any contactor, the

Figure 1.5 Voltage transients caused by switch arcing

inductance tries to maintain its current by charging the stray capacitance. The initial
charging current will oscillate in the inductance and capacitance at a high frequency.
Similar action can take place during a closing sequence if the contacts bounce open

after the initial closing9 as shown in Figure 1.5.

Generally, a system should be examined for potential sources of overvoltages so that
they can be eliminated. But if sources are too many compared to the susceptible

components, it may be more practical then to apply suppression at the components.

1.2.2 RANDOM TRANSIENTS

This kind of transients may originate from a number of sources. The power source
feeding the circuit can generate random transients which create the most problematic
situation as it is difficult to define their amplitude, duration and energy content. These
are generally caused by switching parallel loads on the same branch of a distribution
system. Lightning is another prominent source of random transients. To deal with this

kind of transients a deterministic approach is not realistic because of the



unpredictable nature of their characteristics such as amplitude, wave shape, energy
content and frequency of occurrences. A statistical approach is usually adopted to
deal with the random transients. Data collected from different sources provide the
guidelines for estimating the nature of the overvoltage transients and designing the

suppressors accordingly.

Transients on AC power lines

The amplitude of transient recordings covers the range from harmless values just
above normal voltage to several kilovolts. For a 120 V AC lines, flashover of the
typical wiring spacing produces an upper limit between 6 KV and 8 KV. Experience
indicates that suppressor devices with less than 2 KV withstand capability will have
poor service life in the unprotected residential environment. Prudent design will aim
for 3 KV capability, although where safety is of utmost concern, designing for 6 KV

can cope with the rare but possible occurrences9.

The amplitude of the transient depends more upon the amount of externally coupled
energy and the system impedance than upon the system voltage. There is some
uncertainty concerning the expected transient level found in the industrial practice of
choosing semiconductor ratings. Most industrial users of power semiconductors
choose semiconductor voltage ratings from 2.0 to 2.5 times the applied peak steady-
state voltage in conjunction with rudimentary transient suppression, in order to
ensure long-term reliability. But there are enough cases where this rule of thumb is
insufficient and, therefore, a more exact approach is justified. The optimum situation
is a combination of low cost transient protection combined with lower cost

semiconductors having lower voltage ratings.

Telecommunication Line Transients

Transient overvoltages occurring in telephone lines can usually be traced to two main

sources - lightning and 50 Hz or 60 Hz power lines. Lightning overvoltage is caused

by a strike to the conductor of an open wire system or to the shield of a telephone



cable. Most modern telephone lines are contained in shielded cables. When lightning
or other currents flow on the shield of a cable, voltages are induced between the

internal conductors and the shield.

The close proximity of telephone cables and power distribution systems, often sharing
right-of-way-poles and even ground wires, is a source of transient overvoltages for
the telephone system. Overvoltages can arise from physical contact of falling wires,

electromagnetic induction, and ground potential rise.

Automobile Transients

Four principal types of voltage transients are encountered in an automobile. These
are 'load dump’, alternator field decay, inductive switching and mutual coupling. In

addition, service 'jJump starts' with 24V batteries may occur.

The load dump transient is the most severe and it occurs when the alternator current
loading is abruptly reduced. The case is often initiated by the disconnection of a
partially discharged battery due to the defective terminal connections. Transient
voltages have been reported over 100 V lasting up to 500 ms with a wide range of

energy levels. Such a simulated sample pulse6is shown in Figure 1.6.

Figure 1.6 Overvoltage associated with the load dump’



Switching of inductive loads such as motors or solenoids, creates negative polarity
transient voltages with a smaller positive excursion. Other unexplained transients

have been recorded with peaks of 600 V upon engine shutdown.

1.3 TRANSIENT PROTECTION TECHNOLOGY

Several transient protection technologies are available. The two major categories of
transient suppressors are; a) those that attenuate transients, thus preventing their
propagation into the sensitive circuit; and b) those that divert transients away from
sensitive loads and thus limit the residual voltages. Attenuating a transient is
accomplished with filters inserted in series within a circuit. The filter, generally of the
low pass type, attenuates the transient (high frequency) and allows the signal or

power flow (low frequency) to continue undisturbed.

Diverting a transient can be accomplished with a voltage-clamping type device or
with a 'crowbar’ type device. The designs of these two types, as well as their
operation and application, are different. A voltage-clamping device is a component
having a variable impedance. Crowbar-type devices involve a switching action, either

the breakdown of a gas between electrodes or the turn-on of a thyristor.

After switching on, the crowbar-type devices offer a very low impedance path which
diverts the transient away from the parallel-connected load and short-circuits a high
voltage to ground. This short-circuit continues until the current is brought to a low
level reducing the line voltage. With a voltage clamping device, the circuit remains
unaffected before and after the transient and the line voltage never reduces below its
steady-state value as it does not contain any discontinuities in contrast to the crowbar

device.

The voltage clamping action of a varistor results from the increased current drawn
through the device as the voltage tends to rise. If this current increase is greater than

the voltage rise, the impedance ofthe device is said to be non-linear, i.e. Ohm’s law



(V=IR) is applicable but the equation has a variable resistance, R. This feature9 is
presented in Figure 1.7 demonstrating the 1-V curve of a linear and non-linear

resistor.

1000

100

Sz A0

[

Vo

10

0.01 0.1 1 10 100 1000
Current (A)

Figure 1.7 I-V characteristic for a linear and non-linear resistor (varistor)

Crowbar devices have two major limitations. The first is their higher delay time,
typically microsecond, which leaves the load unprotected during the initial voltage
rise. The second limitation is that a power current from the steady-state voltage

source follows the surge discharge (called “follow-current” or “power-follow™).
1.3.1 VOLTAGE CLAMPING DEVICES
There are various voltage clamping devices. They all depend on their non-linear

impedance in conjunction with the transient source impedance to perform the voltage

limiting function. Basically three types of voltage-clamping devices are available.

10



These are reverse selenium rectifiers, avalanche (Zener) diodes and varistors. There

are two categories of varistor - silicon carbide and zinc oxide.

Selenium Cells

Selenium transient suppressors apply the technology of selenium rectifiers in
conjunction with a special process allowing reverse breakdown current at high energy
levels without any damage to the polycrystalline structure. These cells, built by
developing the rectifier elements on the surface of a metal plate substrate, have good
heat dissipation performance. They, however, do not have the clamping ability of the
modem metal-oxide varistors or avalanche diodes. As a consequence, their field of

application is considerably diminishing.

Zener Diodes

These are very effective in clamping which comes closest to an ideal constant voltage
clamp. Moreover, they are also available in low-voltage ratings. But since the diode
maintains the avalanche voltage across a thin junction area during surge discharge,
substantial heat is generated in a small volume. As a result of the localized heat
generation, this type of device cannot handle much energy and hence faces a

limitation in energy absorption capability.

Silicon Carbide Varistors

Until the advent of the ZnO varistors, the most common type of varistor was made
from specially processed silicon carbide. But its protective level is too high for a
device capable of withstanding line voltage. To produce an acceptable protective
level, a series gap is required with SiC varistor to block the nominal voltage. In lower
voltage electronic circuits, the use of silicon carbide varistors have not been widely
acceptable. This is because ofthe need for using a series gap which reproduces some

ofthe undesirable characteristics of gap in addition to the increased cost.

1



Metal Oxide Varistors

This family of transient voltage suppressors are made of sintered metal oxides,
primarily zinc oxide with suitable additives. ZnO varistors have a non-linear
coefficient considerably greater than those of silicon carbide. This high non-linearity
along with some other excellent features of the metal-oxide varistor, has led to open

completely new fields of applications.

1.32 COMPARATIVE SCENARIO OF DIFFERENT SUPPRESSORS

In figure 1.8 the I-V curve plotted for a number of common overvoltage suppressors8
compares the relative characteristics specially the non-linearity. But because of the
diversity in characteristics it is not straight forward to compare the various transient
suppressors. High non-linearity is very important and desirable for the clamping

applications over a wide range of currents. However, it is also necessary to know the

Figure 1.8 V-l Characteristics of Common Voltage Suppressors
device energy absorption and high current capability and other functional properties

In Table 1.1a summary of the important parameters of commonly used suppressors9

is presented.

12



Table 1.1 I-V Characteristies and Other Features of Transient Voltage Suppressors

1-V characteristics
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In addition to the parameters mentioned in the table, other factors such as standby
power, peak pulse power, ageing, failure modes etc. are functionally very important
for a suppressor. Careful consideration is necessary to select the appropriate device
because all the parameters are not strictly favourable with any particular category.
Thus there may be some undesirable properties for specific applications, the ZnO

varistor, in general, exhibits better overall performance characteristics.

1.4 BASIC PROPERTIES OF ZINC OXIDE VARISTOR

Zinc oxide varistors are basically electronic ceramic devices. They are known by
various names such as non-linear resistors, variable resistors, surge suppressors,
surge protectors and voltage limiters. Owing to some of their superior features
compared to the competitors they are widely used for over-voltage protection. The
opportunities for applications of the ZnO metal-oxide varistors have recently
extended to a wide range of designs - from low power electronics to the largest

utility-type surge arresters.

Unlike the resistor, varistors are designed to provide a threshold voltage below which
practically very low or no current flows. This is to prevent interference with normal
circuit operation in the absence of any transients. Once the transient voltage appears
and surge current begins to flow through the varistor, the surge-developed voltage
across the varistor becomes the key factor determining its ability to provide circuit
protection. For all anticipated lightning stroke currents, this voltage must be held as

low as possible.

The characteristics of voltage dependent, symmetrical clamping of ZnO varistor
devices enable them to protect circuits against high voltage spikes (when properly
selected) to meet the anticipated transients. When the protected equipment circuit
encounters a high voltage spike, the varistor impedance changes from a very high
standby value to a very low conducting value, thus clamping the transient voltage to
a protective level. The excess energy of the incoming high voltage pulse is absorbed

by the varistor, protecting voltage sensitive components against damage.
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The protection afforded by the varistors not only guards the expensive and voltage
sensitive equipment from physical damage, but also improves the functional reliability
of the components that can encounter temporary upset due to transient voltages of

lower amplitudes.

ZnO varistors are formed by mixing ZnO powder with the powder of other oxides
such as those of Bi, Sb, Co, Mn, Ni, Cr, Si, etc. and subjecting the powder to
conventional ceramic processing. After the sintering operation, the resultant product
is a polycrystalline ceramic with a unique grain-boundary property that contributes to

the well-known non-linear | -V characteristics of the device.

14.1 THE I-V CHARACTERISTICS

Zinc oxide varistor possesses a non-linear current (I) - voltage (V) characteristic with
a symmetrical sharp breakdown, similar to that of a Zener diode. But unlike a diode,
varistor can limit overvoltages equally in both polarities, thus giving rise to a I-V
characteristic which is analogous to two back-to-back diodes. This has enabled it to
provide excellent transient suppression performance. When exposed to a high voltage
transient the varistor impedance changes many orders of magnitudes from a near
open circuit to a highly conductive level, thus clamping the transient voltage to a safe
level. The potentially destructive energy of the incoming transient pulse is absorbed

by the varistor, thereby protecting the vulnerable circuit components.

The zinc oxide varistor is a high transient over-voltage supppressor. This is
characterized by its excellent nonohmic properties1016 in current-voltage relationship
as shown in the I-V curve presented in Figure 1.9. It has a very large suppression
capability, which is considered to be a combination of both the feature of silicon-
zener diodes and silicon carbide varistor. The feature of zinc oxide varistor is a grain
boundary phenomenon and this is an intrinsic property of this ceramic material. The

non-ohmic relationship of zinc oxide varistor is expressed mathematically as follows

15



where | is the current density flowing through the material, V is the field (V/cm)

across the varistor and K is the proportionality constant. The non-linear coefficient, a

Prebreakdown Non-linear Upturn

Current density (Alcm2)

Figure 1.9 Typical current-voltage characteristics 0fZnO varistor plotted

is a measure of non-linearity of the varistor resistance which can be expressed for a

given range of current// and 12with corresponding voltages Vt and V2, as

This relation is applicable for the non-linear region. The I-V relationship of a zinc
oxide varistor has three distinct regions: a low current linear region (ohmic, Cl0+4
A/cm2), an intermediate non-linear region (nonohmic) and a high current upturn
region (ohmic, usually above 103 A/cm2. These three regions serve important

functions in the design and operation of the surge protector.
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Low Current Region

The 1-V characteristic is ohmic in this region and is defined as the prebreakdown
region. The alternating current is about two orders of magnitude higher than the
direct current. The difference can be attributed to the contribution of the dielectric
loss upon application of an alternating voltage. This region determines the leakage
current and consequently the watt loss under normal steady state voltage. There is a
need to balance the values of operating voltage and leakage current. On the one hand,
the operating voltage should be as close to the onset of non-linearity (EOs, threshold
voltage) as possible to maximize protective level and on the other hand, to keep the
device safe from thermal runaway due to excessive heating. The voltage, EQ5 is

arbitrarily selected as a measure of breakdown voltage, recorded at 0.5 mA/cm2.

Intermediate Non-linear Region

The non-linear region of the intermediate current is the heart of the ZnO varistor,
wherein the device conducts an increasingly large amount of current for a small
increase in voltage. It is this large non-linearity over a wide range of current densities
that makes the ZnO varistor distinctly different from any other non-linear resistor and

thus makes it useful for a variety of applications.

The degree of non-linearity is determined by the flatness of the non-linear region, the
flatter the 1-V curve in this region, the better is the device. The controlling
parameters for this important region are only qualitatively understood. The addition
of Bi203 has been found to be essential for forming the nonohmic behaviour. Some

oxide dopants are found to enhance the non-linearity.

High Current Upturn Region

In the high current region, the 1-V characteristic is again linear, similar to that in the

low-current region, the voltage rising faster with current than in the non-linear

region.
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This is also known as the upturn region. This region is controlled by the impedance

of the grain in the ZnO microstructure.

To characterize a ZnO device, it is desirable to determine the 1-V curve for all the
three regions. However, due to the wide range of currents involved, different
measurement techniques are adopted for different regions. Usually I-V characteristics
below 100 mA/cm2 are measured by direct current or 60 Hz alternating current and

those above 1 A/cm2are measured by the impulse current.

142 MICROSTRUCTURE OF ZINC OXIDE VARISTOR

The property of metal-oxide varistor, fabricated from zinc oxide, is that the electrical

characteristics are interestingly related to the bulk of the device. Each ZnO grain of

the ceramic acts as if it has a semiconductor junction at the grain boundary. A cross-

section9ofthe varistor material is shown in Figure 1.10 which demonstrates the

Figure 1.10 Photomicrograph of a polished and etched section ofa ZnO varistor

ceramic microstructure. The ZnO grain boundaries can be distinctly identified. The

grain size distribution plays a major role in the electrical behaviour. Since the non-
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linear electrical characteristic occurs at the boundary of the semiconducting ZnO
grain, the varistor may be considered a ‘multi-junction’ device composed of many
series and parallel connections of grain boundaries. Thus the device behaviour can be

analyzed with respect to the details ofthe ceramic microstructure.

The functional microstructure of ZnO varistor materials can be described as

consisting of:

(i) Doped semiconducting ZnO grains

(i) ZnO interfaces which provide the barriers to electrical conduction

and which give rise to the non-linear current-voltage characteristics

(iii) A continuous network of Bi-rich phases is located along the triple
junctions ofthe ZnO grains. This network provides an alternative
conduction path, that avoids the barriers that are associated with the
ZnO interfaces, and can give a significant contribution to the
conductivity in the prebreakdown region ofthe current-voltage

characteristics.

The formation of the microstructure of the varistor is dependent on the sintering
time, temperature and environment. Pure zinc oxide is a nonstoichiometric n-type
semiconductor with a linear I-V characteristics. The addition of Bi20 3 is essential to
form a non-linear region. However, multiple dopantsl72% (additives) such as a
combination of Bi203, Sh203, Mn02 Si02 O 203 and C0304 etc. are added to

produce greater non-linearity than a single dopant.

The high current non-linearity can be enhanced by decreasing the grain boundary
resistivity which is usually achieved by doping2r2 with aluminium or gallium oxide.
Transition metal oxide C0304 and M n02are used to improve the non-ohmic property

and NiO, Cr203, or a small amount of glass frit are included to improve the reliability
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and peak pulse stability. The presence of different crystalline phases and their

composition10 are diagramatically presented in Figure 1.11.

cr203 BI203

Si02 Shao 3
M11203’ >  7no * c0304
Sinter
Compound Chemical formulation Doped elements and their locations
Symbol Location
Zinc oxide Zn0O Co,Mn Grains
Spinel Zn7sSbh20 i2 Co,Mn,Cr Intergranular phase
Pyrochlore Bi2Zn4/32/3 06 Co,Mn,Cr Intergranular phase
Bi-rich glassy 12Bi2U3.Cr20 3 Zn,Sh Triple point
phases 14Bi23 . CrA3
R-Bi20 3
3-Bin 3
12Bi20 3. Si02

Figure 1.11 Microstructural components of ZnO varistor and their composition

Zinc oxide, spinel, pyrochlore, and several Bismuth rich phases are the four basic
compounds303 found in the microstructure. Zinc oxide and additives react with each
other during the sintering process, forming intermediate compounds such as
pyrochlore and spinel phases. Low temperature is favourable for the formation of

pyrochlore phase, whereas, high temperature is for the spinel phase.

The increase of sintering time and temperature leads to an increase in grain size and
results in fewer grain boundaries. The typical grain size910 of a commercial zinc oxide
varistor is between 15-20 |am and the grains for this type of varistor composition
show crystal twinning. A detailed physical structure of ZnO varistor grain6 is

presented in Figure 1.12. with the location of various crystalline phases.
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Continuous Network of
Bi-rich phases

E23 Bismuth Oxide
(a) (b)

Figure 1.12 Schematic ofthe ZnO Varistor material (a) Grain structure
(b) Grain and Bismuth-rich phases
The bulk of the varistor between electrode contacts is comprised of ZnO grains, the
average size of which is very important. A fundamental property of a ZnO varistor is
that the voltage drop across a single interface fjunction’ between grains is nearly
constant. Observations over a range of compositional variations and processing
conditions show a fixed voltage drop of about 2-3 V per grain boundary junction. It

is interesting to note that this voltage drop does not vary for grains of different sizes.
So designing a varistor for a given nominal varistor voltage is basically a matter of
selecting the device thickness which actually indicates the number of grains in series
between the electrodes. By altering the chemical composition of the metal oxide
additives and sintering parameters it is possible to change the grain size.

1.4.3 PRINCIPLE OF OPERATION

Because of the polycrystalline nature of metal-oxide varistors, the physical operation

of this device is more complex than that of conventional semiconductors. The key to
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explaining metal-oxide varistor operation lies in understanding the electronic
phenomena occurring near the grain boundaries, or junctions between the zinc oxide

grains.

A: ZnO-grain with high electrical
conductivity

: Phase rich in Bismuth oxide

: Grain boundary about 1 nm thick

: Area either side of the grain
boundary where potential barriers
are built up which control the
current flow and thereby
determine the shape of the
characteristic

Arrow with dotted bold line indicates

the current flow

oo w

Figure 1.13 Schematic representation of the operating mode of varistor

While some of the earlier theories supposed that electronic tunnelling occurred
through an insulating second phase layer at the grain boundaries, varistor operation is
probably better described by a series-parallel arrangement of semiconducting diodes.
In this model, the grain boundaries contain defect states which trap free electrons
from the n-type semiconducting zinc oxide grains, thus forming a space charge
depletion layer in the ZnO grains in the region adjacent to the grain boundaries. In

Figure 1.13 a schematic representation ofthe mode of varistor operation is shown.

During sintering the nonstoichiometric nature of zinc oxide produces excess zinc
ions. The excess ions are accommodated at the interstitial sites in the lattice and are
“frozen in” at room temperature during cooling. Ofthe frozen interstitials some are
trapped in the depletion layer933 which is 50-100 nm from the grain boundary to
the grain. It has been determined that ZnO carrier concentration is about 2x1017 per
cm3. The varistor action and stability are very much dependent on the charge

characteristics ofthe depletion layer within the grains.

22



It is these depletion layer that block the free flow of carriers and are responsible for
the low voltage insulating behaviour in the leakage region as depicted in Figure 1.14.
The leakage current is due to the free flow of carriers across the field lowered barrier,

and is thermally activated, at least above about 25 °C.

Figure 1.14 Energy band diagram of a ZnO-grain boundary-ZnO junction

The above figure shows an energy band diagram for a ZnO-grain boundary-ZnO
junction. The left-hand grain is forward biased, VI and the right side is reverse biased
to Vr. The depletion layer widths are XL and Xr, and the respective barrier heights
are $Land <r. The zero biased barrier height is <0. As the voltage bias is increased, <L
is decreased and (Jr is increased, leading to a lowering of the barrier and an increase

in conduction.

The barrier height (1, measured as a function of applied voltage and found to
decrease rapidly at high voltage, represents the onset of the non-linear conduction.
Transport mechanisms in the non-linear region are very complicated and still the

subject of active research.
Various models have been developed to describe the conduction mechanism, life, and

stability of zinc oxide varistors. These are: “Space charge-limited current”

(Matsuoka)l, “Hole-assisted tunnelling through Schottky barriers” (Mahan,
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Levinson and Philipp)3, “Tunneling through Schottky barriers” (Levine)3s,
“Tunneling through Schottky barriers with heterojunctions” (Eda)38 “ Tunnelling
through Schottky barriers” (Hower and Gupta)39, “Hole-induced breakdown”
(Pike)15 Of all barriers the Schottky barrier is considered to be the most likely barrier
at the grain boundary of a zinc oxide varistor. A model of two back-to-back Schottky
barriers at each interface can explain the non-ohmic properties, the temperature
dependence ofthe I-V curve, effect of additives, dielectric properties and degradation

phenomena.

But from the viewpoint of this study, theoretical models are not nearly as important
as the understanding of the basic electrical properties as they are dependent on the
processing parameters. The present investigation mainly concentrates on the
evaluation of the effect of processing parameters on the final properties of the

varistor, with a special emphasis on the energy absorption capability.

1.5 APPLICATION OF ZINC OXIDE VARISTOR

The state-of-the-art of the metal-oxide varistor is represented by a broad range of
products manufactured to meet the need of the present day transient voltage
suppression. The products cover arresters for power systems to the low power and
low energy applications such as integrated circuits, automotive systems and other
modern electrical and electronic circuits. To meet the continued demands of
improved functional reliability of the systems and with the advent of new
manufacturing technology, it is quite apparent that varistors with unique features will

come into the marketplace.

The applications are usually classified according to the purpose. Among them
varistors are used for the purpose of voltage stabilization or pulse suppression in TV
sets, microwave ovens, and other consumer electronic equipment. Surge absorbers
are used for protection from lightning and switching surges in many kind of

applications such as consumer electronic equipment, industrial electronic equipment
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and automotive use. The field of ZnO varistor applications3is quite large, a schematic

is shown in Figure 1.15.

Figure 1.15 Important areas of zinc oxide varistor applications

Presently many kinds of metal-oxide varistors are available. The peak current
carrying capability ranges start from a low value of 80 A to a high value of 100 KA
and the rated energy absorption capability covers a range of 0.5 to 12000 Joules.
They are known by different commercial names. The most traditional ZnO varistor is

the high energy metal-oxide arrester block.

The high voltage application usually covers from KV to MV range for the protection
of electric power distribution and transmission systems. Arresters are designed for the
purpose of protecting the high-power distribution equipment from lightning and
switching surges. Cylindrical discs are made to provide high-energy handling
capability and long-term stability in stressful applications. These have been used

successfully for more than a decade in power systems operated at all voltage levels2.

Usually arrester discs assembled in the Porcelain Polymeric housing, “Under-oil” and

Metal Clad Variety are applied for the lightning protection of electrical distribution
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transformer and systems. An example of a surge arrester6 containing several ZnO

discs connected in series is illustrated in Figure 1.16

Figure 1.16 Surge arrester assembly by ZnO arrester discs

Multilayer is a recent development of varistor technology, mainly used in the
automobile industry. The automotive multilayer (AUML) series of transient surge
suppressers are specifically designed to protect the sensitive electronic equipment of
an automobile, from destructive transient voltages. Almost all the electronic systems
in the automobile, e.g. antilock brake systems, direct ignition systems, airbag control
systems, wiper motors etc. are susceptible to damage from voltage transients.
Multilayer suppressors are designed to fail short when overstressed and, thus protect
the associated equipment. The devices are in the chip form, eliminating lead
inductance and assuring the fastest speed of response to transient surges. Two main

series of multilayer devices7 are available commercially.

Depending upon the purpose and application there are many developments9 in the

ZnO varistor technology. The main of these are (i) Multilayer Surface Mount

Transient Surge Suppresser (ii) Industrial High Energy Metal-Oxide Varistors (iii)
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Radial Lead Metal-Oxide Varistors (iv) Industrial High Energy Metal-Oxide Disc
Varistors (v) Surface Mount Metal-Oxide Varistors (vi) Connector Pin Metal-Oxide
Varistors (vii) Radial Lead Metal-Oxide Varistors for Line Voltage Operation (viii)
Axial Lead Metal-Oxide Varistors (ix) Industrial High Energy Metal-Oxide Square
Varistors (x) Base Mount Metal-Oxide Varistors (xi) Low Profile Metal Oxide

Varistors.

1.5.1 FUNCTIONAL PARAMETERS OF VARISTORS

The application of zinc oxide varistor is selected on the basis of some critical
parameters such as non-linear coefficient, nominal voltage, leakage current, and
energy absorption capability etc. The material and processing parameters like the
density of the green and the fired body, homogeneity, grain size, porosity, varistor
chemistry, and sintering parameters are identified to affect the energy absorption
capability remarkably4045. The life of varistors is largely dependent on the leakage

current and energy absorption capability.

Varistor applications take the advantage of all the regions of the I-V curve. The low
current region determines the watt loss and, hence, the operating voltage during the
steady application of an external voltage. The non-linear region determines the
clamping voltage upon application of a transient surge. The high current region
presents the limiting condition for protection from high current surges such as those
found in lightning. Devices where the upturn occurs at increasingly higher current
density are, therefore, most desirable for applications involving high magnitudes of

currents, since the voltage rise can be minimized with such devices.

There are several critical application parameters some of which are associated with
various regions of the I-V curve. These parameters serve various functions in the
design and operation of a surge protector. The most desirable device should have a
high value of non-linear coefficient or low value of protective level, a low value of
leakage current, a long varistor life and high energy absorption capability. The

functional important parameters for a suppressor are in general assessed by the (a)
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Standby Power (b) Peak Pulse Power (c) Clamping voltage (d) Speed of response (e)

Leakage currents (f) Ageing (g) Failure mode (h) Capacitance.

Standby Power

The power consumed by the suppressor unit at normal line voltage is an important
selection criterion. Peak standby current is one factor that determines the standby
power of a suppressor. The standby power dissipation depends also on the alpha

(non-linearity) characteristic of the device.

The amount of standby power that a circuit can tolerate may be the deciding factor in
the choice of a suppressor. Though high-alpha devices have low standby power at the
nominal design voltage, a small line-voltage rise would cause a dramatic increase in

the standby voltage.

The gas discharge device may experience follow-on current when in use for
protection of AC line surges. For this reason this type of device is useful for high

current surges but is not effective in protecting low voltage, low impedance circuits.

Peak Pulse Power

Transient suppressors have to be capable to absorb large amount of power or energy
in a very short time duration: nanoseconds, microseconds, or milliseconds in some
rare instances. Electrical energy is transformed into heat and has to be distributed
instantaneously throughout the device. For any material transient thermal impedance

is much more critical than the steady state thermal impedance.

ZnO Varistors meet these requirements and are a reliable device with large overload
capability. Zener diodes, on the other hand, transform electrical energy into heat in
the depletion region: an extremely small area resulting in high temperature. With

shorter pulses diode faces more difficulty.
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Clamping Voltage

Clamping voltage is an important feature of a transient suppressor. Zener diode has
lower clamping voltage than the ZnO varistor. Because all protective devices are
connected in parallel with the system to be protected, a lower clamping voltage will

apply less stress to the system.

Speed of Response

The response time of the suppressor to the transient current that a circuit can deliver
is the appropriate characteristic to consider. ZnO varistor action depends on a
conduction mechanism similar to that of other semiconductor devices and it occurs
very rapidly with apparently no time lag even into the nanosecond range. However,
for zener diode this time is claimed to be as low as 1 picosecond. In a conventional
lead-mounted ZnO varistor, the inductance of the leads is responsible for masking the
fast action ofthe varistor. The connector pin design ofa ZnO varistor has eliminated

the inductive lead effects.

Leakage Currents

The leakage current is an important factor in selecting the suppressor-the lower the

leakage, the better is the device. Zener diode leakage is much higher than that for a

varistor. At elevated temperatures, the comparison looks more favourable to the

varistor.

Ageing

It is stated that the I-V characteristic of a varistor changes every time energy is

absorbed due to a pulse. But this change due to the repeated pulse injection is not

very remarkable. According to some manufacturer9the term 'ageing’ is a misnomer.
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Failure mode

Varistors subjected to energy levels beyond specified ratings may be damaged.
Varistors fail in short circuit mode. Subjected to high enough energy, however, they
may physically rupture or explode, resulting in an open circuit condition. The latter

kind of failures are quite rare but the possibility is there.

Zener diodes can fail either short or open. Designers must analyze which failure
mode, open or short, is preferred for their circuits. A short is preferred when a device
fails during a transient as it will provide a current path bypassing and will continue to

protect the sensitive components.

Capacitance

Depending on the application, transient suppressor capacitance can be a very
desirable or undesirable feature. Varistors in comparison to Zener diodes have a
higher capacitance. For filter connectors varistor can perform dual functions of
providing both filtering and transient suppression. But for high frequency digital or

some analog circuits, capacitance is less desirable.

The structural characteristics of ZnO varistors unavoidably result in an appreciable
capacitance between the device terminals, depending on the area, thickness and
material processing. For the majority of power applications, this capacitance is not
significant. In high-frequency applications, however, the effect must be taken into

consideration in the overall system design.

1.6 SCOPE OF THE PRESENT STUDY

Processing parameters of varistors, though basically follow the conventional ceramic
fabrication route, vary to a certain extent depending upon the configuration of the
device. The present study was concerned with the cylindrical varistor discs applied

for arrester application. Though compaction parameters were the main emphasis in
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this study, other aspects of processing conditions were also investigated in terms of

the critical performance characteristics of varistor.

Compaction is undoubtedly an important operation. The parameters considered in
this processing step is the pressure, speed or rate of pressing and the dwell time. To
conduct the study with pressing parameters a floating die was designed and
fabricated. The analysis consisted of evaluating the effect on the green as well as on
the fired properties of the wvaristor discs. Electrical characterization was also
performed to assess the effects on the performance characteristics. These were the
fundamental properties related to the |-V characteristics and energy absorption

capability and high current performance.

Grinding or lapping of the flat faces is necessary for a number of reasons. The
grindability of arrester discs is dependent on other processing conditions. A
relationship was found between the sintering orientation and the grinadability of
arrester blocks. The evaluation was done by measuring the microhardness of the

discs.

Sintering orientation of the discs affects several other physical properties of the
sintered disc The portion of the arrester disc remaining in contact with liner material
was found to be mechanically weaker. The measured density gradient was also
significantly high. As a consequence it was found that higher number of failure
originated from the bottom part remaining in close contact with the liner. An

alternative sintering orientation was attempted to get rid of these problems.

Arrester blocks are manufactured with circular cross-section. For the same volume of
the disc increased heat transfer area is expected to enhance the stability of a varistor
during the steady-state operating condition. This would eventually increase the life of
a varistor by delaying the thermal runaway. Increased surface to volume ratio is
possible by providing a hexagonal shape to the disc. An attempt was made to prepare
hexagonal discs by grinding the side of the cylindrical discs. They were tested for

determining the energy absorption capability and the I-V characteristics.
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The electrode of an arrester disc is deposited on the circular face either with a margin
at the periphery or without any margin i.e. covering the whole face. Both methods
are practiced presently depending on the customer specifications. But the eventual
impact specially on the energy absorption capability was not precisely known. In this
study attempt was made to evaluate the effect of margin in electrode on the energy

absorption capability.

Failure mode of arrester disc is dependent on the pulse duration. Short pulses usually
cause crack or rupture of the discs. The fracture mechanism was analysed in the
context of stress wave propagation during the injection of this kind of pulses. In this
regard celerity (speed of propagation of a pulse) measured by a laser based device

was correlated with the basic elastic properties ofthe arrester material.

Some microstructural analyses were also performed by Scanning Electron
Microscopy (SEM) to correlate the microstructural results with the processing

parameters.

In chapter 2, a brief literature survey has been incorporated on the processing
parameters of ceramics with a special focus on electronic ceramics. Factors
influencing the compaction phenomena were elaborated and the objectives were set

for the study.

The experimental procedure and the equipment used have been briefly described, in
chapter 3. The effects ofthe compaction parameters on the functional properties have
been presented. The results are based on the experimental data obtained under

specified experimental and testing condition.
In chapter 5, the mathematical models were developed on the basis of the design of

experiments. In this regard the two-level factorial design and response surface

methodology were adopted.
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In the processing of ceramic the effects of sintering orientation of arrester was
investigated and the influence was described in chapter 6. The adverse effect arising
from the orientation was obvious in several physical properties as described in this

chapter

To overcome the problems arising from the sintering configuration several alternative
methods were proposed in chapter 7 with their relative merits and demerits.
Moreover, the fracture mechanism in high current test was also investigated with

subsequent presentation ofthe results in this chapter.

In chapter 8, the conclusions, thesis contribution and the recommendation for further

work were briefly mentioned.
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Chapter 2

LITERATURE SURVEY

2.1 INTRODUCTION

The application of metal-oxide varistor technology is very common now-a-days for
voltage stabilization or transient surge suppression in electronic circuits and electrical
power systems2513 Owing to the improvements of non-ohmic properties and
functional reliability, the use of ZnO varistors is expanding rapidly. Moreover, with
the advent of advanced manufacturing technology, varistors having new designs64647
and configurations are expected to have wider application. In addition to some
finishing operations, varistor manufacture basically follows the root of conventional

ceramic processing.

2.2 BRIEF DESCRIPTION OF CERAMIC PROCESSING

Ceramic materials have been produced and used for centuries and have become very
important in modern industrial and consumer technology. These are compounds of
metallic and non-metallic elements often in the form of oxides, carbides and nitrides.
A wide variety of ceramic materials with a large variation in their physical,
mechanical, and electrical properties4849 are produced by different elemental
combinations and structural arrangements. Most of the ceramics have a crystal
structure and strong ionic or covalent bonds. The unique properties of low electrical
conductivity, refractoriness, hardness, wear resistance, high compressive strength are
exhibited by ceramic materials because of the strong bonding and structural

arrangements.

Depending upon the use and nature of the product, ceramics can be classified as

traditional or advanced ceramics. Traditional ceramics refer to the common domestic
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products. They can be fine (having particles under 0.2 mm) or coarse (particles as
large as 8.0 mm) which in turn produce dense or porous fired bodies50. The oldest
ceramic product is pottery and it was originated from clay materials. Traditional
approaches lack a clear methodology for controlling microstructural heterogeneity

and uniformity of the product.

Advanced ceramics refer to the ceramic materials which exhibit superior mechanical
properties, corrosion and oxidation resistance, or electrical, optical and magnetic
properties5L Dielectric, semiconductors, insulators, transducers, lasers, emission
control, sensors etc. are examples of advanced ceramics. The materials used to
produce these products include monolithic ceramics as well as particulate whisker,
fibre reinforced glass, glass ceramic and ceramic matrix composites. These materials
should possess the necessary properties such as resistance to temperature, stress and

environment.

Though the engineering implementation of advanced ceramic is still hindered by their
poor formability and brittle nature, the processing technology has advanced in
comparison to the traditional ceramic production techniques. Pressing grade
advanced ceramic powders4952 require a high degree of compositional and

microstructural homogeneity, as well as high degree of purity and reliability.

Performance and reliability of electronic ceramic depends on the grain and the grain
boundary phenomena310495355. Hence in the development and production of more
advanced ceramic materials, extra-ordinary control of the materials and processing
parameters is a requisite to minimize microstructural defects. Compared to the long
history of ceramic materials, the use of electronic ceramic as transient over-voltage

suppression device is a recent development.

2.21 MANUFACTURING PROCESS OF ZINC OXIDE VARISTOR

Zinc Oxide varistors are basically ceramic materials, processed from a number of

metal oxide powders. The ceramic body is primarily composed of zinc oxide with
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small additions of bismuth, cobalt, manganese and other metal oxides™ A The
structure of the body consists of a matrix of conductive zinc oxide grains separated
by grain boundaries providing P-N junction semiconductor characteristics. These
boundaries are responsible for blocking conduction at the steady-state low voltages

and are the sources of the non-linear electrical conduction at higher voltages.

The basic material used to manufacture metal-oxide varistors are pulverized, very
finely grained ZnO with particle sizes of about 1 (im, to which as many as 10 or more
doping elements are added in the form of fine oxide powders. Its actual composition
differs from manufacturer to manufacturer. The proportion by weight of all additives
together is about 10 percent, with the share of the individual components ranging
from ppm to percent. The purity and fineness of the metal-oxide powders and the
homogeneity of the mixture are, therefore, of immense importance for the quality of

the end product.

To achieve the required homogeneity the powder is treated in several processing
steps, after which the mixture in the form of a slurry has to be spray-dried to obtain
the dry granulates necessary for pressing. The resulting spheroidal granulates are
about 50 (im in mean diameter with a wide distribution. Majority of the varistor
devices are processed from this kind of powder except some category such as

multilayer varistors which are made from a slurry paste.

Since the present study was undertaken to evaluate the properties of varistor disc the
manufacturing process described here is based according to the procedure adopted in
case of varistor disc or arrester fabrication. The major processing steps for the

fabrication of zinc oxide arrester block is illustrated schematically in Figure 2.1.
The spray dried powder in the form of granulates are compressed into disc-shaped

blocks with approximately 55 to 65 percent of their theoretical density. The pressing

is performed by uniaxial double action compaction technique.
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Zinc oxide Additive oxide

Spray drying
Calcining
Milling
Spray drying
Compaction
Sintering
Lapping
i

Ultrasonic
cleaning

Electroding
Passivating

Testing

Figure 2.1 The fabrication procedure ofthe metal-oxide arrester block

The sintering of the discs is performed by a conventional sintering profile with a peak
temperature of 1100 °C and a total sintering cycle time of about 70 hours. The
sintered ceramic body takes the shape of a rigid cylinder with a theoretical density
usually more than 95 percent. In the sintering process the adjacent powder particles

are united by means of diffusion, and subsequently grow into large grains.

Zinc oxide varistors undergo a liquid phase sintering process. During this process the
bismuth oxide melts to form the liquid phase which dissolves, at least in part, the
other doping substances and promotes their uniform distribution. The liquid phase

also favours the grain growth and dense sintering. The spinel precipitates, on the
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other hand, inhibit grain growth and generates a uniform distribution of the ZnO

grain size.

The researches in the varistor technology have been primarily aimed at improving the
fundamental properties . In this regard much of the work is related to the
investigation of material composition, microstructure, whilst grain and boundary
phenomenonIo et got the maximum attention. No such work investigating the
effect of compaction parameters on ZnO veristor properties has been reported. Some
attempt with HIP was made63 but due to the lack in the development of grain

boundaries the attempt was not very successful. Heat treatment at high temperature is

necessary to facilitate grain growth.

Compaction is the process of applying pressure and simultaneously giving a desired
shape on a powder material confined in a rigid die or in a flexible mould. The process
depends on an external source of pressure for deforming the powders into a high
density mass with required shape and dimensional accuracy. Powder feed is usually in

the form of controlled granules containing pressing additives produced by spray

drying.

The means of compaction, the mechanical constraints and the rate of pressurization
are the significant process parameters which play a vital role in the resulting
properties of the green body. Main concern with properties of the green as well as of
the fired body dictates that high densities with minimum gradient be achieved
following compaction operation. So compaction is undoubtedly a very important step
in the manufacturing process of arrester discs. The main focus of this study in
analyzing the effect of the compaction parameters on the eventual property of

varistor disc.
2.2.2 GENERAL PHENOMENA OF COMPACTION PROCESS

Compaction process passes through different phases of material deformation. Three

distinct stages can be identified in the compaction cycle64. At the initial stage the
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loose array of powder particles is compressed to a closer packing. Then the particle-
to-particle point contact deforms as pressure increases. Finally the particles undergo

extensive plastic deformation.

At the beginning of the compaction cycle, the powder has a density approximately
equal to the apparent density. Voids are observed between particles and with
vibration, the highest obtainable density at this stage is only the tap density. As
pressure is applied, the first response is observed in the form of rearrangement of
particles, giving a higher packing co-ordination. Large pores caused by particle
bridging are initially filled by this rearrangement. This change process is aided by hard

particle surfaces.

Increasing pressure results in better packing leading to a decrease in porosity6b.
Initially, the number of contacts grows as particle rearrangement and sliding occur.
High pressure increases the density by enlargement in contact area through plastic
deformation. Thus pressure causes localised deformation at the contacts giving work
(strain) hardening and allowing new contacts to form as distance between particles
decreases. Interparticle contact zones take on a flattened appearance. However, for

ceramic materials which are brittle little growth between junctions occurs.

Any further gains in green density demand more pressure which leads to considerable
work hardening. This is especially applicable to metal powder. With brittle materials
like ceramic, densification occurs by fragmentation. The compact surface area
increases because of fragmentation, however, green strength shows little
improvement. At very high compaction pressures, in excess of 1 GPa, massive
deformation occurs, leaving fine pore sizes. Pressurization beyond this level64 is of
little benefit and the material response is similar to that of a dense solid. Moreover,

too high a pressure leads to crack generation in the green body66.

In contrast to the above three stages in the compaction process for metal powder

Van Der Zwan and Siskens67 proposed a four-stage phenomenon for ceramic. These

are (i) filling of the holes between particles (ii) fragmentation and plastic deformation
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of the granules (iii) filling of the holes between primary particles and (iv)
fragmentation and plastic deformation of the primary particles. Their investigation
was based on two different spray-dried ceramic powders, a wall-tile granulate, and a

ferrite granulate.

Green and Fired strength

Bergman et al8 investigated to correlate green and fired strength of A120 3 with
controlled defects. They observed the same fracture mode with higher variability in
the strength of the sintered samples. Sintering has been identified as a critical step
because this opens up voids and cracks. A new theory has been proposed by Kendall
et al® on the elastic deformation and surface energy of smooth spheres which was

verified by experiments on titania and alumina powders.

Pressure and Green Density

It is known that it is pressure which largely determines the ultimate green as well as
fired properties. Aketa et al7?0 have conducted a study on iron powder and deduced a
theoretical formulation on density distribution on the basis of the assumption that the
pressure-density characteristic can be expressed by a hyperbolic function. A similar
study was conducted7173 and the theoretical density distribution has been compared
with experimental data and found them fairly agreeable. Some excellent works747
have been carried out to simulate the compaction phenomena and various parameters

ofthe compact.

The density gradient developed7778 due to the die-wall and interparticle friction has

been studied on different powder materials.

Compaction and Dimensional Accuracy

Green density is a key factor in keeping the dimensional accuracy ofthe ceramic discs

after firing. It is apparent that lower green density of the compact will allow greater
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shrinkage for the same composition of powder. Similarly higher green density will
give less scope of shrinkage. Thus higher green density with less density gradient in
the compact will reduce the scope of dimensional deviation in the fired body due to

shrinkage.

2.2.3 FACTORS INFLUENCING COMPACTION

The compaction process is obviously influenced by a number of parameters. There
are various sources of these influencing parameters. However, four distinct sources
are clearly identifiable in the compaction process. These are (i) powder
characteristics, (ii) organic systems, (iii) pressing technique and (iv) geometry of the

compact body.

Figure 2.2. Factors affecting Compactability of powder
Compactability of powder is thus a resultant of complex interaction of the input

parameters from these four sources. This feature is schematically demonstrated in

Figure 2.2.
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Powder Characteristics

There are inherent material properties which combine with crystallography, chemical
bonding, friction etc. to determine the ease of compaction. Extrinsic powder
parameters like the particle size and its distribution, shape, surface condition,

flowability etc. can have an equally significant effect on compaction.

Systems used to prepare granulated pressing powders by spray-drying commonly
contain a number of organic materials. These materials play a significant role in the
process of compaction. The important powder characteristics which affect the

compaction process are discussed.

Particle size and its distribution

Particle size and its distribution have been found to affect the compressibility of
powder. Compression of non-metallic powders of equiaxed particles can be
acceptably characterized by the Bal'shin relation and that the pressing modulus so

defined is a simple exponential function of the particle size79.

A fine particle size hinders compaction because of the higher interparticle friction64.
Dimilia and Reed® stated that higher densities might be attributable to the broader

size distribution.

Shape of particles and agglomerates

Surface area and interparticle friction are dependent on the shape of the powder
particles. In relation to friction the ideal situation is to have spherical shape particles.
There is only one point of contact between two particles of spherical shape.
Deviation from this shape will lead to more contact points between particles. So

shape of particles greatly influences the flowability.
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Specific surface area

Specific surface area (SSA) is one of the most important parameters used to
characterise powders. This is actually dependent on other parameters like particle
size, size distribution, shape and surface conditions. Surface area is often used as
shape index. However, this parameter is not expected to directly affect the
compressibility of powder. Higher specific surface indicates that the particle size is
small and free surface energy is more. So it is quite clear that the SSA plays a

significant role in case of sintering.

Flowability

Good powder flow is essential for reproducible volumetric filling, a uniform density
of filling and rapid pressing rates. Dense, nearly spherical particles with smooth,
nonsticky surfaces that are coarser than 40 (im have good flow behaviour and are

preferred for pressing49.

Moisture content

Water acts as a plasticizer for PVA. Just as with PEG, an increase in moisture
content in the powder lowers Tg and the apparent yield point. Granulates with a
relatively high moisture content ( more than 8 percent ) can be easily compressed
with low compression pressure. At higher pressures, water fills all interstitial spaces
and consequently no further densification can be obtained unless under very low

speeds the water is allowed to escape.

Granulates which are too dry have little cohesion and insufficient lubrication to be
adequately densified. Optimum moisture contents are in the range of 6-8 percent,
which are comparable with industrial practice8l. But for metal-oxide powder the

moisture content is very low usually less than 1 percent.
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Interparticle Friction

Powder flow and packing characteristics are the results of interparticle friction. As
surface area increases, the extent of friction in the powder mass increases.
Consequently, the friction between particles increases leading to less efficient flow

and packing. This concerns automatic die filling in compaction64.

Density and packing properties decrease because of poor flow past neighbouring
particles. Apparent or bulk density is the density of loose powder without agitation,
whereas tap density is measured with agitation usually giving a definite number of
taps. The angle of repose (angle formed by pouring a powder into a pile) is another

friction index.

Hardness and Ductility

The work hardening behaviour of a material and hardness are both expected to
influence compaction64. Cooper and Eaton& conducted a study on compaction
behaviour of four ceramic powders with different hardness and found that softer
powders yielded a greater fractional compaction at a given test pressure. ZnO being a

softer ceramic is expected to behave better in terms of compaction.

Organic System

Compressibility of a ceramic powder depends on the type and quantity of organics
present. Various organic materials are added to prepare a slurry for spray-drying.
These are added as deflocculent, binder, plasticizer, lubricant, wetting agent and
defoamer.

Binder

Binder has the purpose of imparting green strength to the compact for ejection and

subsequent handling prior to sintering. Binder content should be kept as low as
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practicable to minimize both the higher binder cost and the amount of gas produced
during binder burnout and its content is usually kept in the range of 2-12 volume

percent49. But for MOV powder it is even less than the lower limit.

Compaction is enhanced by factors tending to soften the binder system8& such as
increased humidity and temperature. Nyberg et al8 has studied compaction behaviour
of powder by testing 3 different binders and concluded that granules with latex
exhibited better compaction properties and had the highest sintered densities. The

experiment was carried out with Alumina powder.

Lubricant

Lubricant has the purpose of easing ejection, improve uniformity in density
distribution in the compact and to reduce the die wear. Lubricating the die enhanced

the stress transmission8s.

Pressing Technique

There are various techniques available for compaction of powder. However, each
technique has its own advantages and limitations. Ultimate selection of a technique is
dependent on the economic balance in terms of compact quality and the production
rate. Capability of exerting pressure is an important criterion in the selection of
pressing machine. Since the relationship between compacting pressure and the density
is very vital and it is the pressure which largely controls the eventual attainment of
density, strength and porosity in the green body more than any other factorl2

Moreover, improved green properties are likely to impart better sintered properties.

Classification of compaction techniques

There are various approaches in which compaction techniques can be classified.

However, depending on the scale of use they can be broadly categorized into two

major groups (a) conventional compaction and (b) alternative compaction.
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Conventional Compaction Technique

There are two common techniques under conventional compaction. These are (i)
uniaxial or single stroke static compaction and (ii) isostatic compaction. Uniaxial
compaction can again be subdivided into two forms - single action and double action
while isostatic compaction can be cold isostatic pressing (CIP) and hot isostatic

pressing (HIP).

Most conventional presses can again be classified as either mechanical or hydraulic.
Mechanical presses typically have a higher production rate. These can be (i) single
stroke press (ii) rotary press (iii) toggle press with pressing capacities usually up to
100 tons. But toggle presses are available with up to 800 tons capacity. Hydraulic
presses can be very large and can exert as much as 5000 tons of load86. But the

hydraulic presses have a much lower cycle rate than mechanical presses.

Recently there are some compaction machines in which a new feature of 'Ejection
Position Constant (EPC)' has been incorporated. This eliminates adjustment of

gjection stroke.

Uniaxial compaction

Uniaxial compaction involves the pressing of powder into a rigid die by applying
pressure along a single axial direction through a rigid punch. For evaluation of the
compressibility of powder single action is carried out while for green and fired
strength of the green compact and the electrical properties of the varistor double
action method is used for compaction operation. It has been noticed that compaction

cycle and the design of die are very important parameters.

Compaction Cycle

The compaction cycle is very important to obtain a good quality compact. Usually a

compaction cycle with a characteristic of long pressing time ensures good powder
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compaction. However, in the context of productivity, a shorter pressing cycle is

preferable.
Die Design

To reduce external powder friction the die-wall must be ground in the axial direction.
Application of a wall lubricant is most effective if the particles are small and the
lubricant thickness is large87. Lubricant thickness should be much larger than particle

size.
Cold lIsostatic Pressing

Isostatic pressing or compaction involves application of pressure equally to the
powder from all sides. This technique remarkably reduces the problems of
nonuniformity due to die-wall and interparticle friction and thus permits uniform
compaction of a larger volume of powder. Thus this technique can conveniently press
compact of high aspect ratio and of complex geometry. However, it is well-known
that isostatic compaction cannot compete on a production line basis with die

compaction&3

CIP on precompact body

This is actually a combination of uniaxial and isostatic compaction. G. Andersson&®
conducted creep experiment on precompacted tungsten carbide powder specimen.
Less strain change was observed on precompacted (20 MPa) specimens compared to
loose powder compaction.

Alternative Compaction Technique

Alternative compaction techniques are not widely used methods. But they have some

interesting features which may be advantageous compared to their limitations. There

may be a number of alternative compaction technique, however, only three will be

47



mentioned here. These are (i) compaction with ultrasonic vibration (ii) cyclic

compaction and (iii) dynamic compaction.

Compaction with Ultrasonic Vibration

In this process the pressing tool is mounted at a motion node and is excited by means
of magnetostrictive ultrasonic transducer. The powder is located at a motion anti-
node of the acoustic vibration system and is thus subjected to high accelerations. E
LehfeldtQ conducted experiment using this technique. For a metal powder (iron) it
has been found that a significant increase in green density can be attained with

ultrasonic vibration, particularly in the initial stages ofthe pressing process.

Regarding the green strength it has been found that strength of the compact made
using the ultrasonic vibration is not higher than that of the test-pieces of the same
density pressed without ultrasonic vibration. This indicates that for specimens of the

same green density, no increase in strength can be achieved with ultrasonic vibration.

Springback effect is minimum when ultrasonic vibration is used providing greater
dimensional stability. Experiment was carried out on tin test-pieces. This feature is
attributable to the fact that the enclosed air in the powder can leak away more easily

during vibrations. This is specially important when high pressing speeds are used.

E. Emeruwa et al9l investigated the compaction behaviour of ceramic powders by
ultrasounds. They found that compact density would increase with ultrasonic
parameters such as amplitude and time of application. Other effects such as improved

porosity and microstructure were also observed.
Thus ultrasonics can offer considerable advantages in the compaction process. This

can be used to lower the flow boundary of the material. In addition the working

temperature required to attain a given density can be lowered.
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Cyclic Compaction

Kim and Son proposed this type of compact;itf)n technique. It has been found that
cyclic compaction is more efficient than the conventional uniaxial technique. A
densification equation, based on the Cooper and Eaton compaction equation has been
proposed to describe the cycle dependent pressure-volume fraction relation for
ceramic powder compaction. This has been found to be well represented for the
alumina powder. The experimental results also suggest that the cyclic compaction

with zero bias pressure is more efficient.
Dynamic Compaction

In this process the powder metallurgy and explosive forming methods have been
combined. The purpose was to make parts from nonequilibrium powders which were
either hard to compact or which might lose their unique properties in the high

temperature sintering operation%.

Dynamic processing enhances locked-in elastic strains and lattice defects, often
resulting in a stronger material. Because dynamic high-pressure state is transient,
lasting only nanoseconds, the whole compacting process is completed before
thermodynamically immiscible components of the particles have time to separate.
Thus dynamic compaction can lead to non-equilibrium materials with unique

mechanical, electromagnetic, or chemical properties.
Geometry of Compact Body

Arrester discs are cylindrical in shape. So the geometry of the compact body is
simple. However, the aspect ratio (height to diameter ratio) is very important for
uniform properties of the green body. Generally, when this ratio exceeds five, die
compaction is unsuccessful64. Better pressing results are observed with smaller aspect

ratio.
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2.3 OBJECTIVE OF THE STUDY

The objective ofthe study was mainly based on the efforts to secure the improvement
on the energy absorption capability of ZnO varistor disc for arrester application.
Much ofthe work was related to investigate the effects of the compacting parameters
on the physical and electrical characteristics of varistors. Some other relevant
processing aspects were also studied to identify the contributing factors in enhancing
the performance. Though the energy absorption capability was considered to be the

main parameter, some other critical characteristics were also evaluated.

The objectives of the study were as follows:

e« To correlate the physical and functional parameters of varistor in terms of the
compacting pressure and speed

» To evaluate the effect of dwell time in the pressing cycle on the energy absorption
capability, high current performance

e To evaluate the effect of sintering orientation on the fired disc e.g. density
gradient, hardness, mechanical strength and microstructures

e To verify and propose alternative approaches in the light of better performance,
improved process capability etc.

e To investigate the fracture mechanism in high current pulse and suggest
appropriate measures to enhance the behaviour

e To identify the possible areas of future work for further improvement.
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Chapter 3

EXPERIMENTAL PROCEDURE AND EQUIPMENT

3.1 INTRODUCTION

Zinc oxide varistors are produced in different shape and size to meet the specific
requirements of application. Though there is a broad range of varistor products
available to combat a wide range of possible transient voltage suppression conditions,
the experiments during the course of the study was carried out only on arrester
blocks and discs. These test specimens were cylindrical in shape but different in size -
the small discs and the standard production line arrester blocks. The smaller samples
were pressed by using a 17 mm floating die, designed and fabricated exclusively for
the purpose of evaluating the effect of compaction parameters and the measurement

of compressibility of powders.

The controlled load and speed were applied on the upper punch through the anvil of
an Instron machine to form the green compact. Standard discs were pressed in a
hydraulic compacting machine by changing the pressing cycle parameters mainly the
dwells. Metal-oxide varistor powder with standard formulation was used for making
all the test samples. After the pressing operation, the usual procedure of sintering,

passivation, grinding, electroding was performed to prepare the samples for testing.

The functional reliability of a zinc oxide varistor is determined by a number of critical
parameters. In this context the |-V characteristics, the energy absorption capability
and the high current performance are very important. The grain size and the grain
boundary of the ceramic largely influence the 1-V characteristics whereas the
homogeneity, integrity of the varistor material are vital for the energy handling
capability and the high current performance. The level of perfection in the various
finishing operations is certainly of significant importance in this regard. So each of

the processing operations - starting from the powder preparation to the electroding,
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is of great importance in terms of the functional reliability of the varistor. A minor
flaw in the earlier processing stage could adversely affect the ultimate electrical
property. Sufficient green strength of the compacted disc is necessary for handling
them prior to sintering while post sintered mechanical properties are vital for further

processing results and the eventual field performance.

There are some apparently uncontrollable defects generated in the ceramic during
sintering such as pinhole, void, crack etc. These defects may affect the uniformity of
the material and result in earlier failure of the discs. This kind of flaws or defects may
originate from other sources as well. It is envisaged that not only the higher degree of
homogeneity ofthe ceramic material but also the quality of passivation and electrode
can be responsible. Suitable passivating material with optimum thickness and proper
electrode of the varistor are conducive to achieve a high level of energy absorption

capability and enhanced high current performance.

Mechanical characteristics such as the hardness, density gradient, strength etc. are the
indicators of the quality of the ceramic material. So in the course of the study the
important mechanical and electrical parameters were investigated adopting the
standard methodology for possible correlation. A brief description of the critical
testing parameters, the procedure adopted and the equipment used in preparation and

testing of the samples is presented in the following sections.

3.2 PREPARATION OF SAMPLES

The study substantially focused on the effect of the compaction parameters. The
samples were pressed adopting the uniaxial double action compaction technique
either with the floating die applying load through an Instron machine or with a
hydraulic compacting press available in the production line. However, to study the
additional functional parameters production line ‘as produced’ discs were used.

Microhardness was measured on standard discs to correlate with their grindability.
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3.2.1 SMALL SIZE ARRESTER DISC

Standard metal-oxide varistor powder was pressed to prepare the cylindrical discs
with a nominal green diameter of 17 mm using a uniaxial double action floating die
applying controlled load with the help of a precision Instron machine. The discs were
then sintered followed by the finishing operations such as the glassing or passivation,

grinding and electroding.

Compaction Procedure

A target amount of standard MOV powder was weighed and poured manually into
the die cavity. The load was applied on the upper punch of the die-set through the
anvil ofthe cross-head of the Instron machine. With the lowering of the upper punch
the powder was progressively compressed with the increase in load. At a certain level
of increasing pressure the floating die started to go downward as a result of the load
transmitted through the die-wall. The powder was also pressed from the other side
through the lower punch. The pressing parameters were the peak load and the speed
of cross-head. The peak load and the cross-head speed were set digitally with the
electronic control console of the Instron. The pressing operation was conducted by

the uniaxial double action compaction technique.

Sintering and finishing operation

Considering the smaller size of the discs the sintering of the 17 mm samples was
performed by a slightly modified temperature profile from the conventional one. A
shorter soak duration at peak temperature was selected with a total sintering cycle
time of about 65 hours. Sintering operation was carried out in a pot Kiln with the
temperature profile demonstrated in Figure 3.1. The sintered discs were passivated by
the standard procedure. This includes preheating of the discs up to a temperature of
120 °C followed by the spraying of glass in the form slurry on the side or C-face of
the disc. The purpose of preheating is to facilitate sticking of the glass slurry on the

surface. The samples were then passed through the glassing oven for firing at a
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maximum temperature of about 800 °C. The flat faces of the cylindrical discs were
ground using a polishing machine on the grinding paper of grit size 240. They were
then washed with deionized water in an ultrasonic cleaner, Hilsonic. A thin layer of

silver was painted by brush on the ground and clean face of disc to act as electrode.

Time (hours)

Figure 3.1: Temperature profile for the sintering of small size samples

The dried silver electrode was cured by passing the samples through a glassing oven

to secure perfect adhesion with the ceramic.

3.2.2 STANDARD ARRESTER BLOCK

Most of the investigation was conducted using standard arrester blocks as samples.
These were 32 mm and 42 mm in diameter of the fired disc with nominal voltages of
3 KV and 5 KV respectively. They were used for both the mechanical and electrical
characterization. To evaluate the effect of dwell time in the pressing cycle, an
experiment with two level factorial design was performed using the standard

production line arrester discs. Investigation with sintering orientation, stress wave
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propagation, performance of hexagonal disc in energy absorption capability was also

conducted with the standard samples.

Compaction Procedure

Standard arrester blocks were compacted in a hydraulically operated production line
compaction machine. In addition to the possible adjustment in the peak load, the
pressing cycle is composed of a number of functional steps such as jog, dwell times.
The filling of the die with powder was facilitated by a number ofjogs and pressing
with a number of holding times at different phases of loading. The blocks were
pressed by the uniaxial double action compaction method. However, except for the
experiment with dwell time, other investigations were conducted with the discs

pressed under standard pressing cycle.

The compacting machine, Hydramet (Model HC 75 EC) used for pressing the
arrester blocks is equipped with special features having precise and reliable controls.
The pressing cycle consists of three main steps - filling, pressing and ejecting. Filling
of the die with powder is facilitated by 8 joggs. After reaching a low pressing load
(approximately 10 tons for three compacts of 49 mm in diameter, equivalent to about
18 MPa ), a pre-press dwell time of 0.5 second is maintained followed by a higher
load of 60-70 tons ( equivalent to 108-126 MPa ) at which the compacts are held for
2.5 second as press dwell. On releasing the load but keeping the disc inside the die an
ejection delay for 2.0 seconds is provided. The compact is ejected by the lower punch
but keeping it in contact with the upper punch. A delay of one second is adopted to
detach the upper punch from the compact. Thus the operation is completed by a total
cycle time of 28-30 seconds. A target green density is maintained within a range of

3.30 - 3.50 gm/cc.

Sintering and other finishing operation

The sintering of the larger size samples was performed in the production line large

capacity kiln. The temperature profile was similar to that mentioned earlier except a
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longer soak duration at the peak temperature of 1120 °C with a total sintering cycle
time of 70 hours. However, it is known that there are temperature differences from
location to location inside the overhead large capacity (16,000-20,000 discs in a
single charge) kiln. Therefore, a particular zone in the kiln was chosen to sinter the
discs so that the variation arising due to the deviation in temperature over the whole

cycle could be neglected.

3.3 ELECTRICAL CHARACTERIZATION

The small arrester discs were tested for evaluating the effects of the compacting
parameters on the physical, mechanical and electrical properties. Thus the green and
fired density, axial, radial and overall volume shrinkage, diametral depression were
computed by using standard digital measuring instruments. Important electrical
parameters concerning the |-V characteristics and the energy absorption capability
were evaluated. The procedure of measurement and evaluation of these critical

parameters is briefly described in the following sections.

3.3.1 CURRENT-VOLTAGE CHARACTERIZATION

Zinc oxide varistors are characterized by the 1-V curve in the low, medium, and high
current regions. These three regions are popularly known as the pre-breakdown,
breakdown and upturn regions associated with the |-V characteristics. They serve
various functions in the design and operation of varistor under the steady-state
condition as well as under the transient overvoltage surges. The most desirable
varistor should have a low clamping ratio (the ideal value is unity) and a leakage
current, a higher value of non-linear co-efficient and energy absorption capability

with a longer operating life.

Prebreakdown region

The prebreakdown region determines the steady state joule heating and the nominal

voltage of the varistors. The current voltage relationship is ohmic in this region and is
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controlled by the resistivity of the grain boundary. High Voltage Test System was
used for smaller size samples to measure the values of current at preset voltages and
the values of voltages at the preset current. The data obtained from the piece by piece
measurement are stored in the computer memory and are obtained as computer
printout at the completion of the test. The current-voltage values were normalized to

compare the effects ofthe input parameters.

Measurement of the voltages and currents at the prebreakdown region for bigger
samples (arrester blocks) was performed in a Watt loss tester. The necessary data on
voltage were obtained by adjusting manually the powerstat knob to set the target
current. The tester generates sinusoidal pulses and the peak voltages for a set of

specified currents were recorded.

Breakdown or Non-linear Region

This region is termed as the heart of varistor, wherein the device conducts a large
amount of current for a small increase of voltage. The degree of non-linearity is
determined by the flatness of the region. For the small arrester discs the voltages at a
current of 100 A and 1 KA were measured by the Classifier and the High Current
Tester respectively. The pulses were of 8x20 [is wave shape. The same equipment

was used for characterizing the standard arrester block with the same wave shape.

Upturn Region

This is the high current region where the 1-V characteristics are again linear and the
voltage rises faster with the current. For the cross-section of the small arrester discs
the 10 KA current was in this region and the test for this current was performed in
the Impulse Current Test System with the pulse of 8x20 [is wave shape. However,
for the arrester blocks the 100 KA corresponds to the current of the upturn region.
These blocks were characterized with a pulse of 4x10 p.s wave shape using the same

equipment.
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3.3.2 ENERGY ABSORPTION CAPABILITY

The energy absorption capability of a varistor is determined by the maximum energy
density injected into the ceramic body up to which it can sustain for a cycle of three
shots. The energy absorbed by a disc is evaluated by dividing the total energy injected
into the varistor body with its volume. Thus this important parameter actually

indicates the maximum energy density of varistor expressed in terms of Joule,cm’3.

To measure this parameter the varistor disc is subjected to a cycle of three pulses
injecting energy of approximately equal quantity in each pulse. Unlike the
measurement of mechanical strength, this test for the energy absorption cannot be
performed in a single step. The temperature rises in the ceramic body due to the
application of a pulse. Hot disc, already under stress due to the high temperature, if
subjected without cooling to the next cycle of pulses with increasing energy level may
fail too early. To avoid this problem, after each cycle of shots, the varistor is cooled
down to the room temperature before being subjected to the next cycle. The test is
initiated with a lower charging voltage, sufficient to inject energy in the lower range

of 125 - 150 J.cm'3.

Selection of the lower range of energy is attempted to keep the probability of failure
at the first cycle to a minimum level. Since higher charging voltage leads to higher
energy injection, for every subsequent cycle of pulses the charging voltage is
increased marginally so that the energy injection level goes up by not more than five
to ten percent. This process of testing by the discrete increment of charging voltage is
undertaken for the whole lot of the samples. Defective discs start to fail early and the
better discs sustain higher energy levels. Thus the sample size reduces progressively
as the disc fails step by step with the increment of charging voltage. The testing

procedure was continued until all the discs failed at a certain stage.
The energy density of a disc calculated on the basis of the clamping voltage and the

peak current from the cycle of shots preceding to which the disc failed is considered

to be the energy absorption capability. It is clear that the resolution of measurement
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is dependent on the value of increment of the charging voltage. Thus for higher
accuracy lower value of increment in charging voltage is necessary leading to a

greater number of cycles to complete the test.

Rectangular Impulse

The definition ofthe rectangular impulse for a current is derived from the Figure 3.2.
This millisecond duration pulse is conventionally termed as long wave and is
experienced in switching surges. The pulse duration is actually the time measured
from the instant of 90 percent of the peak current during rise to the same level during
the fall as indicated by T9% For a typical test pulse this duration is 2 milliseconds.
The impulse is not perfectly rectangular in shape and the duration from 10 percent of
the peak between the rise and fall, T]0% is more than T9%% and is typically 2.6

milliseconds.

Figure 3.2 Definition of the long wave for measuring energy absorption capability

Calculation of Injected Energy

The energy injected in a pulse is the integrated value of the product of the

instantaneous voltage and current over the pulse duration. So the amount of energy

can be expressed mathematically with the following relationship:
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Energy = Jvidt (3.1)
0

However, the instantaneous values of the voltage, v and current, i are not regular
functions of time. Moreover, their instantaneous values are not practically recorded
to evaluate the integrated energy. In practice the peak values of the clamping voltage
of the arrester block and peak current passing through it are recorded for
computation of the energy. For a pulse of quasi-rectangular shape, the relationship
can be expressed in terms Vpk = peak voltage, KV and Ipk = peak current, A for a

duration oftime T in millisecond as follows:

Energy = Jvidt = KVpkl pkT (3.2)
0

where K = constant, which depends on the wave-shape. For a quasi-rectangular pulse
as shown in Figure 3.2, 1.14, a value computed from the wave geometry. Thus the

total injected energy by such a pulse of 2 milliseconds is estimated as
Energy =2.28 Vpklpk Joules. (3.3)

The energy absorption capability is evaluated by dividing the quantity of energy

computed from the above equation with the volume of the varistor disc.
3.3.3 HIGH CURRENT PERFORMANCE

The short duration pulses are in the range of microseconds’ duration but with high
amplitude. This is a simulated pulse of the actual lightning stroke. Typical short
pulses used for testing the varistor is 4x10 |is or 8x20 (j.s where the first value (virtual
front time) indicates the rise time from 10 percent to 90 percent of the peak current
and the second value (virtual time to half value) is the duration up to 50 percent of

the peak during falling.
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Typical clamp voltage and current of short pulses exhibited by a 42 mm diameter disc
with a nominal voltage of 5 KV are shown respectively in Figures 3.3 and 3.4. The
8x20 Nis pulse is used for classification of the varistor while 4x10 ~is pulse is applied
to verify the high current capability by the high current short duration (HASD) shot.
In practice the HASD pulse is not applied to all the discs of the lot, rather an
acceptance sampling plan is adopted to pass a lot by testing a small number of

samples.

Time in (is

Figure 3.3 Typical clamping voltage for a high amplitude

short duration pulse test

Unlike the test for the energy absorption capability only one shot is applied at a time
for the high current capability. The energy injection, though strictly dependent on the

clamping voltage as well as the current, is usually more than 350 j/cc per shot for
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Time in (j.s

Figure 3.4 Typical current pulse in HASD test

a current density of about 7.5 KA/cm2. A typical energy injection curve is plotted in

Figure 3.5 with the values computed numerically from the voltage and current pulses

©w PN Qo

Time in ms

Figure 3.5 Instantaneous energy injection in HASD pulse

shown respectively in Figures 3.3 and 3.4. The purpose of this test is different from

that ofthe long pulse. The failure mode in this test is predominated by cracking rather
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than by the thermal runaway or puncture as observed in the case of long pulse test.
The severity of the short pulse is dependent on the steepness of the wave front. In
this respect usually the shape of the current pulse is considered ignoring the variation
in the clamping voltage. But in practice the clamping voltage does not remain
constant over the pulse duration. This leads to the instantaneous energy injection
curve which appears to have a distinctly steeper wave front than that of the current

pulse. So the severity is obviously more than what is normally thought.

The generated clean fracture surface due to the high amplitude short duration pulse
cannot always be explained in terms of the stress developed due to temperature
gradient alone. Usually high voltage part (with the same geometry but having smaller
grains) is more susceptible to failure in the high current. This may be attributable to
the effect of higher energy injection arising from the higher clamping voltage but with

the same current.

The 1-V characteristics, the energy absorption capability and the high current
performance are the general investigating parameters. However, main attention was
focused on the energy absorption capability throughout the study with a view to

optimizing the input variables.

3.4 MECHANICAL CHARACTERIZATION

The number of influencing physical and mechanical parameters of varistor are quite
large. Some are important in the processing operation while the other are vital for
reliable varistor function. Thus the surface hardness significantly affects the grinding
performance while the mechanical strength appears to be important for the energy

absorption capability and the high current performance.

In addition to that some correlation was found between the mechanical strength and
the sintering orientation of the discs. Significant density gradient was also observed.
Archimedes’ principle was adopted to measure the density gradient while Vicker’s

hardness method was adopted to evaluate the microhardness. The mechanical
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strength was evaluated by diametral compression test and the three point bending

method.

3.4.1 DENSITY GRADIENT

In failure mode analysis it has been observed that sintering orientation of the disc
plays a significant role. The face in contact with the liner material was found to be
vulnerable in the context of failure initiation. This behaviour of the disc was verified
by observing the variation in fired density of the disc from point to point. Segments
cut from different grid points were investigated for the density. Archimedes’ principle

was adopted to measure the density.

Parallelepiped shaped specimens cut from different grid points of the disc were
wrapped by masking tape with proper care so that no air could be trapped. This
method was adopted so that water could be prevented from entering into the open
pores of the samples. Constant density lines were drawn from the measured apparent

density ofthe segments

3.42 MICROHARDNESS

The hardness was identified to be responsible for unsatisfactory grinding performance
of the fired disc. Distribution of the hardness was found to be dependent on the
sintering orientation of the disc and the liner material used. The hardness was
measured by the Vicker’s hardness method using a microhardness tester, a brief

description of which is given in the subsequent section.

3.43 DIAMETRAL COMPRESSION TEST

This is a very simple and convenient method for evaluating the mechanical strength of

arrester discs since these are readily available in cylindrical shape. This test, also

known as the Brazilian disk test, is widely used to measure the tensile strength of the
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brittle materials. The orientation of the arrester disc and the application of force is

shown in Figure 3.6.

Figure 3.6 Arrangement of test specimen in diametral compression test

344 MICROSTRUCTURAL ANALYSIS

The general microstructures were imaged by scanning electron microscope (SEM).
The microstructure developed during sintering plays an important role in the
electrical performance of a ZnO varistor. Few microstructural analyses were
performed by using Jeol JISM-840A instrument. The samples were prepared from cut-
pieces which were polished with diamond paste having a grain size of 0.25 |j.m as a

final step.

SEM is a popular method for the direct observation of surfaces because they offer
better resolution and depth of field than optical microscope. The process principally
involves the generation of a primary beam of electrons from an emission source
which are then accelerated by a voltage of between 1-30 KeV and directed down the
centre of an electron optical column consisting of two or more magnetic lenses.
These lenses cause a fine electron beam to be focused onto the specimen surface.

Scanning coils made to pass through the corresponding deflection coils ofa CRT so
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as to produce a similar but larger raster on the viewing screen in a synchronous

fashion.

There are various modes of SEM operation. Improved contrast between the
microstructural constituents were obtained by using back scattered electron imaging
which made use of differences in average atomic number in the various phases. The

sizes 0fZnO grains were determined by linear intercept measurements.

3.5 ELECTRICAL EQUIPMENT

To carry out the I-V characteristics, the energy absorption capability and the high
current performance, various types of electrical equipment was used. High Voltage
Test System and Watt loss High Temperature Tester were used to measure the pre-
breakdown region of the I-V curve respectively for the small and the standard
samples. For the measurement of non-linear and upturn region a classifier and HASD
tester were used. Energy absorption capability was measured by a rectangular pulse

generator.

3.5.1 HIGH VOLTAGE TEST SYSTEM

This equipment was used to measure the current and voltage of the prebreakdown
region of I-V curve for the small arrester samples. High Voltage Test System consists
of two main parts: (i) Kepco power supply unit (model BOP 1000M) and (ii) Keithly
data measurement unit (model 237 SMU). The power supply unit can be operated in

dc mode within the range of 0-5000 volt and 0-5 mA current.

The system is capable of measuring the leakage current at preset voltage, the rated
voltage Vrat 10 |j.A delta V at 50 *A and the nominal voltage at 1 mA. Varistor
was placed one by one in the sample holder and the lid was closed to switch on the
system for measuring the preset values. The data measured automatically were stored
in the computer memory. On completion of the test with all the samples, the stored

data were retrieved in the printed form.
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3.5.2 WATT LOSS HIGH TEMPERATURE TESTER

This equipment (model LC-1201B) is composed of (i) High voltage control panel and
(ii) Ambient test/Select panel. Unlike the High Voltage Test System this machine is
operated in the ac mode and the current-voltage characteristics up to 10 mA can be
measured. Of the available modes a set point of 10 mA at the ambient temperature
was selected to measure the |-V characteristics at pre-breakdown region for
arresters. By placing the individual test sample in the holder, powerstat knob in the
control panel was adjusted clockwise until the desired current level was attained. The
voltages for a set of currents were recorded and the procedure was continued for all

the test pieces.

3.5.3. CLASSIFIER

With the help of this equipment the voltage in the non-linear region was measured at
a current of 100 A and 5 or 10 KA with the peak of the 8X20 (is pulse wave-shape.
This is Haefely impulse generator (model no WO 4433-34) with the capacity of 30
KV charging voltage and 4KJ/27KJ energy. The main components of the machine are

(i) impulse current generator (ii) impulse peak voltage and (iii) trigatron.

There are two parts of the impulse current generator test circuit consisting of
inductance, capacitance and resistance. The values of them are different for 100 A
and 5 or 10 KA test. Impulse peak voltmeter measures and stores the peak values of
impulse voltage and current. The trigatron is used for automatic control of impulse

generator which performs the following functions:

(1) regulates the charging ofthe impulse generator with digitally
adjustable charging time and voltage.

(i) automatic stabilization of charging voltage at preset value.

(iii)  automatic adjustment of the ‘sphere gap’ of the generator in
accordance with the selected charging voltage
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3.54 ELECTRICAL STRENGTH TESTER

This equipment used to measure the energy absorption capability which is also known
as ‘strength test to destruction’ tester. This is a very accurate and reliable impulse

test system. The machine is composed of a number of functional units such as:

(i) rectangular impulse current generator
(i) triggering system
(iii)  impulse peak voltmeter and

(iv)  control units.

The system is equipped with a highly sophisticated electronic control and triggering
facility ‘Trigatron type 94’ which is an automatic digitally adjustable triggering unit
with remarkable accuracy and reliability in spite of the strong electromagnetic fields
and overvoltages. These features are achieved by incorporating special screening,

filters and overvoltage protection circuits.

Rectangular Impulse Current Generator

The generator is capable of producing rectangular current impulse of 2 ms duration

with a maximum charging voltage of 50 KV up to an energy level of 45 kilojoule.

Charging Voltage and Time

The charging voltage and the charging time are selected manually or by the program
controller. Proper adjustment of the spark gap according to a non-linear
characteristic is automatically derived from the preselected charging voltage value.
The charging sequence of the impulse generator is controlled by the Trigatron
through the solid state controller. The transient current peaks are suppressed and the
generator is charged with an approximately constant current level. The charging

voltage rises linearly to 95 percent ofthe preselected value. From this point on, the
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charging voltage curve continues with 20 percent of the previous steepness so that
the top stages of multiple-stage generators can also be fully charged. This feature is

demonstrated in Figure 3.7.

Uc

Figure 3.7 Charging voltage and time for long pulse

Triggering

Once the pre-selected charging voltage has been attained, the impulse generator is
triggered directly or with an optional 2 second delay preceded by a warning signal.
Time 0 is defined by the trigger reference signal which triggers the generator and
starts the oscilloscope recorder through two independently adjustable delay circuits.
All the trigger impulses can be digitally adjusted from 0 to 999.9 jas with an accuracy

of 0.1 [is.

3.5.5 HIGH CURRENT TESTER

The high current performance and the voltage at the upturn region ofthe I-V curve is
measured by an impulse current test system (model WO 4924). The generator is
capable of maximum charging voltage of 100 KV with peak energy of 62.5 KJ. The
main functional components of the equipment are (i) the impulse current generator
(ii) the charging rectifier (iii) the control unit (iv) the resistive impulse voltage divider

(v) digital impulse analysis system.
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The charging voltage is capable of adjusting with the range of 0-99.9 KV with
stability of 0.5 percent. The resolution is 100 V and the charging time selector range
is 10-99 secondrwith resolution of one second. The impulse generator is capable of

measuring the high amplitude pulses of different duration.

3.6 MECHANICAL TOOLS AND EQUIPMENT

Various mechanical fixtures, tools and equipment have been used to investigate the
different mechanical properties of varistors, A brief description of important
equipment are given.

3.6.1 UNIAXIAL FLOATING DIE

The floating die was designed and fabricated for multiple purposes. The primary

objective was to press the discs of 17 mm in green diameter and measure the

Figure 3.8 Uniaxial double action floating die set

70



compressibility of powders. The assembly drawing of the die is shown in Figure 3.8.
Three guide pins placed at 120 Oapart will secure the motion of the floating die in the

perpendicular plane arresting any oblique movement.

The base plate of the die set when fixed with the Instron sample holder is expected to
clamp it firmly during pressing with the high speed. The die is also equipped with the
single action block to arrest the movement of the floating die, specially needed for
measuring the compressibility of powder. The shape of the ejection tool was made
such that the coaxial load is imparted on the floating die during ejection of the
pressed disc minimizing the scope of any possible damage due to oblique application

of ejection load. Detailed drawing ofthe floating die set is attached in Appendix A.

3.6.2 MICROHARDNESS TESTER

The microhardness tester, (Leitz Miniload 2) was used to measure the hardness.
Though Vicker’s hardness method was adopted to measure the hardness of varistor,
the equipment was suitable to evaluate the Knoop and Scratch hardness. The
Vicker’s hardness test, also known as the diamond pyramid hardness test, uses a
pyramid shaped diamond indenter. The two diagonals of the square shape indentation

were measured in [im and their average were taken to compute the hardness.

3.6.3 INSTRON MACHINE

The Instron machine used for pressing the sample discs is capable of a peak load of
50 KN. The force rating is 500 mm/min up to 25 KN up to and 100 mm/min up to
50 KN. The cross-head speed accuracy of £ 0.2 percent over 100 mm. The machine
is equipped with a plotting facility.

3.6.4 HYDRAMET COMPACTING PRESS

The Hydramet press (model HC-75 EC) though is equipped with the same basic
compaction features of FILL - PRESS - EJECT. The machine is programmed by a
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combination of electrical, hydraulic, and mechanical controls and motions. The
pressing force is adjustable from a minimum of 75 KN to a maximum of 750 KN. The
fill depth is adjustable up to a maximum of 178 mm. The maximum achievable speed
of both the upper and the lower ram is 6250 mm/min at no load condition and 884
mm/min while applying load. The stroke length of 127 mm is equal for both the upper

and lower rams.

The press is facilitated with the standard pressing and filling motions. The filling
mechanism is facilitated with the feed shoe jogs which can be varied from 0-40 for
each cycle. The pressing cycle rate (cycle per minute) is completely adjustable from a
minimum of one to a maximum of thirty. Each motion speed and dwell time
adjustment is totally independent of any other adjustment. There are two individual
speed adjustments for each of the upper and lower ram and the feed shuttle cylinder.

Different dwell times in the pressing cycle can be adjusted within 0-10 seconds.
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Chapter 4

COMPACTION PARAMETERS - STRESS, SPEED
AND DURATION OF DWELL

41 INTRODUCTION

A homogenous compact body having higher green density with less density gradient
is commonly expected to yield an improved sintered body. Better physical and
mechanical properties of a sintered varistor device should similarly secure superior
functional characteristics. In this context, the parameters in compaction operation are
very important, for they can greatly influence the green properties and consequently
the fired properties. The apparent purpose of compaction is to provide a desired
geometrical shape and to impart sufficient strength to the green body for the purpose
of handling prior to sintering. The shape and size of the ZnO varistor discs are
important in the context of mounting and functioning for the protection of specified
surge voltage and current. However, the effect of compacting parameters on the
functional characteristics of ZnO varistors is not well known. This study was aimed at
investigating and correlating the compacting parameters and their effect on the

properties ofthe varistor.

The objective ofthe experiment was to observe the effect of compaction parameters
on (i) the physical properties (ii) the I-V characteristics (iii) the energy absorption
capability and (iv) the high current performance of ZnO varistors. The parameters
were the peak compacting stress applied, the speed and the duration of different

dwells in the pressing cycle.

Three separate experiments were conducted to evaluate the effects of the compacting
parameters. The first and second experiments were carried out with the stress and
speed or rate of compression to evaluate respectively the effect on the physical and

electrical properties. The third experiment was performed to study the effect of dwell
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time on the physical as well as on the electrical properties of arrester blocks. The
study with stress and speed was performed on 17 mm (green diameter) discs while
the experiment with dwell time was conducted on 49 mm (green diameter) standard

production line arrester blocks.

4.2 STRESS AND SPEED - EFFECT ON PHYSICAL PROPERTY

The experimental condition with compacting stress and speed was varied at three
levels. Two variables with three levels constituted nine sets of pressing conditions

and at every set condition five discs were pressed to consider the statistical variation.
Sample Preparation

Powder with a target weight of 13.5 gm, was weighed in a laboratory type balance
and poured manually into a 17 mm floating die and pressed in an Instron machine to
form the green disc. The pressing condition with the identification of the

corresponding cells of discs is summarized in Table 4.1.

Table 4.1 Experimental condition for pressing the samples

Expt Experimental Condition Sample Cell
Sequence Stress (MPa) Speed(mm/min) Size Identity

1 66 5 5 |
2 110 5 5 1
3 154 5 5 11
4 66 8 5 v
5 110 8 5 \%
6 154 8 5 \A
7 66 11 5 VII
8 110 11 5 VIl
9 154 1 5 IX

To avoid the effect of uncontrollable variation, the sintering operation was performed
in a single run using a pot kiln. A conventional sintering profile was adopted with a

peak temperature of 1100 °C and a total sintering cycle time of 65 hours.
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4.2.1 BRIEF DESCRIPTION OF THE PHYSICAL PARAMETERS

The physical properties evaluated are the green and fired density, shrinkage and the
diametral depression or distortion Definition and method of calculation of these

parameters are briefly described.

Green density

In calculating the green density, the weight of disc was measured by a laboratory type
balance while the volume was evaluated from the geometrical relationship.
Compacted green discs assume a regular cylindrical shape - the diameter (dg and
height (hg are sufficient to calculate the volume (Vg from the simple geometrical

relationship (4.1).

Tai2
S 5 N (4-1)

Fired density

The sintered disc does not assume a regular cylindrical shape. During die pressing,
density gradients& occur due to the frictional forces at the powder and die-wall
interfaces and at particle to particle contacts. As a result the disc does not remain
perfectly cylindrical after sintering and a depression is observed at the middle height.
Moreover, during shrinkage the bottom face of the disc slides with the supporting
powder or the liner material and ends up with a bigger diameter assuming a shape
popularly termed as 'elephant foot'. So the volume of a fired disc, if calculated on the
assumption of regular cylinder, will be inaccurate. To make a better approximation
the fired volume (Vf) was calculated by considering the disc as a combination of the
bottom parts of two cones. The following relationship was derived and used for

computing the fired volume of the disc.

vr = +d")2+ ¥ +rf)! 42
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where hf, db dmand d, indicate respectively the dimensions of the height, the diameter

at the bottom, middle and top ofthe fired disc.
Shrinkage

The theoretical density of ZnO material49 is 5.68 gm/cc. Since more than 90 percent
of the constituent materials of a varistor is zinc oxide, this value can be conveniently
considered to be the theoretical density of varistor material. The green compact
density commonly lies between 55 - 65 percent of the theoretical density and the
sintered density ofthe varistor is usually more than 95 percent. Since during sintering
the loss in weight is very small-only about 2 percent, it is easily conceivable that a
significant level of volume shrinkage occurs during this process. The overall volume
shrinkage has been evaluated from equation (4.3) as the ratio ofthe change in volume

to the original green disc volume.

. vV -V
Volume Shrinkage = —  — (4.3)

A green disc shrinks both axially and radially during the sintering process. Green
properties of the disc such as density and its gradient play a major role in this regard.

The radial shrinkage was calculated using the following equation.

Radial shrinkage :.q .............. (4.4)

where dfis taken as the average of the three diameters of the fired disc at the bottom,
middle and top. The axial shrinkage was evaluated as the ratio of the reduction in

height to the green height as given by,

. . he-h f
Axial Shrinkage = —........... (4.5)
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Diametral depression

The diametral depression can be treated as an indicator of the shape distortion of the
fired disc. It is preferable to keep this undesirable parameter to a minimum level. The
value of this depression was calculated as the difference between the average of the
top and bottom diameters, and the diameter at the middle height. The mathematical

relationship is presented by,

Diametral depression - +M - dm (4.6)

4.2.2 OBSERVATION AND ANALYSIS OF THE EFFECTS

It has been found that the effect of the compacting stress on the green density is quite
significant and consistent - the higher the stress the higher is the density. The

influence of stress is shown in Figure 4.1.

3.70 -
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Figure 4.1 Effect of compacting stress on green density
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The pressing speed slightly influences the green density. With lower speed the
powder material under pressure gets more time to remove the trapped air leading to a
slightly higher green density as demonstrated in Figure 4.2. This effect, however,

appears to diminish in the higher range of stress.

3.60
5 mm/min- 8 mm/min- 011mm/min

3.50

l.o'3.40 Inmilli

%3.30

3.20

3.10
66 110 154
Compacting stress (MPa)

Figure 4.2. Effect of compacting speed on green density

In general, the peak pressure or stress applied during compaction largely determines
the green property of the compact body. This feature is very much observed for the
varistor material. The compaction stress significantly affects the green as well as the
fired density of the ZnO varistor disc. Increasing the stress leads to the increase in
density in both the green and the fired state as illustrated in Figures 4.1 and 4.3. But
the extent of the effect of stress on the fired density is not as prominent as that on the

green density.
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Figure 4.3 Effect of compacting stress on the fired density

Regarding the effect of the pressing speed, the differential increase in the green
density due to the lower speed does not eventually ensure higher fired density of the
varistor material. Rather, the effect of the pressing speed is found to be opposite in

the case ofthe fired density as shown in Figure 4.4.
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Figure 4.4 Effect of compacting speed on fired density
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The effect of pressing speed on the green and the fired state of the ZnO varistor
material is demonstrated in Figure 4.5. The error bar indicating the standard deviation
from the mean fired density facilitates comparison among the level of change due to

the pressing speed.

5.64
5.62
| 5.60
S’ 5.58
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E 8 mm/min
5.54 5 mm/min
S
3.35
Green density (gm/cc)
Figure 4.5 Effect of pressing speed on the green and the fired density
Shrinkage

Shrinkage is an indicator of volume reduction in the sintering operation. It is obvious
that the discs with higher green density will experience less shrinkage. Moreover, it is
claimed that the higher the green density, the better is the overall sinterability, and
more effective the control of final microstructured4. It is also evident that a higher
green density can help reduce the sintering time if rate controlled sintering (RCS) is
adopted. In the case of using a sintering profile with a specific optimized rate of
shrinkage, a disc with higher green density should require less time to complete the

total amount of shrinkage. This will eventually reduce the total sintering cycle time.
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For the experimental conditions under study, the range of the overall volume
shrinkage was found to be within 38.08 - 42.84 percent. Naturally the discs with
higher green density due to higher compacting stress underwent less shrinkage. So
the overall shrinkage of the ZnO varistor material can be seen as a function of
compacting parameters. This feature shown in Figure 4.6 isjust opposite to what was
observed in the case of fired density. A higher compacting stress leads to the higher

green density leaving less scope of shrinkage in sintering.
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Figure 4.6 Overall volume shrinkage as a function of compaction stress

A variation in shrinkage was observed between the axial and the radial direction of a
disc. Shrinkage in radial direction was found to be within the range of 15.12 - 17.20
percent while that in the axial direction was within the range of 13.87 - 16.46
percent. On the average the extent of radial shrinkage was found to be higher. This is
attributed to the effect of uniaxial pressing on the rearrangement of materials. Under
die compaction the spheroidal shaped spray dried particles move much closer in the
axial direction than in the radial direction. Thus the disc shrinks more in the radial
direction during sintering because of the higher average interparticle gap in that

direction.
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The effect of pressing speed is found to be marginal in this regard. A higher pressing

speed leads to more shrinkage.

Diametral depression

The diametral depression can be treated as a measure of distortion of the sintered
body. This parameter at the mid region is not same for all the cells. Discs pressed
with the lower speed were found to exhibit more depression as depicted in the

analysis of factorial design in Table 4.2.

Fired diameter

The variation in green diameter due to the pressing parameters is not very
remarkable. Though pressed in the same die, a small difference in the green diameter
of the compact is expected as a result of variation in stress relaxation. Thus with the
highest compacting stress the diameter of the green discs was bigger by 0.02 mm
compared to that of those pressses with the lowest stress. But after sintering a
significant difference in diameter was observed. The diameter of those pressed with
the highest pressure was 0.37 mm higher than that of those pressed with the lowest

pressure.

The variation in diameter leads to the difference in cross-section of the varistor. This
affects the performance of the varistor as current carrying capacity of a device is
directly related to its cross-sectional area. It can be inferred from this observation that
a tighter control of pressing load with closer tolerance will be helpful in minimizing

the process variation.

Two Level Factorial design

Factorial design has been performed by considering the lowest and highest level of

the two input variables. Responses in the form of main and interactive effects for the
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green density, fired density, the shrinkage, the diameter at middle height and the
diametral depression are presented in Table 4. 2.

Table 4.2.Main and interactive effects of compacting stress and speed

Responses
Effects Green Fired Overall Axial Radial Fired Diametral
density density shrinkage  shrinkage shrinkage diameter depression
(gm/cc) (gm/cc) (percent) (percent’) (percent) (mm)
Stress 0.2743 0.0124 -4.3750 -2.29 -1.935 0.347 25
Speed -0.0054 0.0058 0.3850 0.30 0.145 -0.011 -19.5
Interaction 0.0015 -0.0239 0.0050 0.06 -0.035 0.007 -3.5

Ejection Force

Higher ejection force is undesirable in compaction operation. Some of the green
defects such as capping and lamination are thought to be caused by the higher
ejection force. Higher compacting stress results in the higher green density but at the
same time necessitates higher ejection force to remove the compact from the die. The
trend in the increase of ejection force with the compacting stress is evident in Figure
4.7. Though no defect was found in the green body within the experimental range,

further increase in compacting load may lead to generate defects.

0 10 20 30 40 50
Travel of lower punch (mm)

Figure 4.7 Ejection force as a function of compacting stress
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4.2.3 SUMMARY OF THE EFFECTS ON PHYSICAL PROPERTIES

In the processing of conventional ceramic, the pressing speed is usually maintained at
low level to secure a higher green density with intended ultimate attainment of the
higher fired density. However, the present study on the ZnO varistor powder reveals
that the differential increase in green density due to lower pressing speed does not
eventually lead to the higher fired density. This phenomenon may be attributed to the
effect of high temperature reaction due to the more trapped oxygen/air in the

compact during the liquid phase sintering.

A higher pressing speed leads to higher fired density in contrast to its reverse effect
on the green density. This also reduces the diametral depression and can ensure
better dimensional stability of the disc after sintering. The pressing or compacting
stress remarkably affects the green density and, to a considerable extent, the fired
density. This also influences the fired diameter and thereby the cross-section of the
fired disc - higher stress leading to higher cross-sectional area. So in the context of
process control it is important to keep the variation of pressing load to a minimum

level for securing better dimensional control.

The performance of a ZnO varistor mainly depends on the electrical characteristics,
energy handling capability etc. So it will be more worthwhile to assess the effect of
the compaction parameters on the basis of the |-V characteristic, energy absorption
capability etc. Since the pressing speed range adopted in this study was very narrow,

further work is necessary with a wider range of speed.

In the context of ejection force higher green density achieved through higher
compacting pressure may not be a good approach. Compacts pressed with high load
require higher ejection force to remove from the die and thus become vulnerable to a
risk of creating defects in the body. Moreover, application of too high a load will be

detrimental to the tool life and will consume more energy.
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4.3 COMPACTING STRESS AND SPEED - EFFECT ON THE
ELECTRICAL PROPERTIES

The study concerning the effect of the compacting stress and speed on the electrical
characteristics of the ZnO varistor discs was carried out with a wider range of
pressing speed. The stress was changed in three levels. Both the minimum and the
maximum load limits were smaller than what had been selected in the case of the
study on physical property. Selection of the input parameters was made to cover the
range commonly adopted in the industry. Moreover, the parameters were varied
following some experimental design so that a functional relationship could be
developed. The important electrical properties of varistor such as the non-linear
exponent, the clamp ratio, nominal voltage, watt loss and the energy absorption
capability were evaluated. All of these parameters are functionally very significant as

they determine different important aspects of varistor performance.

Sample Preparation

The three selected peak loads of 9, 15 and 25 KN were equivalent to the compacting
stresses of 40, 66 and 110 MPa for the 17 mm die set. The pressing speeds were
maintained at 5, 10, 20, 40, 60, 80 and 160 mm/min. A precision Instron machine
was used for the pressing operation. With three levels of compacting stress and seven

levels of compacting speed there were 21 set conditions.

Five discs were pressed under each condition to take into account the statistical
variation. However, additional 20 discs were pressed at the central point of the
experimental condition (at a stress of 66 MPa and at speed of 40 mm/min), the data
on which were used in the analysis of variance for estimating the reliability of the
developed model. The disc cells compacted at various set conditions were identified
according to the letters presented in the Table 4.3. Pressing of the samples was
performed in the 17 mm floating die with a same target weight of 13.50 gm of

standard metal-oxide varistor powder.
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Table 4.3 Pressing condition and corresponding identification of the arrester discs

Pressure Speed of pressing (mm/min)

(MPa) r 10 20 40 60 80 160
40 A B C D E F G
66 H | J K L M N
110 0 P Q R S U

Sintering was also conducted with the same temperature profile as before. The whole
lot of discs was passivated through standard line process - glass slurry was sprayed
on the side (C-face) of the disc to achieve a desired thickness of passivation after
curing. The flat faces of the discs were then manually ground in a grinding machine
using a grinding paper (grit size 240). Electroding was also performed by painting
silver manually on the whole face. The wet silver was dried by passing the samples
through an electric dryer followed by a curing operation in an oven at a peak
temperature of about 800 °C. The purpose of this operation is to secure proper

adhesion of the electrode with the ceramic.

Electrical Characterization

The prebreakdown region of the 1-V characteristics was measured with direct current
in a high voltage test system (model BOP 1000M). The non-linear coefficient was
calculated with the data at 50 pA and 1 mA current. The nominal voltage was
measured at 1 mA current corresponding to a current density of about 0.6 mA/cm2.
The watt loss was measured in a watt loss tester with sinusoidal pulse at 80 percent

ofthe voltage at a current density of 0.4 mA/cm2.

Voltages and currents at the nonlinear or upturn region of the I-V curve were
measured by pulses. To evaluate the clamping efficiency, the clamp ratio was
computed as ViooA/VimA The energy absorption capability was evaluated in a
rectangular wave generator (Haefely). Each disc was subjected to a cycle of three
2ms quasi-rectangular impulses at a particular charging voltage. The process was

continued by discretely increasing the charging voltage until the disc failed. However,
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after injecting the energy into the disc body in a cycle of 3 impulses, they were

allowed to cool down to room temperature before being subjected to the next cycle.

4.3.1 INVESTIGATED ELECTRICAL CHARACTERISTICS

The parameters investigated as a function of compacting stress and speed are the
nonlinear exponent, clamp ratio, watt loss, nominal voltage, energy absorption
capability. Origin of failure was found to be influenced by the disc position during
sintering. So the role of sintering orientation and the frequency of failure origin is
also discussed. A few microstructural analyses are incorporated to investigate the

effect of compacting stress on the grain size which influences the electrical property.

Nonlinear exponent

This is a very important parameter for a varistor. The higher value of the exponent is
preferable as it improves the varistor performance. The average of the five values of
the exponent for different pressing conditions are summarized in Table 4.4. The
variation is not very significant. However, a trend of declining exponent values is
observed with higher compacting stress. Neither too high nor too low speed appears

to be favourable in this case.

Table 4.4 Nonlinear Exponent as a function of stress and speed

Pressure Speed of pressing (mm/min)

(MPa) 5 10 20 40 60 80 160
40 32.80 33.40 33.71 35.07 35.85 32.84 32.42
66 30.18 31.20 35.07 31.96 34.42 31.20 30.16
110 30.77 31.02 29.89 32.30 32.01 28.02 29.56

Clamping Ratio

The protective level of a varistor is determined by the clamp ratio. A varistor device

should have a protective level as low as achievable, an ideal value is unity. So the
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closer the clamp ratio to unity, the better is the device performance. This parameter
was evaluated as the ratio of the voltage at 100 A (vicoa) to the voltage at 1 mA
(VimA) and the*values are presented in Table 4.5. Effect of stress and speed is not

very significant - a trend of lower clamping ratio is observed with higher stress.

Table 4.5 Effect of Compaction parameters on the Clamp ratio

Pressure Speed o:'pressing (mm/min)

(MPa) 5 10 20 40 60 80 160
40 1.367 1.408 1.368 1.372 1.372 1.366 1.369
66 1.361 1.362 1.357 1.364 1.362 1.361 1.362
110 1.345 1.352 1.354 1.355 1.357 1.360 1.360

W att Loss

Watt loss is an undesirable parameter in transient protection. But this is unavoidable
for a zinc oxide varistor and is, therefore, preferable to keep this parameter to a
minimum possible level. The lower watt loss enhances the varistor stability. Higher
watt loss generates more heat in the disc body under the steady-state condition and
reduces the varistor life as it fails prematurely through thermal runaway. The data on
the watt loss (w.cm'3 as the effect of compaction stress and speed are presented in

Table 4.6.

Table 4.6 Variation in watt loss due to compacting stress and speed

Pressure Speed o "pressing (mm/min)

(MPa) 5 10 20 40 60 80 160
40 0.00291 0.00233 0.00240 0.00149 0.00157 0.00199 0.00259
66 0.00343 0.00343 0.00268 0.00294 0.00227 0.00318 0.00310
110 0.00379 0.00345 0.00370 0.00354 0.00362 0.00413 0.00379

It is seen from the data that higher compacting stress leads to a higher watt loss. The
effect of speed is also prominent for watt loss. The middle range of compaction speed
is found to be suitable for this parameter. Too low or too high a speed of pressing

leads to the increase ofthe watt loss values.
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Nominal Voltage

The nominal voltage (V/cm) of a ZnO varistor indicates the steady-state operational
voltage corresponding to a current density at the knee level of the I-V curve. The
following values presented in Table 4.7 indicate the nominal voltage for various cells

corresponding to a current density of 0.6 mA/cm2.

Table 4.7 Average nominal voltage for discs under different pressing condition

Pressure Speed of pressing (mm/min)

(MPa) 5 10 20 40 60 80 160
40 2550 2532 2505 2549 2507 2497 2498
66 2494 2482 2511 2489 2489 2474 2467
110 2480 2490 2465 2523 2460 2467 2469

Higher nominal voltage of a varistor allows to reduce the height or thickness of the
device and, therefore, can be advantageous in terms of material use. Though there is
a trend of higher nominal voltage with lower pressure, the influence in general is not
very great. The effect on the nominal voltage may be explained in terms of the grain
growth. Lower compacting stress does not compress the spray dried granules as
close as that is done by the application of higher pressure. So the grain growth in the
less compacted discs during sintering cannot be as effective as that in case of highly
compacted discs. The lower stress eventually leads to smaller average grains in the

ceramic body leading to a higher nominal voltage.

A variation of nominal voltage is found among the discs belonging to the same cell.
In Figure 4.8 the nominal voltage is shown with error bar for the cells A, H, O - all of
which were pressed at a speed of 5 mm/min. The error bar indicates the range
computed by adding and subtracting the standard deviation from the mean value. The
I-V curve for these cells are presented in Figure 4.9. It is seen that the small
difference in the prebreakdown and breakdown region due to the compacting stress

diminishes in the upturn region.
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4.3.2 ENERGY ABSORPTION CAPABILITY

This is a very important property for a varistor. A higher value of energy absorption
capability can allow a reduction in the volume of the disc or the same disc can be
used for more demanding applications. The average energy absorption capability of
present day varistors10 should be more than 400 J.cm'3 .The commercially available
varistors have rated energy absorption capability of about 200-250 J.cm'3. These
values are conservatively selected specially because of the possibility of some rare

occurrences of earlier failures.

The values presented in Table 4.7 indicate the average of the five values of energy
absorption capability for the cells pressed under different pressing conditions. The
variation in compacting stress and speed does not show any remarkable influence on

the energy absorption capability ofthe arrester discs.

Table 4.8 Effect of stress and speed on the energy absorption capability

(mean and standard deviation)

Pressure Speed of pressing (mm/min)

(MPa) 5 10 20 40 60 80 160
40 459 438 541 494 544 404 419
(41) (90) (52) (71) (37) (92) (77)

66 357 537 526 451 488 564 457
(74) (141) (170) (115) (121) (73) (69)

110 421 502 488 527 525 445 418
(93) (144) (83) (97) (117) (63) (61)

The plot in Figure 4.10 shows the mean values of green density, fired density and the
median energy of the discs pressed under different loads. Within the experimental
limit the physical property such as the green and fired density of varistor discs do not
affect the energy absorption capability very significantly. The interactive effect of
speed has been neglected to plot the figure. The higher fired density due to more
compacting stress has led to a higher energy but the level of increase is not at all
significant. In Figure 4.11 the plot of the cumulative percent failure of discs is shown.

This indicates the relative trend of failure with the increase in energy along with the
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initial failure and the sustaining capability at higher energy levels. Discs pressed with
lower compacting stress look poor in the context of withstanding capability in the
higher level of energy. The discs pressed with maximum load also did not show the

best results whereas those pressed with medium pressure exhibited best performance.

The effect of compacting speed on energy is shown in Figure 4.12 with the error

diagram. It appears that neither too low nor too high speed is conducive to the
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Figure 4.12 Effect of pressing speed on the energy absorption capability

energy absorption capability. In this case also the interactive effects of compacting

stress has been neglected.

Sintering Orientation and Origin of Failure

The orientation of the cylindrical arrester discs or blocks during sintering is shown in
Figure 4.13. The face ofthe disc remaining in contact with the liner material (bottom
face) is not physically as good as the top face. As a result this face needs more
material to be ground off. from this face. But even with the removal of more material,

this face does not become functionally as good as the top face. In this experiment the
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origin of failure has been tracked. It was found that the distribution of failure origin is
not same for both the faces. A higher number of failures originated from the bottom

. Top face

Bottom face

Figure 4.13 Sintering orientation of arrester disc

face during the test for the energy absorption capability. More than two-thirds of the
failures originated from the bottom face, the percentage is shown by the pie chart in

the Figure 4.14.

Figure 4.14 Frequency of failure origin as observed in energy test
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44 MICROSTRUCTURAL ANALYSIS

The micrographs have been developed for a few samples to reveal the effect of
compacting stress on the microstructure of the varistor disc. The sample specimens
were cut from three discs pressed with different pressures from a relatively same
location. The compacting stress applied on the three discs were respectively 40, 66

and 110 MPa. But speed of pressing was same for all of them and was 60 mm/min.

Micrographs were taken with two different magnifications using Scanning Electron
Microscope. The lower magnification was 250 and the higher one was 1000. The
lower one was intended to cover a wide area so that a representative view can be
obtained whereas the higher magnification was necessary for the topography of the
microstructure. Moreover, from the micrographs with higher magnification the grain

size distribution was measured.

The microstructure was taken by the secondary emission image (SEI). The Figures
4.15, 4.17 and 4.19 indicate respectively the microstructures of the discs pressed with
compacting pressures of 40, 66 and 110 MPa. The magnification was 250 for these
three micrographs. In Figures 4.16,4.18 and 4.20 the micrographs represent the same

sequence of samples but with a magnification of one thousand.

The samples were prepared from cut pieces, following the conventional sequence of
polishing order. The surface for microstructure was polished on grinding paper with
increasing finer grains. As the final step liquid containing 0.25 |j.m diamond particles
was used at of polishing operation. The specimen was then dipped into nitric acid for

10 seconds to clean the face to be scanned.

It may be mentioned here that the specimens were taken from the top part in respect
of the sintering configuration. The specimens were cut by a diamond cutter from a
relatively same position of the disc. Such a selection was made to ignore the influence

due to position in sintering operation on the fired properties..
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Figure 4.15 Micrograph for a disc pressed with 40 MPa (X250)

Figure 4.16 Micrograph for a disc pressed with 40 MPa (X 1000)
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Figure 4.17 Micrograph for a disc pressed with 66 MPa (X250)

Figure 4.18 Micrograph for a disc pressed with 66 MPa (X1000)
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Figure 4.19 Micrograph for a disc pressed with 110 MPa (X250)

Figure 4.20 Micrograph for a disc pressed with 110 MPa (X 1000)
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General features of a ZnO varistor microstructure such as the grain boundaries, the
twinning, the porosity etc. are equally apparent in the three categories of
micrographs. The porosity appears to be more in the microstructure of the disc
pressed with the lowest pressure. The grain size in the microstucture of the disc
pressed with the highest pressure is slightly bigger. The average diameter of the

grains, Davhas been calculated according to the following equation.

Dav = 1.56L A7

where L is the measured intercept of grains along a line on the micrograph. The
intercepts were measured along a line drawn diagonally on the micrograph. The

distribution of grain size is presented in the Table 4.8

Table 4.8 ZnO grain size ofthe discs pressed with different pressure

Parameter Specimen taken from disc pressed at a stress of
40 MPa 66 MPa 110 MPa
Mean size 14.95 Jam 15.16 15.34 |j.m
Std deviation 3.17 [im 3.80 Jim 2.89 |im

Mechanical Strength

The mechanical strength was measured by diametral compression method. The
arrangement of the test specimen in the test has been discussed in section 3.3.2. The

breaking strength was calculated using the following formula.

1P

2 (4.8)

where a =tensile strength, MPa
P = breaking load, N
d = diameter of disc, mm
h = height of disc, mm
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The test was conducted in an Instron machine with a cross-head speed of 1 mm/min.
The aim was to observe the eventual effect of the compacting stress on the
mechanical strength of the varistor discs. There were ten samples from each of the
three categories in terms of the compacting pressure. The results are presented in

Table 4.9.

Table 4.9 Effect of compacting stress on the tensile strength of the varistor disc

Tensile strength Discs pressed at a compactin 2 stress of
(MPa") 40 MPa 66 MPa 110 MPa
Mean 16.72 15.29 18.22

Std deviation 5.55 2.07 3.97
Coeff. of variance 0.3319 0.1354 0.2179

Though the varistor discs pressed under the highest pressure have the highest
strength, it is evident from the results that there is no significant difference. However,
discs pressed with the lowest pressure exhibited a very inconsistent result as shown
by the deviation in strength data. In this regard the medium pressure looks superior

as indicated by the lowest value of the coefficient of variance.

4.5 DWELL IN PRESSING CYCLE

The pressing cycle usually adopted for compacting zinc oxide varistor discs is similar
to that followed in the case of conventional ceramic processing. The approach
consists of applying force through punches on the powder filled in the die and a
number of holding or dwell times in different phases of loading. Depending on the
frictional surface area and the volume of the disc the duration of total holding or
dwell can be about 20-30 percent of the pressing cycle. There are some specific
purposes of these dwells in obtaining the desired quality of the ceramic green body.
The resultant effect on the sintered physical and electrical property of the varistor is
not reported. The present study was conducted to investigate the influence of dwell.
Three input variables - pre-press, press dwell and ejection delay were varied at two
levels to undertake a factorial design for evaluating the main and interactive effects of

these parameters. It was observed that dwell times have considerable influences on
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the physical as well as on the electrical properties of the arrester blocks leaving scope

of optimization.

Pressing Cycle

The pressing cycle consists of a number of steps beginning from filling the die with
powder and ending with the ejection of the green body. Rise of pressure during
compaction follows the pattern of a typical compressibility curve. The pressure
increases at a lower rate in the initial stage and then with a rapidly higher rate in the
final stage. The hydraulic compacting machine used in this experiment was equipped
with the facility of pressing three discs at a time. The complete pressing cycle for the
compaction of three arrester blocks with Vmom= 5 KV takes about 30 seconds. By
taking the indicated data on load and estimating the ejection force in terms of the
peak pressure a pressing cycle has been simulated. In Figure 4.21 the schematic
diagram of the simulated pressing cycle with the dwell is presented. The flat regions
represent a standard cycle with the duration of dwell at pre-press, press and ejection

delay respectively.

Figure 4.21 Schematic diagram of Pressing Cycle with different dwells
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A two level full factorial design was made to evaluate systematically the effect of
dwell time. Three variables with two levels constituted eight sets of experimental
conditions. This approach is more economical compared to the one-factor-at-a-time
design9. The identification of various cells pressed with the specified duration of the

dwell is presented in Table 4.9.

Table 4.9 Two level factorial design of experiment to analyze the effect of dwell

Cell Identity Pre-press dwell Press dwell Ejection delay
(second) (second) (second)
A (-)o ()0 (-)o
B (-)o ()0 (+)4
C (-)o (+)4 (-)o
D (-)o (+)4 (+)4
E (+)2 (-)O (-)o
F (+)2 ()0 (+) 4
G (+) 2 (+)4 (-)O
H (+) 2 (+)4 (+)4

Preparation of samples

Standard metal-oxide varistor powder was pressed to fabricate the disc with nominal
green dimensions of 49 mm in diameter and 51.2 mm in height with a target green
density of 3.35 gm/cc. The pressing operation was performed in a double action
fixed die using a hydraulic compacting machine. Thirty discs were pressed under each

set condition stated in Table 4.9. The green discs were sintered in a kiln using a

conventional sintering profile with a peak temperature of 1100 °C and a total
sintering cycle time of about 70 hours. The locations of the discs in the sagger were
randomized so that the variation due to the sintering position could be ignored. The
sintered discs were passivated through a standard method with the rated amount of
glass. The flat faces of the discs were ground, followed by washing using deionized

water. Electroding was performed by conventional electric arc spray method
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depositing a typical thickness of aluminium on both the flat faces leaving a small

margin at the periphery.

4.5.1 INVESTIGATED PHYSICAL AND ELECTRICAL PROPERTIES

Apparent fired density was evaluated by Archimedes' principle of immersing the discs
in water covering their whole surface with water-tight wrapping paper so that the
open pores were not filled up with water. The diameter of disc at middle height was

measured by a standard instrument.

Fired density

Ceramic density is commonly considered to be an important property which is usually
less than the theoretical value. This parameter also indicates the level of porosity of
the material. The effect of dwells on the fired density is very small. Three discs from
each cell were measured by Archimedes’ principle to determine the fired density. To
prevent the open porosity from being filled up by water, the discs were carefully

wrapped with water-proof wrapping paper. The mean fired density for different cells

is presented in Table 4.10.
Table 4.10 Fired density (gm.cm'3) of arrester blocks belonging to different cells
A B C D E F G H Con

55938 55907 5.5959 5.6003 5.5942 55902 5.6030 5.5978 5.5979

The variation in fired density due to the dwell is very small. The effects were

evaluated by the two level factorial design.

Fired diameter

The variation in the green body diameter due to the dwell was not very remarkable.

But a small but consistent trend in variation of the fired diameter was observed. The

effect on the diameter of different cells is presented in the Figure 4.22 with the error
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bar. The discs belonging to the cell A exhibited the smallest diameter while the discs
of cell G were the largest in diameter. Cell A was pressed without any form of dwell
and therefore, the material in the compact did not get enough time during compaction
to rearrange by springback neither in radial nor in the axial direction. Cell G was not
allowed any ejection delay time and therefore compact material could not relax due
to springback in the axial direction. As a result the diameter of cell G, on the average,

was higher.

45.2 INVESTIGATED I-V CHARACTERISTICS

To investigate the effect of dwell times, the |-V characteristics have been evaluated.
These include the nominal voltage, |-V curve, nonlinear co-efficient or exponent,

clamp ratio and watt loss.

The nominal voltage was recorded at 5SmA current which is equivalent to a current
density of about 0.38 mA/cm2 The variation of the current density due to the small
difference in the cross-sectional area among the different cells of arrester blocks was
neglected. The |-V characterization was carried out by alternating current with
sinusoidal wave at pre-breakdown region. Impulses with 8x20 (j.s and 4x10 (is wave
shapes were applied for the high current measurement at the nonlinear and at the
upturn region. The clamp ratio was evaluated as the ratio of voltage at 100 A and the

voltage at 5 mA. The watt loss was measured at 80% ofthe nominal voltage.

Nominal voltage

The effect of dwell times on the nominal voltage of arrester blocks is shown in Figure
4.23. Nominal voltage is basically dependent on the grain size for a fixed composition
of the ceramic material. The discs pressed without any dwell (cell A) exhibited a
higher average value of the nominal voltage. This indicates that the ceramic material
contains smaller grain size. The less packing of material and more trapped air/gas in
the pressed body due to the absence of dwell may be attributed to inhibit grain

growth.
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I-V curve

The 1-V curves of a selected number of cells are presented in Figure 4.24. It is seen
from this plot that the relative position in the current-voltage characteristics is similar
to that observed in the case of the nominal voltage. The apparent parallel curves in
the I-V plot for different cells indicate that the dwell time does not affect protective

level or the clamp ratio significantly.
Nonlinear Coefficient

Non-linear coefficients (a) or exponents at the pre-breakdown and breakdown
regions are shown in Figure 4.25. The exponents were calculated according to the

equation (1.2) given in section 1.4.1. In this case the current and voltage values were
taken corresponding to the current density of 0.23 and 0.54 mA/cm” for pre-

breakdown region while to 0.54 mA/cm” and 7.68 A/cm” for breakdown region. A

small variation of the exponents is observed among the different cells.
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Figure 4.25 Nonlinear exponent at the pre-breakdown and breakdown region
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Clamp ratio

This is a very important parameter for determining the clamping capability of arrester
blocks. Variation in dwell in pressing cycle does not show any remarkable influence
on this parameter. The data on clamp ratio corresponding to the computed values of

V10V 5mAfor different category of discs are presented in Table 4.11.

Table 4.11 Clamp ratios (Vioo/V5mA) for various cells ofarrester blocks
Cell A B C D E F G H Con
Clamp ratio 1.272 1.266 1.276 1.269 1.267 1.267 1.278 1.281 1.268

W att loss

Watt loss was recorded at the initial stage without applying any high current pulse.
Following the application ofa 100 KA pulse the watt loss was measured on both the
polarity of the discs. Recorded initial values of watt loss and those on the forward
and reverse polarity after the high current shot are presented in Figure 4.26. The
values for watt loss indicate the mean of five measurements for each cell and they

were not normalized as the disc volumes were practically the same.
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Figure 4.26. Watt loss behaviour with the initial value and after HASD shot
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Two level factorial design

Two level factorial design was performed to analyse the effects of the variables on
various important characteristics. Table 4.12 presents the consolidated results as the
responses on the cross-section, fired density, nominal voltage, non-linear exponent at
pre-breakdown and breakdown region. The sample size for calculating the responses
was not the same. Diameter of thirty discs for each cell was measured to calculate the
cross-section. Three discs from each cell were investigated to measure the fired
density while five were characterised for the nominal voltage, exponents at pre-
breakdown and breakdown regions. Mean of all the observed data were used to

determine the main and interactive effects on the respective responses.

Table 4.12 Calculated effects and standard errors for 23 factorial design with the pre-
pares, press dwell and ejection delay time

Main and Responses (estimate + Standard error)

interactive effects Cross-section  Fired density Nominal Exponent (Pre- Exponent
(mm?2) (gm/cc).\103  volt (V/em) breakdown) (Breakdown)

Pre-press dwell (1) 1.78+0.18 1.13+3.58 -36.5£21.3 0.05010.49 -0.88310.38
Press dwell (2) 10.46+0.18 7.03+£3.58 -6.0£21.3 -1.43310.49 -1.18810.38
Ejection delay (3) -1.81+0.18 -1.98+3.58 -25.0+21.3 -0.62710.49 0.46310.38
Interaction (12) -4.30+0.18 1.18+3.58 39.0+21.3 -0.31310.49 -0.31810.38
Interaction (13) -4.01+0.18 -2.63+3.58 52.0£21.3 0.27310.49 -0.11810.38
Interaction (23) -5.55+0.18 1.58+3.58 15.5+21.3 -0.07810.49 -0.07310.38
Interaction(123) -1.2510.18 -2.18+3.58 -23.5+£21.3 -0.07810.49 0.23810.38
Average 1307+0.09 5595+1.79 1916110.7 21.5010.24 42.9310.19

Discussion on I-V characteristics

The data on effects are presented with the standard error so that the significance of
influence can be justified. The main and interactive effects are evident on the fired
diameter or cross-section of the disc. Press dwell increases the fired diameter with
significant effect. Pre-press dwell also acts positively but at lower extent. Apart from
the data in Table 4.11, the effect of ejection delay can be visualized from Figure 4.22

when the diameters ofthe cell G and H are compared. In the former cell there was no
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gjection delay and therefore, the material could not rearrange from the radial to axial

direction. As a consequence, the discs ended up with higher fired diameter.

The fired density is found to be mainly influenced by the press dwell. At the peak
load the holding time allows the trapped air/gas to escape from the compact due to

the maximum pressure gradients resulting in higher fired density.

Nominal voltage is influenced negatively by the pre-press and ejection delay but there
are interactive positive effects too. The cell A for which all the dwells had been kept
at zero level exhibited the maximum nominal voltage as shown in Figure 4.23. The
same trend is maintained all over the I-V curve as presented in Figure 4.24. So the
arrester blocks pressed with no dwell time may leave a scope of minimizing the
thickness due to the increased nominal voltage. But the deviation in the voltage for
cell A was quite high posing a risk of higher rejection in classification test. In this

context cell D exhibited a superior performance with consistent result.

Non-linear coefficient or exponent (a) is also found to be slightly influenced by the
holding time. Discs belonging to cell A, E and F exhibited the higher values as
illustrated in Figure 4.25. It is evident from the two level factorial analysis that the
press dwell inversely affects the exponent both at the pre-breakdown and breakdown
region. Ejection delay has the opposite influence. This reduces the exponent at pre-
breakdown while enhances at breakdown. Pre-press dwell appears to be significant at

breakdown region with a negative effect.

The watt loss behaviour of the discs is also found to be slightly changed with the
variation in holding times as shown in Figure 4.26. Though the initial watt loss was
slightly higher for cell A, subsequent results following HASD (high amplitude short
duration) test indicated that Cell A got better stability with less degradation. This
trend may be attributed to the influence of trapped oxygen in the compact during
sintering. Influence of oxygen on the varistor properties is identified in other cases
and reported in the literature. ZnO varistors become stable when they are annealed10

in any oxygen atmosphere.
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With the observation on the |-V characteristics, it may be concluded that the
influence of dwell time in pressing cycle is not confined within the domain of green
properties of arrester blocks. But the effect of these parameters is considerably
noticeable on the varistor performance characteristics. The properties such as the
nominal voltage, the watt loss and the non-linear coefficient are found to change with
the variation in the holding time. But there is no strictly particular combination of
pre-press, press dwell and ejection delay time which can ensure best values for all of
the performance characteristic parameters. It will, therefore, be necessary to make a
compromise to set the optimum dwell time in the pressing cycle depending upon the

effect on the critical properties.

Arrester blocks compacted with longer press dwell and ejection delay, exhibited a
highly consistent nominal voltage. Though in this case there is a scope of slight
reduction in non-linear coefficient, this selection of dwell time could allow to specify

close tolerances for the nominal voltage.

453 ENERGY ABSORPTION CAPABILITY

The investigation concerning the energy absorption capability was carried out by
injecting electrical energy in the form of a long duration pulse. Apart from the I-V
characteristics the energy absorption capability is vital for reliable operation of
varistor. The advantage of a varistor with higher energy absorption capability is that
the device size can be proportionally reduced. Alternatively the same size could be
upgraded for more demanding applications. This study with two level factorial design

was aimed at evaluating the effect of dwell on the energy absorption capability.
Testing Procedure for Energy

The test for energy absorption capability was conducted in a rectangular wave
generator (Haefely) having a capacity of charging voltage of 50 KV and an energy

level of up to 45 KJ. Each disc was subjected to a cycle of three 2 ms impulses at a

particular charging voltage. Three discs were placed for testing at a time, and
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impulses were applied in sequence with a charging time of 8 seconds. So for a
particular disc there was an interval of 24 seconds between two consecutive shots.
Starting charging voltage was set at 24 KV which led to an energy injection in the
range of 140-150 J.cm'3. The charging voltage was increased discretely by 1.2 KV for
every subsequent cycle, resulting in an increase in the total amount of energy

injection by about 5-10 percent.

The test pulse used for measuring the energy absorption capability has been briefly
described is in section 3.2.2. The arrester blocks were subjected to the test until they
failed. Due to the uncontrollable variation in the manufacturing process every
parameter of varistor is found to differ from disc to disc, even among those belonging
to the same cell. To take into account this statistical variation a considerably large
sample size was taken for carrying out the test. Sixteen samples from each cell were

tested to estimate the energy absorption capability.

Due to the injection of energy by the electrical pulse, the arrester blocks became hot
and they were allowed to cool down to room temperature before being subjected to
the next cycle. The test had been continued with increasingly higher charging voltage
until a an energy level was reached at which the disc could not sustain and

subsequently failed in any mode of failure.

Computational Procedure for Energy

The energy injected into the varistor body by a pulse is the integrated value of the
product of the instantaneous clamping voltage and current over the pulse duration.
The basic equation used for computing the injected energy is given in section 3.1.
The peak values of the clamping voltage of the arrester block and the maximum
current passing through it, were recorded and used for computing the energy. The
relationship expressed in terms of peak voltage, Vfk and peak current, Ipk for a

duration of time, T is as follows:

Energy = KV pKIpKT. (4.9)



where K = constant depending on the wave-shape. For a 2 ms quasi-rectangular
shape pulse as shown in Figure 3.2, £=1.14, which can be evaluated from the
geometry of the wave shape. Thus the total injected energy for a pulse duration of 2

ms is estimated from the following formula:

Energy = 2.28 VPKIPK. ..o, (4.10)

The total injected energy by a pulse was estimated by the equation (4.10). The
recorded values of \Vfkand IF corresponding to the first shot ofthe cycle up to which
the disc sustained without failing, were used for computation. Energy absorption
capability, defined as the energy density was evaluated by dividing the total injected

energy with the volume ofthe disc.

Failure mode

The most common failure modes observed in the test for energy absorption capability
are flashover, puncture or pinhole (thermal runaway). However, among them the
pinhole accompanied by flashover occurs very frequently. The pinhole or puncture is
developed due to the flow of excessive electrical current through any of the
preferential paths. It is to be noted that the pinholes were mainly located at the
periphery of the disc face. But a few failures by cracking were also observed which

usually occurred at the very high level of energy.

Observed Behaviour of Different Cells in Terms of Energy Absorption

The energy absorption capability indicates the highest level of energy density up to
which a disc survives. The cumulative percentage of discs with ascending order in
terms of the energy absorption capability is plotted. Since there are eight cells, the
curves are presented in three figures to avoid superimposition. Figures 4.27, 4.28 and
4.29 demonstrate results from Cells A, B, C, Con, Cells D, E, F, Con and Cells G,

H, Con respectively.
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The curve for control cell (Con), has been kept common in all the figures to facilitate

comparison between the various cumulative distributions. It may be mentioned here

Energy (J.cm'3)

Figure 4.27 Energy absorption capability of cells A, B, C and Control

Energy (J.cm'3

Figure 4.28 Energy absorption capability for cells D, E, F and Control
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3
Energy (J.cm )

Figure 4.29. Energy absorption capability for cells G, H and Control

that the control cell was pressed with the standard dwell for the specified arrester
blocks. The holding time maintained for this category of arrester blocks is within the
range of time specified in the design of experiment (pre-press dwell-0.5 second, press

dwell-2.5 seconds and ejection delay-2 seconds).

The overall relative performance is illustrated in Figure 4.30. The error bar represents
the mean * standard deviation of energy absorption capability of individual cells. The
bar indicates the measure of central tendency as well as the scattering of distribution.
As shown in the Figures 4.27 - 4.29, the highest levels of energy attained by all of the
cells almost coincide, except for cells B and G. In this context these two cells appear

to be less capable.

Although the highest level of energy indicates the possible maximum achievable
target, commercial arrester blocks are rated conservatively based upon the initial
failure. So the lowest value of energy absorption capability for a distribution under a

particular treatment is very critical. But the extreme values are not generally treated
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Figure 4.30 Relative energy absorption capability of all the cells by error bar
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as valid parameters in statistics9. This is because of the fact that inference on the
basis of an extreme value in a distribution - either the lowest or the highest - is very
often unreliable for any conclusion. In the present study different cells were,
therefore, compared on the basis of their mean and median energy - the measures of

central tendency for a distribution.

It is evident from the Figure 4.30 that among all, the cell D has attained the highest
mean value of energy absorption capability with low scattering. So the dwell adopted
in pressing the discs of this cell should be considered as the optimum in terms of the

energy absorption capability.

It is worthy of note that a random setting of dwells may not necessarily improve the
varistor characteristics. Discs from cell A for example, which were subjected to no

dwell, performed better than some of the other cells as evident in Figure 4.27.

454 HIGH CURRENT PERFORMANCE

The high current performance is important to evaluate the withstanding capability of
transient pulses with a very high amplitude. These pulses last for a very short time but
are characterized by a very high amplitude. So the behaviour of arrester blocks in this

case cannot be predicted from the performance in the energy test.

High current performance was evaluated by a short duration pulse. During this test
current passes through the disc for a very short time, but with high amplitude. The
electrical impulse is a simulation of an actual lightning stroke. The average duration
of a stroke8is considered to be approximately 30 microseconds. A typical short pulse
adopted for testing the arrester block is usually of shorter duration, and defined9 as
the 4x10 (is wave as shown in Figure 3.4. Injection of a large amount of energy into
the disc within a very short time results in a fracture mechanism which is usually
different from that observed with long pulses. The failure mode44 in this test is
predominantly by cracking or rupture rather than the thermal runaway or puncture

observed in the case of long pulse test.
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The HASD test was performed in an Impulse Current Test System (Haefely). The
impulse generator is capable of a maximum charging voltage of 100 KV, and
maximum energy of 62.5 kilojoule. The arrester blocks were tested individually, one
pulse being applied at a time. Subsequent pulses were applied at an increasingly
higher charging voltage, with the target test currents of 98, 101, 104, 107 and 110
KA. Similar to the test with long pulse, the discs were allowed to cool down before

being subjected to the subsequent shot of the higher rated current.

In a high current test the failure mechanism is different from what is observed in case
of test for energy absorption. In this case the injection of huge energy within a very
short time leads to cracking in the longitudinal direction. However, a very small

percentage of failures may occur by pinholes and flashover.

Observation on High Current Performance

Five samples from each cell were tested to evaluate the high current performance.
The short duration impulses with increasing magnitude of rated peak current have
been applied and the corresponding number of survivor discs is recorded. The

performance is summarized in Table 4.13.

Table 4.13. Number of survivor discs at different rated peak currents of HASD pulse
Cell ID Shot number (Rated Current)

1(98KA) 2 (101KA) 3 (104KA) 4 (107KA) 5 (11 OKA)

A 5 5 3 3 0
B 5 5 3 3 1
C 5 5 4 2 0
D 5 5 5 5 2
E 5 5 5 3 1
F 5 5 4 3 0
G 5 5 4 2 0
H 5 5 5 1 0
Con 5 5 2 1 0
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A parameter to express the high current performance of a particular cell can be

defined mathematically in the following form:

High Current Perforwance(%) =" 2 A =100 e, (4.11)

Z
1

where sample size of discs to be tested

X; = rated peak current at the ith pulse

R
1

, = number of discs successfully passing the ith pulse and

Xi =actual peak current in the ith pulse

The plot in Figure 4.31 delineates the high current performance computed according
to the parameter according to the equation (4.9). Out of a maximum achievable score
of 100%, the higher the value of the parameter, the better is the device. As apparent
in the Figure 4.31, cell D is found to exhibit the highest level indicating the best
performance in high current tests. The performance of control cell is very poor. The
relative position of this cell is even worse than what was observed in the case of

energy absorption capability.

100

A B C D E F G H Con
Cell Category

Figure 4.31. High current performance of different cells pressed with different dwell
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Dwell or holding time during different phases of the pressing cycle has considerable
influence on the eventual property of the varistor disc. However, incorporation of
longer dwell in the pressing cycle does not necessarily lead to the better performance.
Rather discs pressed with randomly selected combination of dwells may perform

worse than those pressed without any dwell time at all.

Among the various cells, the discs belonging to that compacted with the longer press
dwell and ejection delay but with no pre-press dwell time exhibited better trends in
energy absorption capability. Moreover, the same processing condition was found to
yield superior high current performance. So there is a scope of adjusting the dwell
time in pressing operation to optimize the varistor performance. However, since the
duration of dwell is usually on the basis of the volume of powder to be compressed.
So the combination and the duration of dwell optimized for the arrester blocks with
Vom = 5 KV, may not be appropriate for all other sizes of varistor discs. It is,
therefore, recommended that dwell in pressing cycle should be selected depending

upon the individual size, shape and volume of varistor discs.

455 REPLICATE EXPERIMENT WITH DWELL TIME

The influence of dwell initially observed on the energy absorption capability of
arrester blocks was verified by replication of the experiment on two cells - cell A and
cell D as specified in the earlier design of experiment. Following the previous
experiment the arrester blocks belonging to the cell A were pressed without any
dwell whereas those belonging to cell D were pressed with longer level of pre-press
dwell and ejection delay. Standard powder was pressed to produce discs of the same
nominal dimensions as with the previous experiment. The observation of the
replicated experiment is presented in Figure 4.32 with cumulative percentage of

failures.

It is quite apparent from the above figure that there is a distinct difference between

the two cells and arrester blocks belonging to cell D (according to Table 4.9) were
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found to exhibit superior performance than those belonging to cell A. A similar trend

in energy absorption capability was noticed in the previous experiment. So the results

Energy (J.cm'3)

Figure 4.32 Energy absorption capability in replicated run

experiment. So the results of this investigation confirm that the influence of dwell in

pressing cycle is reproducible.

It should be mentioned here that the origin of failure location was recorded in this
experiment to identify whether the disc failed due to the flaw or weakness on the top
or on the bottom face of the disc. The number of failures from the top face was zero
for cell D whereas for cell A there were nine failures from the top face of the disc in
the sample size of 19 discs. Due to the better compacting condition arresters
belonging to cell D were able to prevent failures from the top. The comparative
weakness of the bottom face is attributed to be the adverse effect of contact during
sintering. Thus it can be inferred from this difference in failure origin from the top
face that better consolidation of ceramic is possible by optimum selection of dwells

and their duration in the pressing cycle.
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Chapter 5

FORMULATION OF A MATHEMATICAL MODEL

5.1 INTRODUCTION

Mathematical formulation of the responses in terms of the input parameters is based
on the design of experiment. Due to normal variation in the processing operations,
data on different physical and functional parameters of varistor are found to deviate
within a very narrow to a considerably wide range. In such cases statistical methods
are very often considered to be useful tools to analyze the results. These methods are
easy and simple but very effective to evaluate the data and also to quantify their
reliability on the responses which are influenced by multiple input parameters. In this

regard factorial design and response surface methodology are very common.

5.1.1 FACTORIAL DESIGN

Factorial designs are widely used in the experiments to estimate the main and
interacting effects of several independent variables on the response9%97. There are
various special cases of factorial design. The two-level factorial design is particularly
very important in the early stage of the experimental work. The experimental method
with two-level factorial design is helpful in conducting investigations effectively by
saving time and in presenting results in an explicit form. This is necessary to avoid
misleading conclusions especially when interactions may be present. Moreover, this

approach is economical compared to one-factor-at-a-time design.

The two-level factorial design is denoted by 2k where K is the number of factors or
variables. In this case only two levels are considered for each of the k factors and it is
assumed that the response is linear over the range of the chosen level. The variables
are denoted as and “+” or “-1” and “+1”. This is entirely arbitrary but very
effective for analyzing the results. The 2k factorial design allows independent

estimates of k (where K is called the dimension of the design) main effects, kC2 two-
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factor interactions, kCs three-factor interactions, so on and one k-factor interaction.

That is, for a 2k design the complete analysis will contain 2k-1 effects.

It is often true that the main effects are larger than the two-factor interactions, which
in turn tends to be higher than the three-factor interactions and so on. The “effect” of
a factor or a variable means the change in response due to the movement from the
lower level to the higher level and the average of the “effect” is called the “main
effect” for a particular variable. All of the variables in an experiment do not behave
additively and are, therefore, said to “interact”. Usually the higher order interactions

tend to become negligible and can be disregarded.

5.1.2 RESPONSE SURFACE METHODOLOGY

Response surface methodology (RSM) is a collection of mathematical and statistical
techniques used in the empirical study of the relationships between the measured
responses and a number of input variables. The ultimate goal of the use of RSM is to

optimize the response.

The RSM method is widely used because of some attractive features such as (i) it is
a sequential approach, the result at each stage guiding the experimentation to be
conducted at the next (ii) it casts the experimental problem in readily understandable
geometric terms and (iii) it is applicable for any number of variables. The independent
variables are denoted by xi, x2 X], xk and are assumed to be continuous and
controllable by the experimenter, whereas, response, y, is assumed to be a random

variable in response surface methodology.

As the relationship between the response and the independent variables is unknown,
the first step in RSM is to fix a true functional relationship between y and the set of
independent variables. Usually a low order polynomial is considered for the first-
order model and a higher-order polynomial is assumed for the second order model. In
the first order model, (y = Jo + ZfiiXi + e ), orthogonal first order designs are

adopted which includes the 2k factorial. The k factors are coded to the standardized
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levels +1. But the 2k design does not afford an estimate of the experimental error,
until some runs are replicated. Hence, a centre point is considered and replicated. The
addition of the centre point does not influence {/?;} for i > 1, but the estimate of /?0
becomes the grand average of all observations. Furthermore, the addition of the

centre point does not alter the orthogonal property.

52 MATHEMATICAL MODELING

The mathematical model developed from the data on the important physical and
electrical parameters of varistor discs will be helpful in various aspects. The derived
model from the two-level factorial design will reveal the individual and interactive
effects of the variables. The RSM will provide functional relationships which will

indicate the trend of the response for a change of input variables.

5.2.1 FACTORIAL DESIGN WITH DURATION OF DWELL

A two level full factorial design was adopted to evaluate the effect of dwell time on
the performance of arrester blocks. The results have been presented in the previous
chapter. The three input variables - pre-press, press dwells and ejection delay varied

at two levels constituted eight sets of experimental conditions.

Table 5.1, 2_ factorial design and the corresponding data on various responses

Type of Dwell Responses
Pre-  Press Eject Energy Vnom Exponent Diameter Density
press (J.cm'3) (V/cm) (mm) (gm.cm'3)
) (-) ) 407 2015 22.42 40.59 5.5938
(-) (-) (+) 395 1899 21.52 40,69 5.5907
-) (+) (-) 400 1931 21.30 40.92 5.5959
) (+) (+) 410 1893 20.40 40.89 5.6003
©) 395 1864 22.43 40.74 5.5942
(+) ¢) (+) 394 1899 22.23 40.72 5.5902
(+) (+) 395 1905 20.84 40.99 5.6030
(+) (+) (+) 401 1924 20.33 40.70 5.5978
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Table 5.1 contains the 23 factorial design along with the corresponding mean or
median values of different responses on the electrical and physical properties of the

arrester blocks. These data will be used to develop the mathematical formulation.

The quantitative parameter, Y to be investigated is called the response. It is
determined as a polynomial function of possible influencing factors. Considering all
the effects either main or interactive of the factors the response, Y can be represented

in the following general form:

Y=+ Z>/*. F ' ZVIXXK oo (51)

ij ijk
where the coefficients ai, aff andaijk represent respectively the main, two-factor and

three-factor interactions among the parameters xh Xj and xk. The constant, a0 is

evaluated as the average of the responses. In the present work all the main and
interactive effects were evaluated. There were three variables making a total of seven
coefficients with three main effects, three two-factor interactions and one three-factor

interaction.

The calculated value of the coefficients using the median values of energy absorption

capability of the arrester blocks are

a,=-6.75, a2=3.75, a3=0.75, a2 =-0.25, al3=1.75, a2 =17.25 &]B=-3.75
and the constant a0 = 399.6.

Neglecting the small coefficients and substituting the value ofthe significant ones in

equation (5.1) yield the following relationship:

Energy - 399.625 - 6.75x, +3.75x2 + 1.75x,x3 + 725X 2x3 ~'i. 75X X 2X3............ (5.2)

The energy absorption capability is expressed as a function of three dwells Xi, X2 x3

respectively for pre-press, press and ejection delay. It may be noted that in the above
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equation the independent dwell time will assume a value of either zero for the lower

level or unity for the higher level of the input variables.

Similarly, other functional parameters of arrester block can also be expressed in terms
ofthe significant effects. In this case the coefficients comparable to the standard error
have been considered. Thus the relationship for the nominal voltage corresponding to

a current density of 0.4 mA/cm2 is represented by the equation (5.3)

Nominal voltage = 1916-36.5x, -25X3+ 39x]x2 +52x,jc3 - 23.5X]x2X3......(5.3)

The non-linear exponent (a) for the prebreakdown region is calculated on the basis

ofthe currents 0f0.23 and 0.54 mA/cm2and the corresponding voltages.

a =21.43- 1.43x2- 0.63X3- 0.31IX,X24 0.27X, X3 eiireiiiieieeeirieeeeieseeeesreee s (5.4)

Dimensional change such as fired diameter of the arrester blocks is also observed
due to the variation of dwell to a very small amount but in consistent manner. The

dimension (mm) of diameter at middle height is given by

Diameter = 40.78 + 0.19x2 - 0.06x3- 0.075x,x2- 0.095Xx,x3- 0.1x2X3................ (5.5)

It is evident from this relationship that the main and interactive effects of ejection
delay is negative. This is because of this reason that the fired diameter of arrester

increases when there is no ejection delay in the pressing cycle.

Fired density (gm.cm'3) of the arrester block is also slightly affected by the dwell, the

relationship is given by the following expression.

Density = 10~3(5595.74 +7.02x2 - 1.98x3-2.63x,x3+ 1.57x2x3 - 2.17x,x2x3) ...(5.6)

The coefficients in the above equations (5.2 -5.6) indicate the effects, the sign of

which indicates whether the influence is positive or negative. Thus it is evident from
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the equation (5.2) that the pre-press dwell time negatively affects the energy. Even
the term with the higher co-efficient having interaction with xt is also found to have a
negative influence. So the level of the pre-press dwell time can be conveniently kept
at low level to maximize the energy absorption capability. This implies that pre-press
dwell should be eliminated from pressing cycle particularly for energy. Among the
eight experimental conditions, the dwells set for cell D appear to be most suitable.
Inference derived from the equation is found to be in good agreement with the results

presented in Figure 4.30 in chapter 4.

Similarly, for other variables the influence of the pre-press, press dwell and ejection

delay can be estimated from the functional relationships.

5.2.2 RSM WITH COMPACTING STRESS AND SPEED

Response Surface Methodology (RSM) is a useful tool to develop a relationship for
the dependent variable (response) as a function of the independent variables97 (input
parameters). This method is widely used®Bto develop useful mathematical model. The
compacting pressure and the speed were considered as the input parameters. The
responses on the operational properties such as the energy absorption capability,
nominal voltage, clamp ratio, watt loss and the physical characteristics such as the
fired diameter and density were evaluated. The general mathematical relationship of a

response in terms of input variables can be written as

where R is the response, p is the compacting stress and s is the speed.

The above functional relationship between the response and the investigated

independent variables can be represented by the following equation:
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where R is one of the six output variables while C, | and m are the model parameters
to be estimated by the use of the experimental data. Equation (5.8) can be written in

the following logarithmic form

INR =InC +1Inp +m Ins (5.9

A linear form of the equation (5.9) can be expressed as follows

9 =y-e =bXO0+blx[+b2x2 (5.10)

wherey is the estimated response of the parameter and_y is the measured value on a

logarithmic scale, s is the experimental error, X0 - 1 (a dummy variable) and X, , X2
are respectively the coded values of compacting stress and speed with logarithmic
transformation. The constants Z*s are the estimated model parameters. The basic

formula of b is given as

b = (XrX)-'X¥ (5.11)

where b = b0, bi and b2 is the matrix parameter estimates, X is the calculation
matrix, A*-is the transpose of X, XX? is the variance matrix, (XXn)'lis the covariance
matrix and y is the matrix of the measured response on the logarithmic scale. The

calculation procedure is presented in Appendix B.

Experimental Design and Condition

In order to estimate the parameters of the model, a first-order orthogonal design was
adopted as depicted in Figure 5.1. The design consisted of nine experiments of which
four, representing a 22 factorial design, were located at the corner of the square while

the rest five were replicated at the centre points to estimate the pure error.

This experiment was conducted on the 17 mm (green diameter) discs. Except the

four replicated experiments at the centre ofthe orthogonal design, data presented in
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section 4.3 of the previous chapter were used corresponding to the corner and one at
the centre. The limits of the variables were selected to cover a wide range. The
pressure was changed from a lower limit of 40 MPa to a higher limit of 110 MPa
while speed limits were 10 and 160 mm/min. The mid-point comprised of 66 MPa

pressure and 40 mm/min speed.

X2

Figure 5.1. First-order orthogonal design for 2 factors

The values of the coded variables along with the actual values of the variables
adopted for this analysis are presented in Table 5.2. The independent coded variables

can be expressed in the following manner:

(inp - In66)

= .(5.12)
(In110-1n 66)
and
(In A--In 40)
. (5.13)
(in160- In40)
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Five discs under each ofthe processing conditions were characterized. The analysis is
based on the mean values of the measurable responses. The experimental data along

with the test conditions are presented in the following Table 5.3.

Table 5.2. Levels of the independent variables with the coding

Variables Levels
Coding -1 (Low) 0 (Centre) 1 (High)
Pressure (MPa) 40 66 110
Speed (mm/min) 10 40 160

The first-order model for the energy absorption capability, nominal voltage, clamp
ratio, watt loss, fired diameter and density was developed using the least square

method. The estimated parameters of the model were evaluated using equation (5.10)

Table 5.3. Experimental data on different input and output parameters

Trial Input variables Responses
No Stress  Speed Coding Energy  Yoom Clamp Watt- Dia- Den-
loss meter  sity

MPa mm/min X, X2 Jcm'3 V.em"l ratio w.cin'3 (mm) gem'3

1 40 10 101 438 2532 1.408 0.00233  13.968 5.528
2 110 10 1 -1 502 2490 1.352 0.00345  14.292 5.600
3 40 160 -1 1 419 2498 1369  0.00259  13.974 5556
4 110 160 1 1 418 2469 1360 0.00379  14.338 5.612
5 66 40 0 0 451 2489 1364 0.00294 14.090 5.584
6 66 40 0 0 472 2490 1.357 0.00292  14.110 5.575
7 66 40 0 0 460 2486 1.362 0.00301 14.078 5.581
8 66 40 0 0 436 2488 1.355 0.00287  14.081 5.577
9 66 40 0 0 425 2497 1371 0.00304 14.120 5.589

Thus, the model for the six important electrical and physical parameters such as the

energy absorption capability, nominal voltage (VrOmX clamp ratio, watt loss, fired
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diameter and density can be developed in terms of the compacting stress and speed

by substituting the model parameters as:

y (energy) = 6.13877 + 0.033498 X, - 0.056867 X2 .......cceoevrvvererererrreirenan. (5.14)

y (Vnom) = 7.8213 - 0.0071 Xj - 0.0055 X2 ...eevivrirceeceeeeeee e, (5.15)

y (clamp ratio) = 0.31215 - 0.011795 X/ - 0.005547 X2......ccceveevrerererernnn. (5.16)

y(watt loss) = -5.82038 + 0.193304 xt + 0.049945 X2 ......ccceovvvvvvvvirrrnee. (5.17)

y (diameter) = 2.64707 + 0.012161 xi + 0.000911 X2 ...ccccevvvreevrrererennnn. (5.18)
and

y (density) = 1.71882 + 0.00572 X, + 0.001798 X2 ......cccooverevrreeererrrirenne, (5.19)

The above equations are transformed by replacing the values of X, and x2 from the
equations (5.12) and (5.13) in the form of general functions containing the

independent pressing variables as

Energy = 409.668p° (BB 004 02........ovooovveeeeeerreseeessseeeeeeeeeeseeeeeessssssssen (5.20)
V,om= 2681.6p00,MS° QIBI7........cooemiiiiiiirieie e (5.21)
Clamp ratio = j.52778P0:MNS 000M......cccoiiirririereriieteiess e ssennees (5.22)
Watt-loss =0.00050306p°'3BTBa0BAL..........ccceverirerereiriieieier e, (5.23)
Diameter = 12.7398p00238S5000066...........ccerrrerrrriirereriissereresessesesesssseesenns (5.24)
Density = 5.2965p(,0" Z5000L30.........cccorveererriieieeeirs e (5.25)

133



The sign of the exponents on the independent variables of the above equations
indicates whether the effect leads to the increase or decrease of the response. The
magnitude of exponent is indicative of the significance of influence on the resultant

parameters. The above models are valid within the limits of experimental conditions.

The energy absorption capability is considered to be a very important parameter for a
varistor. The influence of the compaction parameters on this parameter is evident

from equation (5.20). In Figure 5.2 the constant energy lines are shown.
Higher pressure enhances the energy while a higher speed has a deteriorating effect.
But the extent of enhancement in energy is not very great. However, within the

experimental limits it is apparent that higher compacting pressure is necessary for the

sake of improvement in energy absorption capability.

Compacting stress (MPa)

Figure 5.2. Constant energy absorption lines developed from the model

The nominal voltage is reduced with the increase in both the pressure and the speed

and the constant nominal voltage lines are shown in Figure 5.3.
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Compacting stress (MPa)

Figure 5.3 Constant nominal voltage lines as function of compacting parameters

The varistor with a lower clamp ratio and a lower watt loss is functionally a better

device. As shown in Figures 5.4 and 5.5 the effect of the pressure and speed on these

two parameters are opposite.

Compacting stress (MPa)

Figure 5.4 Contour lines for clamp ratio as function of compacting parameters
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Increased values of pressure and speed lead to reduced clamp ratio but raise the watt

loss. So the advantage obtained in the clamp ratio cannot be entirely exploited

Compacting stress (MPa)

Figure 5.5 Constant watt loss as function of compacting parameters

due to the increase in watt loss. In both the cases the influence of pressure is higher

than that of the speed. Physical parameters are demonstrated in Figure 5.6 and 5.7.

Compacting stress (MPa)

Figure 5.6 Contour lines for the fired diameter as compacting parameters
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Fired diameter is highly influenced by the compacting pressure,

independent of

compacting speed. The stress is undoubtedly dominate the fired density but there is

some influence compacting speed.

Compacting stress (MPa)

Figure 5.7 Contour lines for fired density as function of compacting stress and speed

Adequacy of the predictive model

The adequacy of the model can be verified by the analysis of variance. Such an

analysis for the energy absorption capability is presented in Table 5.4. The calculated

F value for the lack of fit and pure error is 2.96 and the tabulated value for 5%

significance level with degrees of freedom 2 and 4 is 6.94. Since the calculated F

value is lower than the tabulated one, the model appears to be adequate.

Table 5.4. Analysis of variance for energy absorption capability model

Source
Zero-order terms
First-order terms
Lack offit

Pure error

Total

Sums Square
334.9336239
0.0174237
0.0051526
0.0069756

334.9631758

DF Mean Square

1
2

334.93362390
0.00871185
0.00257630
0.00174390
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Similar calculations for other output parameters also suggest that the model
developed is adequate. The calculated F values for the nominal voltage, watt loss and
fired density are 4.39, 0.179 and 2.94 respectively. Each of them is less than the
tabulated F value of 6.94 indicating the adequacy of the model. However for clamp
ratio and fired diameter the calculated F values are respectively 9.68 and 7.52. They

are adequate at 99 percent confidence interval as the tabulated value is 18.00,

Considerable influence of the compacting pressure and speed are observed on the
physical and electrical characteristics of varistor. But unfortunately the effects are not
favourable for all the critical parameters. Out of the two input variables the pressure
is a more dominant factor than the speed. Marginally better clamping efficiency is
achievable by increasing the pressure as well as the speed. However, this condition
will lead to the undesirable increase in the watt loss. A trend of higher energy
absorption capability is observed with the increase in the compacting pressure.
According to the first-order linear model a higher speed has a negative effect on
energy. At a lower level of pressure the reduction in the nominal voltage is more

prominent than for higher levels of pressure.
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Chapter 6

SINTERING CONFIGURATION AND THE PROPERTIES
OF ARRESTER DISCS

6.1 INTRODUCTION

The sintering process of the zinc oxide arrester blocks or discs is commonly carried
out in the electric kilns with controlled temperature profile. Like all other ceramic
products, this operation requires the green compact bodies of varistor to be placed
upon some sort of supports or saggers. To prevent the contamination from the direct
contact of the repeatedly used sagger material the discs are kept physically separated
from them by a liner material either in the form of a fine powder or a solid plate. The
liner material needs also to be changed after a few cycles of use as it becomes
contaminated due to the exposure of high temperature reaction. But even with this
practice the adverse effects arising from the contact face of the disc cannot be

eliminated completely.

Processing of the ZnO arrester discs is frequently encountered with the undesirable
results at the bottom face specially in the case of grinding operation. It is a common
practice to remove more material from this face by grinding. Investigation of the poor
grinding performance revealed a number of features concerning the face remaining in
contact with the liner material. Extensive measurement of the hardness enabled a

correlation ofthe grinding performance with the value of microhardness.

A follow up study on the role ofthe bottom face ofthe arrester discs in the electrical
testing exposed the fact that even after the removal of more material by grinding the
bottom face was not functionally as good as the top face. The frequency of failure
originated from the bottom zone is substantially higher. The measured mechanical
strength, the density gradient and the microstructural analysis have confirmed the

inherent weakness of the bottom face.
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6.1.1 SINTERING CONFIGURATION

As already mentioned the zinc oxide varistor discs are conventionally sintered in a
vertical position resting on a liner material in the form of ZnO powder or ceramic flat

plate as shown in Figure 6.1. It is known that a varistor disc undergoes a process of

Green disc

considerable shrinkage during sintering. However, due to the density gradient in the
green compact the fired diameter at the middle height of the disc is found to be the
lowest. Apart from the scope of contamination, the bottom part of the disc passes a
phase of sliding against the supporting liner material during shrinking. The frictional
effects due to sliding with the liner material cause the diameter at the bottom face to

become greater than that at the top.

6.2 MICROHARDNESS AND GRINDABILITY

The processing of sintered ZnO arrester discs requires grinding on their flat faces to
achieve primarily the appropriate surface finish to be favourable for proper adhesion
of the electrode and perfect parallelism of faces with good edge quality within
acceptable dimension. But there is a perceived unpredictability in the way that a lot
will behave during this operation. Rate of chipping, edge flaking etc. differ from lot
to lot and even disc to disc belonging to the same lot. This problem is mostly
encountered with the bottom face which remain in contact with the liner material

during sintering.
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Poor grinding performance often necessitates regrinding of more than 50 percent of
the lot with eventual rejection levels of 10-15 percent. This high level of rework and
rejection led to a study on the phenomenon by measuring the microhardness of
varistor discs at different locations of their surface and correlating them with the
grinding performance. Samples from lots yielding good as well as bad edge quality
have been studied. Discs belonging to the bad lot were found to be significantly

harder on the bottom face.

The primary cause of contamination of the bottom face leading to the higher hardness
could be the effect of interaction of a number of sintering and material parameters.
But it is understood that the increased hardness and brittleness of the bottom part
primarily owing to the sintering orientation of the disc and the form of the liner
material on which it is placed lead to the poor edge quality following grinding
operation. Sintering of ZnO varistor disc is performed by a temperature profile with a
peak of 1100-1200 °C. This is followed by a number of finishing operations such as

grinding, passivating and electroding.

6.2.1 NEED FOR GRINDING OPERATION

Grinding or lapping operation is very important in the fabrication process of ZnO
varistor blocks and the necessity of this operation is felt for a number of purposes.
There is a natural variation in the height of the sintered disc due to the uncontrolled
deviation in the amount of powder filled in the die during compaction. Maintenance
of perfect parallelism of faces is essential in preventing excessive current flow
through any preferential zone leading to an uneven stressing of the disc. In addition
the surface of faces are found to be defective, especially the bottom one due to the
high temperature reaction of material during sintering and the shrinking phenomenon
of the ceramic. So the grinding or lapping operation is performed with the following

objectives:

(i) to achieve the required dimensional accuracy within tolerance limits,

(ii) to generate parallel faces of the varistor discs with good edge quality,
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(iii) to remove the contaminated surface as skin effect and also

(iv) to provide proper surface roughness for adequate adhesion of electrode.

Factors Influencing the grinding operation

The grinding or lapping operation is not dependent solely on the property of the
workpiece material. Rather the performance quality, in general, is the interactive
effect of a number of variables emerged from three distinct sources - grinding wheel,
grinding machine and the workpiece. Chatter is particularly critical in grinding as it
adversely affects the surface finish and the wheel performance48 However, for the

zinc oxide arrester blocks grindability can be described as a result of interaction of

Diamond wheel:
Grit size,Bond Adhesive
Type, Truing and Dressing
Balancing

Grindability:
MMR,Face Roughness,
Tolerance,Edge quality.
Grinding Force & Ratio

Machine Tool: ZnO varistor:
Stiffness,Precision Shoes, Strength,Hardness,Edge
Speeq,Feted & Depth of Toughness,Porosity, Thermal
Grinding,Coolant, Shock Resistance
Balancing

Figure 6.2 Factors affecting grindability of ZnO varistor disc
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a number of factors such as the material removal rate (MRR), power or grinding
force required, face roughness, dimensional tolerance, edge quality and grinding ratio
etc. This feature is schematically presented in Figure 6.2, adapted from reference".
The uneven grain in the face of the wheel is likely to impart impact loading which
could cause ‘chipping' or 'flaking' of the edges. The ability of a material to resist the
edge damage has been termed as 'edge toughness'. This parameter defined by
McCormick and Almond1®0 as a function of load applied on the indentor and the
distance from the edge is expected to provide a picture of the integrity ofthe material

at the edges or corner.

In this study the same grinding machine and the diamond wheel had been used for the
grinding of varistor discs at the same operating conditions. So the considerable
variation in grindability was obviously assumed to be originating from the varistor
material. Consequently effort was made to investigate the variation of the mechanical
properties of the ceramic. In this context the hardness of the arrester disc was the
primary factor and, therefore, was extensively measured by the Vicker’s hardness

method for possible correlation.

Vickers Hardness Method

There are various techniques to measure the hardness of a material using different
indenter material and geometry. Though it has been found that the hardness, usually
defined as the resistance to indentation, depends on the shape of the indenter and the
load applied, this measurement is widely accepted as one of the common tests for

assessing the mechanical properties of materials.

The Vickers hardness test, also known as the diamond pyramid hardness test, uses a
pyramid shaped diamond indenter. The indenter has a square base and the angle
between the opposite faces of the pyramid is 136°. This results in the depth of
penetration, h, being one-seventh of the indentation size, d, measured on the

diagonal. The Vickers hardness number (Hv) is obtained by dividing the applied force
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P with the surface area of the pyramidal depression. This yields to the following

general formula:

2P G
[ LT o OO (6.1)
a 2
where disin mm and P in Kg. A wide range of standardforces usually betweenland
120 Kg areused.However, a loadrange of 5 gmto 2000 gm issuggested for

measuring microhardness48. But irrespective of the load range, this technique is
considered to be suitable for testing materials with a wide range of hardness including

very hard steels and ceramics.

Measurement Procedure

The Micro Hardness Testerldl (Leitz Miniload 2) used to study the hardness was
capable of measuring the Vickers, Knoop and Scratch hardness with an accuracy
level of £ 0.2 |om to measure the indentation diagonal. The test was initially
conducted to identify the distribution of hardness at different locations of the varistor
disc with the intention of correlating them with the grinding performance. The
positions of indentation selected primarily were the faces and side of the discs. On
circular faces indentation was made radially from centre to near of the periphery
while along the side this was started from near of the bottom to a height close to the

top. The line of measurement was selected randomly.

Sample preparation

Initial experiment was conducted with four sets of arrester discs having five in each,
selected from a lot yielding unsatisfactory edge quality following grinding operation.
Discs belonging to the four sets (A, B, C, and D), though taken from the same lot,
differed in terms of subsequent cutting and passivating operation. Discs belonging to
the group E and F were later taken from a lot yielding good edge quality with a view

to comparing them with those from the bad lot.
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Moreover, the initial observation of declining trend of hardness with depth of
grinding was verified by measuring the hardness of these discs. Out of ten glass
coated arrester discs five belonging to the group E were ground offby 1, 2, 3, 4, 5
mm respectively from their original top face while the discs from group F were
similarly cut from the bottom face. The identification of the samples with salient

features in preparation is summarized in Table 6.1.

Table 6.1 General information on the samples prepared for measuring hardness

Disc ID Sample Nominal Height Glassed or Face ground Liner
size dia. (mm) (mm) unglassed (mm) material used

A 5 32 34 Glassed 0 powder

B 5 32 32 Glassed 1 powder

C 5 32 32 Unglassed 1 powder

D 5 32 27 Glassed 3.5 powder

E 5 42 38-43 Glassed 1-5 flat plate

F 5 42 38-43 Glassed 1-5 flat plate

Location of indentation

Hardness was measured by the indentation made on the face and the side of the
arrester discs. The number of indentation made on each face was the same for all the

discs. Six hardness values were calculated for each face starting from the centre to

+++
+++
+++
+++
+++
+++
+++

(a) (b)

Figure 6.3 Location of indentation (a) face (b) side
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near of the periphery at equal interval. But for each measurement there were three
indentations - one was along a radial line while the other two were across the point
by 300 urn away as shown in Figure 6.3. So there were eighteen indentations on each
face and hardness at a particular radial distance was actually an average of the three
indentations. This approach was adopted to avoid the localized influence of the
material characteristics. Hardness along the side was measured for the uncoated disc
i.e for the 'C' type discs with similar manner, making altogether twenty-one

indentations.

Measurement of Hardness

Since the instrument had been equipped with load designated in gram and the
diagonal of the indentation measured in *m, the Vickers hardness number (Hv ) was

calculated from the following formula:

2 VA 3 S (6.2)

where the multiplying factor was worked out to keep the unit in GPa for thespecific

angle of opposite pyramidal faces of the indentor, 0 = 136 °.

It is commonly recommended that hardness tests should be carried out with the
highest possible test forces tolerated by the sample to be investigated. This is due to
the fact that with hardness tests involving high forces the error occurring with the
results is at its smallest. So the test force of 500 gm, the maximum load available with

the equipment was used.

The Hv number was calculated for each indentation using the equation (6.2) taking
the load P = 500 gm and the mean of the two diagonals'd’ in p.m. Moreover, since
there is an effect of the period of descent and dwelling of the loadon the results, the

same duration was maintained for making all the indentations.
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6.2.2 RESULTS

The hardness results on different faces are presented by the mean values. To show
the dispersion in the hardness the standard deviation has been used. Thus the
distribution of hardness on the two faces and the side of the discs for the bad quality

lot is presented in Figure 6.4. It is evident that the bottom face is clearly harder than

Location of indentation

Figure 6.4. Hardness on bottom, top and side of arrester disc (bad lot)

the top and the side. The plot is based on the data measured on the top and bottom
face for disc category 'A' and on the side for 'C'. The plot for the hardness for each
of the surfaces is based on a large number of indentations - 90 for both the top and
bottom faces and 105 data points for the side. The dispersion in general is quite large,
however, in the bottom this is the maximum as evident from the error bar represented
by the standard deviation. Average hardness at different radial locations is shown in
Figure 6.5. In all the radial locations hardness observed in the bottom face was found

to be higher than what was found on the top face.
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4.00

0 3 6 9 12 15
Radial distance (mm)

Figure 6.5 Mean hardness on face at various radial locations of disc (bad lot)

It is apparent that there is no increasing or decreasing trend of hardness observed
along the radial direction neither for the bottom nor for the top face. This reveals the
fact that there is no clear correlation of hardness with the density gradient generated
in the green body due to the frictional effects in uniaxial pressing. For the ease of
comparison in Figure 6.6 the density gradient®4 generally observed in the green body

due to uniaxial die compaction is shown.

(a) Single action (b) Double action

Figure 6.6 The density gradient in the green compact for copper powder



Hardness on the side (or C-face) along the height is presented in Figure 6.7. A very
high value of hardness is observed on the side surface but near the bottom region
which sharply decreases upto a near middle height and then increases gradually.
Difficulty in grinding is encountered mainly with the bottom face. It can be inferred

that higher hardness ofthe bottom is responsible as one ofthe causes for the poor

Disc height (mm)

Figure 6.7 Variation of hardness along the vertical height of disc

performance in grinding operation. This can be further verified by the remarkably

harder bottom face for the lot with unsatisfactory results as illustrated in Figure 6.8.

3.60
340 -- [Bad quality MGood quality
3.20 --
8 3.00 --
S 2.80 --
e
1 2.60 --
K
2.40 --
2.20

2.00 .. +
Bottom Top
Measured face

Figure 6.8 Comparison between the good and bad lot
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2.80
£3Fired for glass m Unfired

6 9 12 15
Radial distance (mm)

Figure 6.9. Effect of firing for glassing on the hardness

The effect of exposure of the discs to a high temperature for firing of glass is shown
in Figure 6.9. This represents the data on the top face. Disc type 'B' differing from 'C'
only in terms of glassing exhibits higher hardness. This is actually true for both the
top and the bottom face and at all radial locations. The fact that the hardness
decreases as the material is removed from the initial face is demonstrated in Figure
6.10. These data are based on the hardness on the disc category E and F. It appears

that there is a skin effect. After removing one millimetre from the initial face hardness

3.20 -
0O Ground from top m Ground from bottom
3.00 -
%
2.80 -
c/f
%
Iaj 2.60-
a
2.40 -
2.20 .

0 1 2 3 4 5
Depth ground (mm)

Figure 6.10, Variation of hardness with depth ground from the face
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does not reduce further with depth ground. Similar trend in hardness is reported1®
for a copper slider as an effect of work hardening. Hardness decreases exponentially
with depth from initial surface up to a fraction of a millimetre. But the dispersion or

scattering of hardness does not appear to change as delineated in Figure 6.11 as the

0.30

2 3 4 5
Depth ground (mm)

Figure 6.11. Standard deviation of hardness on faces with increasing depth
standard deviation of hardness at different faces generated with increasing depth of

grinding.This implies that the degree of homogeneity of material property remains at

the same level as we go deeper from the initial surface. This scattering in hardness is

g 2.80 -

ffi 2.60 A

8 12 16 20
Rdial distance (mm)

Figure 6.12. Variation of hardness on the unground top and bottom face (good lot)
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not unusual for ZnO varistor material. Comparable deviations in hardness are
observed for other materials. Hardness measured by nanoindentation technique on
nanocrystalline ZnO shows a similar trend of deviation as reported by Mayol®B As
shown in Figure 6.12 the unground bottom face is found to be harder than the top
face at all radial positions, though the extent is lower compared to the difference

observed among the faces of the discs of the bad quality lot shown in Figure 6.5.

6.2.3 DISCUSSION

The measured hardness on the top and bottom face and on the side of the discs
indicates that there is a considerable variation of hardness on different surfaces. Discs
belonging to the lot of poor grinding performance have been found to be very hard at
the bottom face. Though the same trend is observed for the discs of the good quality
lot, the difference in hardness between the two faces is not as large as that were
found in the case of the bad lot. Apart from the fact that the bottom face remains at a
higher temperature for longer time during cooling due to the contact with the liner,
the shrinking process makes the edge more brittle presumably because of the work

hardening effect and less tough due to the presence of pores.

Faces with different depth of grinding from the initial face exhibited clearly a
declining trend of hardness. However, the same level of scattering or dispersion in
hardness values indicates an equal degree of homogeneity in property as we go
deeper from the initial face. But compared to the pure metal or a particular ceramic
material the observation of higher scattering in hardness for ZnO varistor is

attributable, to a certain extent, to the presence of various additive materials.

Complete elimination of the causes of higher hardness leading to unsatisfactory edge
quality may not be possible. However, the change of the sintering orientation of the
discs as well as the use of other suitable liner material may have some positive effect
and endeavour to improve the grinding condition could be beneficial. In this regard
soft-grade wheels, frequent dressing of wheel, reduction in MMR, and a more rigid

support ofthe discs could be advantageous.
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6.3 SINTERING ORIENTATION AND TENSILE STRENGTH

The influence of sintering orientation on the mechanical strength of the arrester
blocks was evaluated by the diametral compression test. Measurement was conducted
on five arrester blocks having a nominal diameter of 32 mm and a height of 34 mm.
They were sectioned perpendicular to the axis by a diamond cutter into three equal
disc shaped pieces. Load was applied on the disc specimen by an Instron machine
with a cross-head speed of 1 mm/min. The breaking load was recorded. Equation
(4.8) was adopted to calculate the tensile strength of the specimens. In Figure 6.13

the tensile strength for the three sections is plotted.

Section of arrester disc

Figure 6.13 Variation in tensile strength due to sintering orientation

It is clear that the bottom section, one face of which remains in contact with the liner
material during sintering is relatively weaker. The strength of this section is about 40
percent less than that observed in case of the middle or the top section. The top and
the middle sections appear to have similar strength. It is clear that at least up to two-
thirds of the height of the 34 mm tall disc is not affected by the contact with the liner

material. Though it may not be possible from this investigation to quantify how far
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the effect of contact reaches, it is definite that the bottom section is weaker. This
lower mechanical strength of the bottom part of the disc can only be attributed to the

influence of sintering orientation..

6.4 SINTERING ORIENTATION AND DENSITY GRADIENT

To further investigate the effect of the sintering orientation, the density gradient of a
fired disc was evaluated. A central piece cut from an arrester block with a diameter of

42 mm and the same height has been sectioned as shown in Figure 6. 14.

Figure 6.14 Sample preparation for measuring the density gradient

The small specimens taken from the eighteen grid points were measured for density.
Each parallelepiped shape specimen was polished with the fine grinding paper to
make the surface sufficiently smooth. They were then washed in deionized water
using ultrasonic washing bath so that all the loose debris was removed from the
specimens. They were then dried in an oven at 125 °C for more than one hour to
expel completely the trapped water or moisture content from the open pores.
Weighing was performed in a high precision laboratory type balance by adopting

Archimedes’ principle.

It should be mentioned here that the specimens were wrapped with water-tight
masking tape to prevent water from being entered into the open pores during

weighing. Care was taken so that there was no air bubble could be trapped inside the
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wrapping. The density was evaluated by using the worked out value of the masking
tape density, the immersed weight ofthe individual specimen, its weight in air and the
ambient temperature which might affect the density of water. In Table 6.3 the density

ofthe specimens are given according to the grid points in terms of radius and height.

Table 6.2 Density (gm/cc) of varistor material at different grid points

Radial Grid number along the height (h)

grid(r) 1 2 3 4 5 6
1 5.36 5.55 5.49 5.55 5.57 5.53
2 5.56 5.52 5.57 5.56 5.58 5.61
3 5.59 5.59 5.58 5.62 5.59 5.59

With the grid point densities the contour lines indicating the constant-density lines are

drawn in Figure 6.15.

5.55 5.57 5.585

Figure 6.15 Density gradient as a function of sintering orientation
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Comparison of the fired density gradients with the density gradients for a green
compact shown in Figure 6.6 indicates that there is no evidence of correlation. ZnO
varistor material undergoes a liquid phase sintering process. The capillary force
developed during this kind of sintering within the ceramic body is very significant and
plays a dominant role in densification1 Due to the low green density at the middle
height of the disc the diameter at that location comes out to be minimum after

sintering.

6.5 MICROSTRUCTURAL ANALYSIS

The microstructures were taken for the specimens having a variation in fired density
Three specimens having the lowest, the highest and a medium density were selected.
These were belonging to the grid points (1,1), (1,3) and (3,4) where the first and
second co-ordinate numbers indicate respectively along the radial direction from the
central axis and the height ofthe cylindrical disc. Density ofthe three specimens were

respectively 5.36, 5.49 and 5.62 gm.cm'3. For each ofthe specimens both secondary

Figure 6.16 SEI for the low density specimen
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Figure 6.17 BSEI for the low density specimen

emission image (SEI) and the back-scattered emission image (BSEI) were taken. The

micrographs are presented in Figures 6.16 to 6.21. Comparison of microstructures

Figure 6.18 SEI for the medium density specimen
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Figure 6.19 BSEI for the medium density specimen

reveal the differences in grain size and porosity among the three specimens prepared
from the same disc. The difference in the grain size is not very significant as

presented in Table 6.3.

Figure 6.20 SEI for the high density specimen
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Figure 6.21 BSEI for the high density specimen

Table 6.3. Grain size of different specimens as located in a standard arrester

Parameters Specimens having

Low density Med density High density
Av intercept 9.15pm 10.35|im 9.60pm
Av grain size 14.27p.rn 16.15p.m 14.98pm
Std deviation 3.29pm 2.75pm 2.26pm

The specimen with the medium density was taken from the core of the disc. During
sintering operation this region of the disc remains at higher temperature for a longer
time. So it is quite likely that grain growth of this region will be more compared to

the other regions ofthe disc.

It appears from the back scattered electron (BSE) images presented in Figures 6.17,
19 and 21 that the porosity levels also vary among the specimens. The specimen with
the lowest density exhibits naturally the highest porosity while the specimen having
the highest density shows lowest level of porosity. The porosity level for the

specimen with the medium density looks to lie in between the two extreme levels.
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Chapter 7

ALTERNATIVE SINTERING CONFIGURATION, DESIGN
AND ANALYSIS OF FRACTURE

7.1 INTRODUCTION

It is clear from the observation presented in the previous chapter that the contact
zone of a disc remaining in the vicinity of the liner material during the sintering
process is more susceptible to failure. Even after deeper grinding most of the failures
originate from this zone during the testing. But sintering a disc without keeping in
contact with some form of support is practically impossible. However to minimize
this undesirable effect, a number of alternative configurations have been attempted by

changing the sintering orientation i.e. placing the disc on different kinds of support.

The investigation is mainly based on the effect on the energy absorption capability
and high current performance. In some cases the influence on processing operation
such as the performance in grinding was also studied. The analysis was performed by
appropriate statistical indicator for the process capability to view the different
methods in the context of their functional outcome. Compared to the control
(processed under standard condition), some of the arrangements demonstrated a

promising result.

Arrester blocks are electroded by covering the whole face or keeping a margin at the
periphery. Both methods are industrially practiced to meet the specifications of
different customers. The margin on electrode appears to be helpful in preventing
current from flowing through the vulnerable peripheral zone and thus reduce the
number of failures in a lot. But in this method there is an undesirable effect too. A
margin on the electrode obviously reduces the current carrying area of a disc and
consequently lowers the effective volume for absorbing the energy injected by a
pulse. This method can, therefore, have an adverse effect on the energy absorption

capability of a disc. So it is not straight forward to conclude about the total effect
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from the two opposing factors. An experiment was undertaken to investigate the

influence of margin incorporated in the electrode by making three categories of discs.

The geometry of a disc can play an important role on the performance. The failure
mechanism is generally influenced by a number of factors. Apart from the basic
material properties the heat transfer mechanism can be a critical factor for steady
state operation. In this respect the geometry of a disc is very important. Commercial
arrester blocks are available in cylindrical shape. An alternative design approach was

attempted by providing a hexagonal shape to the arrester blocks.

The fracture mechanism of an arrester disc in short pulses with high amplitude of
current is different from what is observed with long pulses in the energy test. Rupture
or cracking is the main mode of this fracture. A theoretical study was conducted to
correlate this fracture mechanism in the light of the theory on the propagation of
stress wave. The fracture surfaces and the result of the experiment conducted by two
different kinds of supporting metal block having different characteristic impedance
were also found to be supportive of the theoretical predictions Moreover, the speed
of the longitudinal stress wave calculated on the basis of the elastic parameters of
ZnO ceramic material was found to match closely with the measured celerity by a

LASER assisted technique.

7.2 ALTERNATIVE SINTERING CONFIGURATION

This investigation includes (i) the scope of alternative sintering configuration (ii) the
influence of the margin on electrode. The evaluation is based on the data (i) the
influence on the frequency of regrinding (ii) the energy absorption capability, and (iii)

the high current performance.

The objective of this study was to evaluate the feasibility of alternative liner support
and sintering orientation of arrester blocks. The sintered discs were characterized to
evaluate the effect of the new method. In addition, to enhance the process capability

in terms of the performance the foreseeable advantages are (i) reducing the problem
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arising from regrinding (ii) minimizing the level of bismuth contamination from the
liner material due to contact (iii) increasing the scope of repetitive use of the liner
material (iv) lowering the allowance of block height for grinding and (v) better

geometry ofthe disc.

The experiment was completed in two phases. The first phase was performed with
the objectives already mentioned above. The second phase was carried out as a
follow up attempt with a more ambitious target of processing the arrester blocks
skipping the grinding operation. To study this possibility two types of liner powder

have been tried and their effects were analyzed and compared.

7.2.1 EXPERIMENTAL PROCEDURE

The orientation of a varistor disc in conventional sintering operation has already been
shown in Figure 6.1. The modified arrangement for this experiment is presented in

Figures 7.1. and 7.2. It should be mentioned here that for the horizontal sintering, the

The spinel is known to have an inhibiting effect on the grain growth and its selection

was attributed to keep the dimensional elongation along the contact to a minimum.

Green

(a) Front view (b) Side view

Figure 7.1 Simplified horizontal or Vee-groove sintering orientation
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Vee-groove supports were made from the fired arrester discs. To prevent sticking of
the discs during the sintering operation the supports were covered by spreading spinel
powder. But the dry powder poured on the surface did not stick to it due to the
inclination of the surface. To ensure proper adhesion of the dry liner power with the

inclined surface, it was necessary to lightly wet the supports by spraying water.

These three orientations were selected for different purposes. The Vee-groove
support can facilitate to keep the edges free from any physical contact during the

sintering process. Thus improved faces with uniform edges were possible to achieve.

(a) Smaller size fired disc liner (b) Same size green disc liner
Figure 7.2 Circular disc liners to improve the bottom face quality

The fired smaller support system (Figure 7.2 (a)) was chosen to keep the edges free
from the liner material to ensure good edge quality. The green support of the same
diameter made from the standard varistor material (Figure 7.2 (b)) was expected to
yield the bottom edges unaffected from the adverse effects of sliding with the sintered
liner material during the shrinking process. Like the conventional sintering process
the green discs in these two arrangements were kept separated from the direct

contact of the supporting liner by sparsely spreading the ZnO powder.

Identification of different cells

The discs were categorized according to the description given in Table 7.1. For

convenience the following coded names will be referred in the subsequent sections.
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Table 7.1 Test condition and the identification of various cells
Cell ID BriefDescription of the support system

CSS Control Support System (Fired ZnO flat liner and spreaded ZnO powder)
VSS Vee-groove Support System (Spinel powder layer in between contact)
SSS Smaller Sintered support System ( Keeping bottom edge free of contact)
TGS Total Green support System (Allowing the bottom undisturbed shrinkage)

7.2.2.PERFORMANCE IN GRINDING OPERATION

The need for the grinding operation has been described earlier. Regrinding a face is
felt necessary when defects are observed by the physical inspection following the first
grinding operation. Two types of defects such as the pinhole on the face and the
chipping of edges are usually detected. However, the size of a defect is important - a
very small chip usually under some specified dimension is neglected. If the chip is big
enough the arrester disc may be rejected without any further grinding depending on
whether it will satisfy the minimum target height. For any visible pinhole regrinding is

recommended as its depth cannot be easily ascertained through physical inspection.

Regrinding is always an undesirable operation in the context of associated costs -

material, labour, equipment and productivity. It is always preferable to have a process

that can keep the figure of regrinding to a minimum. In this experiment a considerable

Category of discs

Figure 7.3 Percent ofregrinding necessary for different cells
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variation was observed among the four cells indicating the significance of sintering
configuration . In Figure 7.3 the graph shows the percentage of discs required for
each cell to be reground. It is evident that the control is the worst in terms of the
grinding operation. Discs sintered on the smaller liners (SSS) keeping the edge free
of any contact are found to be the best. The VSS cell and TGS have exhibited

considerably improved performance compared to the control.

This regrinding frequency is not uniformly distributed over the top and the bottom
faces of the sintered arrester discs. A considerable difference was observed in the
percentage share of regrinding among the two faces. Since there is no scope of
identifying the bottom or top for the discs sintered horizontally, this classification on
the cell VSS is not applicable. The observation was therefore made for the rest of the
cells. It has been found that for the three cells-CSS, SSS and TGS, the bottom faces
were highly susceptible to defects which led to regrinding. The relative percentage of
of regrinding is shown in Figure 7.4. It is noticeable that for the three cells there is no

marked difference in the percentage share.
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Figure 7.4 Percentage share of face reground on the top and the bottom
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The contact during sintering is certainly responsible to generate defects at the bottom
face. Any alternative process or liner material which can reduce the level of this
contamination will be helpful in reducing the frequency of regrinding. It is envisaged
that the process should also be helpful in enhancing the varistor properties specially in

terms of the energy absorption capability and the high current performance.

7.2.3 ENERGY ABSORPTION CAPABILITY

The energy absorption capability is a vital indicator for the arrester performance. The
test procedure is already described in section 3.3.2. To minimize the effect of the
process variation the necessary operation was conducted in a single run under the
same set condition. Thus the same pressing cycle was adopted for compacting the
discs. Except the variation in the sintering orientation according to the design of
experiment all the discs were fired in a single run. The same principle was applied for

other finishing operations.

450

400

350

2 ATgY,

300

250 +
CSS VSS SSS TGS

Category of discs

Figure 7.5 Variation in energy absorption capability of various categories

It may be mentioned here that the sample size for this experiment was not the same

for all the cells. The test for energy also known as the ‘strength test to destruction’ is
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usually conducted with the discs having apparently good physical condition.
However, a reasonably large sample size was selected. Number of arrester blocks
tested for this test were 10, 12, 14 and 16 respectively for the CSS, VSS, SSS and

TGS cells. The results are plotted in Figure 7.5 with the error bar.

In terms of the energy absorption capability there is no significant difference among
the first three cells. However, the mean value of energy for the discs sintered on the
same size green support (cell TGS) is about 10 percent less compared to the other
cells. It may be mentioned here that the discs sintered horizontally on the Vee-groove
support had a contact mark on the side. But after passivation with glass these

impressions were no longer visible.
Frequency of failure - top and bottom face

For the three cells the percentage share of failure from the bottom and the top are

presented in Figure 7.6. In cell SSS the percentage of failure from the bottom has

80%
L

I 60%

§ 40%
O0%
0%

CSS SSS TGS

Category of discs

Figure 7.6 Percentage share of failures from top and bottom in energy test

decreased tremendously compared to the other two cells. The edges of arrester

bottom faces were free of contact during sintering and therefore defects could not
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generate along the lower peripheral zone. As a result the percentage of failures
arising from the top and the bottom were close. It may be mentioned here that in the
test for energy absorption capability, most of the failures are found to originate from
the periphery. In the Table 7.2 the failure mode and the location of the failure mark

are given. It is quite apparent that failure occurs mostly from the periphery ofthe face

Table 7.2 Statistics on the failures with the location, type and effects

Cell Sample Failure mode Location of failure mark After effect

ID size Flashover ~ Pinhole ~ Top  Bottom  Periphery ~ Centre  Small Split  C-face spot
CSS 10 4 10 4 6 10 0 5 8

SSS 14 2 14 9 5 14 0 8 10
TGS 16 3 16 4 12 16 0 6 8

either on the top or on the bottom. Out ofthe forty discs none failed from the central
part ofthe disc. According to the observed fired density gradient presented in Figure
6.13, the bottom centre should be the most vulnerable location for failure. But usually
this does not initiate from the centre. Peripheral locations are found to be very prone
to originate the failure. It may be explained in terms of the deposition of larger

quantity of energy. Current needs to change its direction maximum at the peripheral

Figure 7.7 A typical failure in the test for energy absorption capability (X3.5)
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zone of the arrester face resulting in higher inductance. Thus due to the greatest
impedance higher energy is likely to be deposited at the periphery. In Figure 7.7 a
typical failure by pinhole is shown. In this experiment almost all the failures were

accompanied by this kind of failure mark at the periphery.

7.24HIGH CURRENT PERFORMANCE

Multiple number of arrester discs from each of the cells were tested for the high
current performance. The rated current was selected with an increment of 5 KA for
every subsequent shot for every disc. The starting current was 100 KA and there

were no survivor after 115 KA shot. The test results are presented in Table 7.3.

Table 7.3 Number of survivor discs in HASD test at increasing rated current

Cell Shot number (Rated current)

Identity 1 (100 KA) 2 (105 KA) 3 (110 KA) 4(115 KA)
CsS 10/10 10/10 3/10 0/10
VSS 15/15 15/15 7/15 0/15
SSS 5/5 5/5 3/5 0/5
TSS 5/5 5/5 4/5 0/5

The relative performance is shown graphically in Figure 7.8 by the values of high

current performance parameter described in equation (4.9)
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Figure 7.8 High current performance as affected by sintering orientation
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The high current performance was not found to have any significant correlation with
the results obtained in the test for energy absorption capability. Comparison of Figure
7.5 and 7.8 shows that the discs sintered on same size green liner (TGS) was the
worst in energy but exhibited best high current performance. Considering the overall
performance both in energy and HASD, the cell SSS looks promising. So this

sintering orientation is expected to yield superior performance.

But there is a problem in placing the discs properly on the smaller circular liner and
handling them prior to sintering. The unstable equilibrium in the sagger can be solved

by appropriate design of the sagger with suitable support from the side.

7.3 ASSESSMENT OF UNGROUND FACE AND LINER MATERIAL

This study was undertaken to investigate to the scope of processing arrester discs by
skipping the grinding operation as well as to assess the effects of two liner materials.
By adopting the horizontal sintering process it was possible to maintain a good
surface finish of the faces with proper geometry. So the feasibility of processing
arrester discs without grinding the faces was studied using the Vee-groove support
system. A control cell was also processed in parallel under normal route to compare
the results. The evaluation is based on the data on the energy absorption capability.
Table 7.4 summarizes the condition and the identification of the corresponding cells

for subsequent references.

Table 7.4 Processing condition and identification of various cells

Cell ID Brief description of the processing condition

CON CONtrol (Fired on ZnO flat liner and sparsely spreaded powder)
HSG Horizontally sintered on Spinel powder and discs were Ground

HSU Horizontally sintered on Spinel powder and discs were Unground
HZG Horizontally sintered on Zinc oxide powder and discs were Ground
HzZU Horizontally sintered on Zinc oxide powder and discs were Unground
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The liner powders used to cover the inclined surface of the groove were the spinel
and ZnO powder. As referred in the Table 7.4 the horizontally sintered discs were
processed differently in terms of grinding. Some of the discs from each category in
the context of liner powder uses were not ground on their faces. So there were four
cells - HSG, HSU, HZG and HZU from the horizontally sintered discs, the
processing condition has been described above for each of them. The control (CON)
cell was processed under standard condition with both the faces ground as usual. The
discs of the whole lot were electroded keeping a margin on the periphery of the face.

Other processing operations were also common.

7.3.1 ENERGY ABSORPTION CAPABILITY

The test for evaluating the energy absorption capability was conducted following the

procedure described in section 3.3.2. The performance of various cells in terms of the

energy absorption is plotted in Figure 7.9 against cumulative percentage failure.

Energy absorption capability (J.cm'3)

Figure 7.9 Effect of liner material and grinding operation on the energy

It is obvious from the relative performance presented above that the influence of

grinding is highly sensitive to the type of liner material used. The horizontally sintered
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discs using ZnO liner powder exhibited significantly improved performance when
processed with the grinding operation (when cell HZG and HZU are compared). But
there is a negligible difference at the median values due to the incorporation of

grinding operation when the spinel powder was used as the liner material.

7.3.2 OBSERVATION AND DISCUSSION

The effect of the liner material on the energy absorption capability is not obviously
understood. But the observed difference may be explained in terms of the grain
growth facilitated due to the presence of a particular type of liner material. Spinel
powder is recognized as having an inhibiting influence on the grain growth while pure

ZnO powder is conducive to this growth.

The larger grains developed along the contact zone due to the presence of ZnO
powder may create a preferential path for current flow through the bismuth rich layer.
Consequently the discs fail at an earlier stage of energy. But when the faces are
ground the bismuth layer is disconnected from the face. In this regard investigation
on the conductivity of bismuth layer may be helpful to justify the explanation.
However, the location of failures observed in the test on the disc surface also
supports the proposition. The data in column 5 and 6 of Table 7.5 indicate the
number of failures occurring through or near the contact zone in sinter. Discs

processed using ZnO liner powder are more susceptible to failure around this zone.

Table 7.5 Statistics of failure mode, location and after effects

Cell Sample Flash  Pinhole Location of damage at Small  C-face

ID size over Within Outside  Periphery  Centre split spot
zone zone of face of face

HSG 6 2 6 3 3 4 2 1 2

HSU 6 3 6 1 5 6 0 2 4

HzZG 6 2 4 5 1 3 1 1 3

HZU 6 1 6 5 1 5 1 4 5
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It is apparent from the results of the study that spinel powder is a better option as
liner materials for horizontal sintering. It may also be noted here that with spinel the
impression created on the contact zone was also less prominent and better
dimensional accuracy of the arrester block was possible to attain. Moreover, no
sticking problem with the Vee-groove support was encountered in contrast to that

when ZnO powder was used.

It is observed from the relative position of different cells in Figure 7.9 that except
HZU all other cells are comparable in terms of energy. However, the mean and the
deviation are two important parameters for the assessment of a process. Figure 7.10
demonstrates the energy absorption capability of different cells with error bars
indicating the mean and standard deviation. There is a difference among the mean

values and standard deviations for different cells. A parameter to evaluate the process

Cell Category

Figure 7.10 Variation of energy as the effect of liner material and grinding of face

capabilityl® called Cgk is defined in terms of the sample mean value and standard

deviation and the control limit. The parameter, Cgk is expressed mathematically as

follows:
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<,.=m (7-1)

where X = sample mean
E1= Lower limit of energy
S = Sample standard deviation

The worked out Cpkfor different processes is presented in Table 7.6. The lower limit

of energy absorption capability was assumed to be 200 J.cm'3 (target of the BRITE

project).

Table 7.6 Process capability index for different cells
Cell ID CON HSG HSU HZG HzZU
Cpk 4.3 4.7 9.3 3.41 0.915

A Cpk value less than 1.33 implies the inadequacy of a process. The higher the value
of the index, the better is the process. In this context the processing of varistor discs
on the Vee-groove support using spinel powder looks very promising with the

highest value of the index.

7.4 EFFECT OF MARGIN ON ELECTRODE

The margin on electrode looks to be advantageous in one respect but harmful in
other. This experiment was undertaken to identify the effect of margin on the energy

absorption capability.

(a) Top view (b) Side view

Figure 7.11 Electrode with margin as shown on the face of an arrester disc
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This experiment was conducted to evaluate the effect of margin left with the covering
of the top and bottom face of an arrester block. Three options were selected (i)
control leaving a margin on electrode on both the face (ii) one face electroded with
margin and the other face fully electroded i.e. no margin and (iii) both the faces were
fully electroded leaving no margin. The three categories of arrester discs were

identified by CONT, OFFE and BFFE respectively.

The arrester discs were pressed under the same pressing condition. The target green
density was 3.46 gm/cc with a nominal diameter of 49 mm and a height of 51.2 mm.
The nominal fired height after grinding was 42 mm having a rated nominal voltage of
5 KV (r.m.s. value) at SmA.

741 ENERGY ABSORPTION CAPABILITY

The energy absorption capability was evaluated by the testing procedure described in

section 33.2. The performance of the three cells is demonstrated in Figure 7.12.

Energy absorption capability (J.cm*3)

Figure 7.12 Effect of margin on electrode on the Energy absorption capability
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The sample size was 17, 16 and 15 respectively for CONT, OFFE and BFFE. It
should be mentioned here that the test for energy was initiated with a charging
voltage of 24 KV which was equivalent to a level of 140 J.cm'3. With the increment
of 1.2 KV for every subsequent cycle testing was continued up to 49.9 KV, the
maximum limit of the generator. But it was unusual that even at that stage out of 48
discs only 18 failed while the rest 30 discs survived. Energy absorption capability of
the survivor discs was computed on the basis of the data obtained at the last cycle of
test at the charging voltage 0f49.9 KV of the generator. In the legend the letters ‘F’
and ‘S’ in parenthesis stand respectively for the failed and survived disc. Among the
survivor discs, it is evident that the discs of BFFE and OFFE cells absorbed more
energy than those ofthe CONT. This is attributable to the effect of full face electrode
leading to more current carrying cross-sectional area. However, in this regard there

is no difference observed between the BFFE and OFFE.

Since it is not very clear from the above Figure about the influence of electrode on
the energy absorption capability, the percentage of discs survived after the maximum
possible energy injection for the three cells is plotted in Figure 7.13. It is apparent
from the consistent trend of higher survival rate that the full face electrode is
conducive to energy absorption capability. Some unsatisfactory results with full face
electrode are not unlikely when the quality of passivation and its thickness are not

properly maintained.

7.4.2 SPIN-OFF OBSERVATION ON BISMUTH CONTAMINATION

The manufacturing process of metal-oxide varistor undergoes a liquid phase
sintering. The additive Bi20 3 is transformed into liquid at the high temperature and
sometimes a portion of the disc base remains under the accumulated liquid. This
happens when the sintered liner plate is not perfectly flat and possesses a little curved
shape - a favourable condition to store a liquid. This naturally occurs with the bottom
face. In most of the cases the traces of bismuth contamination are removed due to the
greater depth of grinding at the bottom face. But still there are some of the discs

which bear the marks of this effect.
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In this experiment there were 18 discs having the traces of bismuth contamination

which were distributed almost evenly among the three cells. These discs, though

100%

g) 80%

20%
CONT OFFE BFFE
Category of discs

Figure 7.13 Percentage survived of individual cell and bismuth contaminated sub-cell

passed through the normal inspection as bismuth contamination is not considered to
be a defect, exhibited a poor performance. When compared with percentage survivor

of each cell, the survivor from this subgroup was found to be remarkably low as in

Figure 7.13.

It is clear from the above observation that contamination arising from the bottom part
submerged in the liquid bismuth should not be overlooked. There should be some

reject criteria regarding the bismuth contamination.
It has been noticed further that the level of contamination is directly related to failure.

In the associated experiment the arrester discs were categorized depending on the

affected area as slightly, moderately and highly contaminated. After the test failure
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Slight Moderate High

Extent of contamination

Figure 7.14 Trend of failure with the level of bismuth contamination

rate was found to be different for these three subgroups as shown in Figure 7.14. It
appears that there is a good correlation between the level of contamination and the
performance. Horizontal sintering procedure will be very helpful in this regard. The
liguid bismuth will not be able to be accumulated on the inclined supporting surface.

As aresult there will be no scope of contamination from the liquid bismuth.

7.5 HEXAGONAL DISCS - EFFECT OF MODIFIED GEOMETRY

In the test for evaluating the energy absorption capability of an arrester the energy is
injected into the body by electrical impulse. The injected energy is transformed into
heat and is dissipated through the surface area of the disc body. The aim of this study
was to observe the effect of higher surface to volume (S/V) ratio on the energy
absorption capability. The charging time of the generator was set at 8 seconds. Since
there were three discs to be tested in sequence, the time between two pulses was 24
seconds for a particular disc The heat transfer process for a 2 ms duration square

wave can be considered to be adiabatic. But the time between two pulses on a disc is
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considerable and higher S/V ratio of hexagonal disc should be conducive to heat

dissipation.

7.5.1.SAMPLE PREPARATION AND EVALUATION OF ENERGY

The cylindrical discs were ground by diamond wheel on the side at an angle of every
60 degree with a worked out depth of cut as shown in Figure 7.15. All other
processing operations were same except electrode. Because of its noncircular cross-
section it was not possible to deposit electrode on the hexagonal discs through the
normal production line process. The flat faces of the hexagonal arrester discs as well

as those of control were painted by silver and cured at 800 °C.

Figure 7.15. Cross-section of cylindrical disc ground to hexagonal shape

The disc with the hexagonal cross-section assumed an S/V ratio of 1.1265 cm’l In
calculating this ratio only the side surface was considered as the heat dissipating area.
Similarly the S/V ratio for the original cylindrical disc having a diameter of 4.1 cm
was 0.976 cm'L Thus there was an increase of more than 15 per cent in the S/V ratio

for the hexagonal discs.

Effect of this enhanced S/V ratio is evident on the energy absorption capability as

presented in Figure 7.16. The average energy absorption capability for the hexagonal

discs was 416 J.cm'3whereas that value for cylindrical discs (control) was 358 J.cm'3.
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This significant enhancement of energy may be attributed to the combined effect of

increased S/V ratio and the removal ofthe bismuth rich skin. The influence of the

Energy absorption capability (J.cm ")

Figure 7.16 Enhancement of performance due to the change in geometry

skin can be visualized from the location of failure marks as summarized in Table 7.7.
The number of failures occurring from the periphery appears to be lower than what is
normally observed in case of cylindrical discs [Table 7.2], Most of peripheral
originated from the corners of the hexagon where least or no material was removed
by grinding. The percentage share of failure originated from the top and the bottom

face is similar to that observed in earlier cases - about 70 percent from the bottom

face.
Table 7.7 Data on the post-failure marks and their location
Disc Sample Location of failure mark After-effect
ID size Centre  Periphery Bottom Top P/H F/O
Hexagon 16 8 8 10 6 15 12
Cylinder 7 3 4 6 1 6 5
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However, irrespective of this observed benefit, higher S/V ratio can play an important

role in a steady state operating condition and enhance the varistor life.

752 EFFECT OF HIGHER S/V RATIO ON VARISTOR LIFE

If there is no mechanical or electrical failures, the life of a ZnO varistor is dependent
on the magnitude of Ir (leakage current) and its increase in temperaturel0. As the
magnitude of IR increases, so does the amount of heat which, if not allowed to
dissipate, can rapidly raise the temperature of the device. Consequently, the device
after maintaining an initial steady state condition, will eventually run away thermally

and end its life.

A quantitative approach was adopted by Gupta® for predicting the ‘life’ of a varistor.
A varistor is considered to be ‘technically dead’ when it reaches a limiting power
density {PI defined as the point where power generated (PG exceeds power

dissipated (PD) or

o T = s [ SRS (7.2)
pa = ~aKxEOS)Ir . (7.3)
PDEX S (T = Te) eoomereeeeereeeseseeseeesssssssssssssssseeesssssseseeeessesessesssssseseseeeees (7.4)

where xEOs - Vss is the steady-state voltage (with x <1) in KV.cm'l IR is the
resistive component of the leakage current, A and h are the area (cm2) and thickness
(cm) ofthe device, X is the composite heat dissipation coefficient in W.cm2.°C'], S is
the total surface area of the device and T and Ts are the disk and outside ambient
temperatures (T>TS. Pa and PD are both measured in watts, with PG having an

exponential, and PDa linear dependence on temperature.

Now for a normal operation Pa has to be smaller than PD - the greater the difference

the more will be the stability. So for a constant power generation, any situation at
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which the heat dissipation rate from a varistor can be enhanced, will be helpful for

varistor life. The condition can be expressed in the mathematical fashion as follows:

By replacing them with the right hand side of equations (7.3) and (7.4) we can write

SAA (FEM) L, EAS(T-TS) crooroeeeeeeseeeesssssessoeesssseseeneen, (7.6)

where Ah is nothing but the current carrying volume (V) of the disc. Now division of

both sides of the above equation by the volume Vyields

[(XEO0)/,, <A ()(r-7i0) . (7.7)

During the steady-state operation, the faces of a varistor disc in the arrester assembly
remain in contact with other discs or metal support. Therefore, heat dissipated
through the faces may be negligible and the effective surface area should consist of
the side of a varistor. Now for an increased S/V ratio, the right hand term of (7.7)
will be greater and thus the difference between P¢ and PDwill also increase resulting

in an enhanced stability of a varistor disc.

In the test for the energy, though there was a reduction in the volume of the
hexagonal disc compared to that of the cylindrical one, the S/V ratio was increased
by 15 percent. However, even for the same volume hexagon leads to greater surface
to volume ratio. Inthefollowing Figure 7.17, the variationof surface tovolume ratio

is presented for a hexagon and a cylinder having equalcross-sectionandheight.
The S/V ratio is high at the lower cross-sectional area for both the hexagon and the

cylinder. But for any particular cross-section this ratio is about 5 percent higher for

the hexagon.
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Figure 7.17 S/V ratio of hexagon and cylinder of the same height and volume

7.5.3. SCOPE OF VERSATILITY IN APPLICATION

Presently stack of different height is assembled by placing the cylindrical arrester
discs end-to-end for application in the high voltage power line. Fabrication of this
type of stack with hexagon should not pose any greater difficulty. In other way, the
possibility of side by side assembly with the hexagonal disc can be exploited to adjust

the current carrying cross-section.

Now-a-days cylindrical arrester discs are manufactured with different cross-section to
fit the current carrying requirements of application. Replacement of different size of
cylinder arrester may be possible by a standard hexagonal shape disc. Mass-scale

production of a standard hexagonal block should be eventually cost-effective.
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(a) (b)

Figure 7.18 Lateral assembly for increasing the cross-section

In the above arrangement the S/V ratio will be further increased compared to that for
a cylindrical disc of equivalent cross-section. For arrangements shown in Figure (a)

and in (b) the increase in the S/V ratio is respectively more than 19 and 21 percent.

7.6 STRESS WAVE IN HIGH CURRENT IMPULSE

The fracture mechanism of arrester disc in the high current pulse of short duration is
different from what is observed in the case of the long pulse. Cracking is the main
mode of failure in this case which is unlike the failure by puncture in the long
duration (millisecond) pulse (Figure 7.7). Different destruction phenomena were
studied by Eda#4 with impulse durations of 10-15 (is, 100-200 [is and 2ms. He found
that pulsed currents having a duration greater than 100 (is caused destruction by the
puncture mode while those having a duration less than 50 [is caused destruction by

cracking mode.

In the paper, puncture was reported to be thorough (starting from one face to the

other) for the discs with a thickness of 1.3 mm. This is caused due to the melting of

the Joule heating caused by the concentrated current flow through the preferential
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path. In our study with 2 ms pulse there were a few punctures which were thorough
in case of the discs with a thickness of 14 mm, however, none was found to be
thorough for the taller discs (42 mm thickness). It is understandable that with the
increase in thickness or height of the disc the chance of having a preferential current
flow path all along the thickness becomes less. For taller discs most of the punctures
were located at the periphery accompanied by a split of small chip or chunk. The
splitting is attributable to the effect of the stress developed due to the temperature

gradient caused by localized heating.

The failure mode of crack or rupture is observed when a high current is passed within
a very short time. An attempt was made to explain the cracking mode observed in the
case of the short pulse in terms of the thermal relaxation timel0 Heat generated due
to passing of a short pulse is thought to be responsible to create a large temperature
gradient within the ceramic body which eventually causes failure by cracking. But this
supposition is not very well based and can be refuted. The experience that a ceramic
container filled with a hot liquid when immersed in cold water generates a fracture by
cracking is not uncommon. This is certainly a very slow process compared to the

microsecond pulse or a millisecond pulse.

Rupture of an arrester occurring in a short pulse can be better explained in terms of
the theory on the stress waves in solid. It is quite likely that when an electrical pulse
is imparted, some part of its energy is converted into stress wave. The amplitude of
such a stress wave may be assumed to be proportional to that of energy pulse,
derived from the instantaneous current and voltage. The energy pulse corresponding
to a 100 KA impulse injected into a 5 KV arrester block is shown in Figure 3..This

looks slightly steeper than the current pulse.

7.6.1 BRIEF OVERVIEW OF STRESS WAVES IN SOLID

The treatments made in the context of the rigid dynamics and the theory of elasticity

are sufficiently accurate for problems in which the time between the application of a

force and the setting up of effective equilibrium is short compared with the times in
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which the observations are madel® But when we consider the effects of forces which
are applied for only a very short period of time, or are changing rapidly, the effects

must be considered in terms of the propagation of stress waves.

The theory ofthe propagation of elastic waves in solids was developed during the last
century. But this was in many ways in advance of experimental work, as there were
then no methods available for observing the passage of stress waves on a laboratory
scale. But in recent times due to the advent of electronic techniques to generate and

detect elastic waves of high frequency, the field is getting a new boost.

The finite velocity of stress wave in a fluid of density, p and the bulk modulus, k can
be inferred directly from the equation of motion as V(k/p). This is the only type of
wave motion which is propagated through a medium which cannot sustain finite shear
stresses,. However, in extended isotropic solids, two types of waves may be
propagated. These are waves of dilatation (longitudinal wave) and distortion
(transverse wave). The wave of dilatation travels with a velocity V[(k+1.33p)/p], p.
being the modulus of rigidity, and wave of distortion travels with a velocity V[p/p],
When a solid medium is deformed, both distortional and dilatational waves are

normally generated and propagated.

Fracture Produced by Stress Waves

When a stress pulse of sufficiently large amplitude travels through a solid it may
produce fractures. The fractures produced by stress pulses differ from those
produced statically. This occurs firstly, because the velocity of crack propagation is
considerably lower than the velocity of propagation of the pulse. Secondly, with a
short pulse only a small part of the specimen is stressed at any one time and fractures
may form in one region of a specimen quite independently of what may be occurring
elsewhere. Thirdly, when a compression pulse is incident on a free boundary it gives
rise to a reflected tension pulse, while when it is reflected obliquely both a dilatational

(longitudinal) and a distortional (transverse) pulses are produced.
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7.6.2 COMPARISON OF FRACTURE ORIGINATED BY A STRESS WAVE
AND HIGH CURRENT PULSE

When a charge is detonated at the centre of one face of a cylindrical specimen a
number of different fracture regions are formedl106 as shown in Figure 7.19 (a).
Similar fracture regions are observed for a cylindrical arrester block in high current

test, shown in Figure 7.19 (b).

(a) Detonation a charge at point P (b) Effect of HASD pulse on arrester (top view)

Figure 7.19 Comparison of fracture locations produced in the two sources

A circular crack on the top surface a few millimetres from the edge as shown by S
and T results from the reflection ofthe compression pulse at the cylindrical surface of
the specimen as a wave of tension. A linear region of fracture extending for some
distance down PC, the axis of the cylinder, produced by the wave reflected from the
curved surface converging on to the axis of the cylinder so that a very large tension is
built. Similar fracture modes are frequently observed in case of the high current test.
Though it is subjective to the individual mechanical property of the disc material, a
low-volt arrester is not expected to sustain a current more than 9-10 KA/cm2. For a
high voltage arrester of the same height the current density must be lower to cause
fracture as the amplitude ofthe energy pulse in this case becomes higher for the same

level of current.

The geometry of an arrester plays an important role in the failure mechanism. This

occurs in arrester blocks having a lower aspect ratio (H/D) are found to be
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accompanied by the longitudinal crack as represented by the line PC. But in this case
the circular crack at the edges as shown in Figure (b) is very common. Arrester
blocks with higher aspect ratio are found to be susceptible to transverse fracture
(waist crack). A part’s resonant frequencies are determined by its dimensions, the
density and the elastic constants of the material. Increasing the length lowers the
resonant frequency of the bending mode. The ‘waist failure’ in case of the arrester
discs having a higher aspect ratio appears to originate from the failure due to the first
bending mode. In other way, the frequency of the stress wave developed due to the
injection of short pulse is very important. Because depending upon this parameter,
the mode of vibration of the disc will change. If the excitation frequency matches
with the resonant frequency much larger vibrations are generated and can cause

earlier failures.

Fracture surfaces in HASD pulse and diametral compression test

The fracture surface generated by the tension in the diametral compression test of a
an arrester specimen was found to be different than what was observed in case of
high current performance test. In the latter case a number of ripples are observed on
the fractured surface which resemble to the stress waves propagated through a

Perspex specimenllas shown in Figure 7.20.

(a) 10.5 [is (b) 34.3 [is (c) 60.8 Mis (d) 84.7 s

Figure 7.20 Stress waves generated by detonating a charge of lead azide on the
centre of upper face of a Perspex parallelepiped specimen

An arrester draws current uniformly throughout the flat face and the centre of the

face will be the location of peak stress wave. But if there is any preferential path the
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location ofresultant stress wave may be shifted. In that context, the fracture locations
may be slightly deviated. The fracture surface of a typical failure in HASD test and

that in diametral compression test are presented in Figure 7.21.

(a) Diametral Compression test (b) HASD test

Figure 7.21 Fracture surfaces developed under different test conditions

7.6.3 SPEED OF STRESS WAVE IN ZnO VARISTOR MATERIAL

The general relationship106 for the speed of stress wave propagation, C consists of the
Lame’s constants - X, p and the density, p of the material. The equation for

dilatational wave propagation is as follows:

C= .(7.8)

This stress wave speed in the metal-oxide varistor material can be estimated on the
basis of the elastic properties for ZnO ceramic. Since the bulk of the constituent
materials ofthe varistor is zinc oxide, the result should not deviate too much from the
actual value.The Young’s modulus, E is derived as a function of Lame’s constants X

and p. the relationship ofwhich is as follows:

(A + 10
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The shear modulus, @ can be expressed in terms of the Young’s modulus, E and the

Poisson’s ratio,v as in equation (7.10).

Thus the Poisson’s ratio v can be evaluated by solving the equations (7.9) and (7.10)

as a function of X and \as

But for a particular material, the Young’s modulus decreases with the level of
porosity in the material. A relationship between the modulus of elasticity and the

porosity volume fraction of the material& is given by:

SN T RXP(FPP) e e e (7.12)

where EO0= Young’s modulus of fully dense material
p = Porosity volume fraction =1- (p/pQ

P = Constant (2<P<4)

Now for the pure and fully dense zinc oxide ceramicl® the density, pD= 5.68 gm/cc,
the Young’s modulus, E = 123.5 GPa and the shear modulus, (. = 45.7 GPa. The

Poisson’s ratio, v can be worked out from the equation (7.10) as 0.35.

Now for any assumed density of varistor material, the elastic parameters can be
evaluated for a specific value of p. Now taking P = 4, the velocity of dilatational
wave for the ZnO material was calculated by the equation (7.8) as a function of fired

density.
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By adopting similar method the velocity of dilatational wave for ZnO material was

calculated theoretically and plotted against fired density as shown in Figure 7.22.

Analytical and Measured Speed of Stress Wave in ZnO varistor

The non-contact and non-destructive testing method to be developed for detecting
the defects or flaws in varistor material is based on the phenomena of imparting opto-
acoustical pulses and its propagation in the disc. As part of the DOCERPO goal, an
attempt was made to characterize the varistor blocks by a system equipped with C02
or YAG laser and a piezo electric sensor. By the laser a single pulse is imparted on
the flat surface of the arrester disc and the sensor on the opposite face receives the
signal propagated through the disc body. With the elapsed time the speed of

propagation of the acoustic wave (celerity) in the ceramic block is determined.

Density (g/cc)

Figure 7.22. Theoretical and measured celerity of ZnO varistor material

The literature suggests that the pulse propagation is dependent on the basic bulk

elastic properties and the density of the medium, not on its grain size. The elastic
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modulus is also dependent on the porosity - increasing porosity decreases elastic
modulus. In Figure 7.22 some of the available measured data [from an internal
report] are inserted. The practically determined celerity is found to be in very good

agreement with the theoretical results.

The fundamental relationship of the propagation of the stress waves in solids in terms
of the elastic constants and density is verified for the zinc oxide varistor material.
Grain size of material does not play any significant role. Experimental results
obtained in the measurement of celerity are also supportive of this characteristic

feature.

7.6.4 REFLECTION OF STRESS WAVES AND OBSERVED INFLUENCE IN
HIGH CURRENT PULSE

When an elastic wave reaches a slip free boundary four waves are generated. Two of
these are refracted into the second medium and two are reflected back as shown in

Figure 7.23.

Figure 7.23 Reflection and refraction of incident dilatation wave at plane interface
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But the waves of distortion A3 and A5 vanish106 so that only dilatation waves are
generated. The solution for the amplitude A2 of the wave reflected back into the first

medium is given by

A = ~Pa®\) e p
(PbC3+P aCt)

So the amplitude of the reflected stress wave depends on the quantity (pbcs - paci
where paand pb are the densities of the first and second medium and Ci, c3 are the
corresponding velocities of dilatation. It is apparent that no wave will be reflected at

normal incidence when the product of the density and velocity is the same for the two
media. This product pc is sometimes known as the characteristic impedance of the
medium. An experiment was carried out on the basis of this theory to evaluate the
effect of supporting materials in the case of the test for high current. The results were

found to be supportive ofthe prediction from the above proposition.

Current

*

Support

Arrester
disc

Support

Figure 7.24 Arrangement of arrester block in HASD test

In the HASD test, the supporting blocks as shown in Figure 7.24 are usually made of

aluminium, whose characteristic impedance, pc is 1,706,400 gm.cm'V 1 But for mild
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steel the impedance is 4,633,200 gm.cm'V1l Now for the varistor material the
characteristic impedance is 3,220,000 gm.cm'V. So in the context of the equation
7.13, when aluminium block is used, the amplitude of reflected wave will change its
sign and there will be no change in phase on reflection. But when mild steel will be
used the situation will be opposite as its characteristic impedance is higher than that
of the varistor material. So a test with mild steel support is expected to generate

more reinforced stress wave resulting in more failures.

Test result

Twenty arrester blocks were randomly categorized into two groups - one of which
was tested using the aluminium block while the other using the mild steel block as
supports [Figure 7.22], They were subjected to high current tests with increasing

rated current until all the discs failed. The rated currents were 94, 99, 103, 105, 106
and 107 KA.

Peak Current (KA)

Figure 7.25 Effect of supporting material on the High Current Performance
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The plot in Figure 7.25 shows the cumulative percent of failure as function of the

actual recorded current at which the discs failed.

Observation and Discussion

The fractures of an arrester block initiated in the high current test may be prevented
by adopting measures in the context of stress wave. Some Kkind of suitable
reinforcement can be included in the formulation of the ZnO varistor which will
enhance its mechanical strength. The selection ofthe passivation material should take

into account the reflectance criterion.

Materials having a lower reflective index than the presently used glass could be
helpful in reducing the amplitude of the reinforced waves reflected from the side
surface of the disc. Probably this is one of the reasons for having an improved high
current performance from the use of other kinds of passivating material. In terms of
the characteristic impedance, choice of aluminium as the supporting block at the end

ofan arrester assembly stack appears to be appropriate.

Vibrations and other effects of stress wave developed during high current impulse are
necessary to be considered to select the geometry of an arrester block. Selection of
an arrester geometry should take into account its resonant frequency. Smaller height
will maximize the resonant frequency of the disc and can help keep the failure rate in
high current test to a minimum. This is actually observed in case of the test on a stack

of smaller discs - as practically no failure is found to occur through ‘waist failure’.

It is found that superior performance is achievable in HASD test when the arrester
blocks are kept under higher pressure by applying load through the contact support.
The better gripping or contact between the faces of the support and the arrester block
is expected to be helpful in this regard. But there is a disadvantage of this
arrangement. Arrester block kept under high pressure will increase the leakage

currentl0and eventually its life will be reduced.
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Chapter 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS

The concluding remarks outlined here are based on the findings of the study

conducted under specified experimental conditions.

8.1.1 COMPACTING PARAMETERS

Three major compacting parameters such as the peak pressure, speed of pressing and
duration of dwell were considered. Two separate experiments were conducted - one

involving the pressure and speed and the other with the duration of various dwells.

Pressure and Speed

The influence of pressure and speed maintained during compaction of varistor discs
was evaluated in terms of the important physical and functional parameters of the
varistor. The change of the functional parameters of the varistor due to the changes
in the pressing variables is not very significant. The capillary force developed in the
liquid phase sintering of the metal-oxide varistor material is very dominant which
enhances the diffusion of the material and is attributed to minimize the effect of the

green state variation.

Higher green density of the compact obtained by the application of high pressure
does not significantly improve the electrical performances of the varistor. But there is
a considerable deviation observed in the case of the fired dimension. Though pressing
was performed in the same die, the compact having a higher green density led to a

higher fired diameter ofthe disc. It may be mentioned here that due to the springback
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effect, the diameter of the green discs pressed with a higher pressure was slightly

greater.

Within a very small range of variation, a higher fired density of the discs was
achieved as a result of higher pressure and greater speed during compaction. The
effect of the pressing speed was found to be opposite for the green and the fired
density. A higher pressing speed led to a lower green density but a higher fired
density. This observation indicates that the air/oxygen trapped inside the powder due

to the rapid pressing plays a positive role in this regard.

Increased fired density of a varistor does not lead to the improvement of all the
electrical properties. A positive influence is observed in respect of the energy
absorption capability, but with an adverse effect on the leakage characteristics. On
the average there is a gain in energy due to the higher fired density. Discs pressed
with the lowest pressure could not sustain energy up to the maximum limits attained
by the two other categories. In this regard the medium pressure of 66 MPa appears to

have a superior performance.

Comparison in terms of the median energy absorption capability shows that the
improvement due to the increase in compacting pressure from medium to the high
level is not as great as that from the low to the medium level. Therefore, it can be
inferred from this observation that after a certain level of pressure (say, 60-80 MPa),
the increase in compacting pressure may exhibit a little impact on the energy

absorption capability.

In regards to the rate of compression or speed, it appears that neither too low nor too
high a speed is appropriate for the improvement of energy absorption capability. The
optimum speed range was found to lie between 40-60 mm per minute. However, if

there is any dwell in the pressing cycle, the optimum speed range may be different.

Based on the experimental results functional relationships between the response and

the input pressing parameters have been developed. Within the experimental limits of
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the input parameters, it is possible to estimate the fired diameter and density, the
mean energy absorption capability, nominal voltage, clamp ratio, watt-loss, exponent

etc. from these predictive relationships.

Duration of Dwell in Pressing cycle

The influence of the dwell time in the pressing cycle is evident on the physical as well
as on the electrical properties of arrester blocks. As a result of the variation in dwell
the sintered diameter of the arrester blocks was found to vary within a small range
but with consistency. The effects on the physical and electrical parameters can be

estimated from the developed functional relationship.

Significant influence of different dwells was observed on the electrical parameters of
the arrester blocks. However, no particular combination of dwells could lead to the
improved performance for all the critical parameters. Among the various test cells,
the pressing cycle accompanied by a longer press dwell and an ejection delay was
found to be most suitable for energy absorption capability as well as the high current
performance. However, under this set condition there is some negative influence

observed in terms of the leakage.

In this study individual and interactive effects of the dwells have been estimated from
the two-level factorial design of experiment. Pre-press dwell was found to affect
negatively on the energy absorption capability. Most of its significant interactive
effects were also found to be negative. So in the context of energy absorption
capability of arrester it will be beneficial to keep the pre-press dwell to a minimum

level that is the pressing cycle should not incorporate any pre-press dwell.

The control cell was pressed under standard conditions incorporating all the three

dwells but with shorter duration. The performance of this cell was found to be very

poor which can be attributed to the effect of the insufficient duration of dwell.
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The preliminary observation of the influence of dwell in the pressing cycle was
verified by the replication of two test cells. The trend was found to be supportive of
the previous results. Moreover, in this experiment the recorded data on the location
of the failure origin provides an additional information on the favourable result of the

proper selection of dwell.

The test cell pressed with the optimum dwell did not exhibit any failure from the top
face whereas for the other cells more than 45 percent failure took place from the top
face. Since the top face is free of being contaminated from contact this difference in
failure origin indicates that the superior quality of ceramic is achievable by
compacting with an optimum pressing cycle. Thus it is obvious that properly pressed
arresters will eventually be more capable if earlier failure from the bottom face can be

delayed by some suitable methods.

8.1.2 SINTERING CONFIGURATION

The influence of sintering orientation on the physical properties of varistor was
studied and some alternative methods were proposed to eliminate such adverse

effects.

Sintering Orientation and Generation of Defects

Defects generated into the arrester blocks due to their sintering orientation have a
deeper effect than normally perceived. The adverse effects arising from the bottom
face cannot be eradicated by simply removing more materials by grinding. Most of
the failures (usually more than two-thirds) were found to originate from the bottom
face. Subsequent physical investigation also revealed the inherent weakness of the

bottom part of an arrester block.

The discs were found to be harder at the bottom face leading to a poor grindability.

Investigation revealed that there was a significant density gradient in the sintered

body which could not be correlated with the green body density gradient generated as
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a result of die pressing. In this respect the effect of the sintering orientation was very
prominent resulting in the lowest density at the central part of the bottom face. The
tensile strength by diametral compression was also found to be substantially lower in
this location. The microstructural analysis exhibited a higher degree of porosity in this
zone but with larger grain. Contamination arising from liquid bismuth during sintering

also originate due to this orientation.

Alternative Sintering Configuration

Among the various alternative methods attempted, the smaller support system and
the horizontal sintering on Vee-groove using spinel as the liner powder appear to be
highly advantageous. Reduced frequency in regrinding from alternative methods is
helpful in various aspects such as enhanced grinding wheel life and less material loss.
Implementation of these methods will enhance the process capability and should
allow to upgrade the rated energy absorption capability and high current performance
of the arrester blocks. A solution of the tilting problem with the smaller support will

make it even more attractive.

The horizontal sintering technique could prevent earlier failure with less density
gradient and better geometry of the arrester discs. Moreover, there is a scope of
skipping the grinding operation as the faces are obtained in a very good condition. In
this method there will be no possibility of contaminating a disc from liquid bismuth as
the inclined liner surface will not accumulate any such liquid. Additionally the liners
could possibly be used for more cycles as they are less affected at the contact zone
because of their inclined positions. Thus the horizontal sintering technique can be

significantly advantageous in terms of process capability as well as cost.

8.1.3 INFLUENCE OF MARGIN ON ELECTRODE

The arresters belonging to BFFE (both face fully electroded) were found to be

superior to those belonging to OFFE (one face fully electroded) in terms of the

energy absorption capability. Moreover, the performance of the latter category was
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better than the CONT group of arresters (both faces are electroded leaving a margin).
Thus, the trend of the energy absorption capability as function of the margin in
electrode is clear. However, if the passivation is not proper in terms of the quality
and thickness, full electrode may result in poor performance. In this case
incorporation of full electrode may result in a preferential path of current flow
causing earlier failure. This kind of situation may lead to a wrong perception about

the effect of full face electroding.

8.1.4 HEXAGON SHAPED DISCS

The increased energy absorption capability of the hexagonal discs processed from the
cylindrical discs could be due to the resultant effect of both the removed bismuth

coated surface and the increased surface to volume ratio.

In general the hexagonal cross-section of an arrester has two advantages over the
cylindrical one. For the same volume of the varistor this geometry will allow more
surface to volume ratio and will enable to be assembled both laterally and vertically.
A higher surface to volume ratio will improve the stability for life in the steady-state
operating condition of a varistor and is expected to have a longer life under the same
operating conditions. The scope of lateral assembly will make the hexagonal disc
more versatile to adjust the current carrying cross-section for different applications.
This lateral assembly will greatly enhance the S/V ratio compared to the cylinder of

equivalent cross-section.

With a standard size of hexagonal arrester block it will be possible to minimize the
production cost as there will be no cost arising from the tool changing time for
different processing operations.

8.1.5 FRACTURE MECHANISM IN HIGH CURRENT

The fracture mechanism of the arrester blocks during the high current test was

identified as an effect of the stress wave propagation. High energy injection within a
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very short time results in a stress wave with high amplitude. The failure modes
observed resemble to those predicted by the theory. This understanding of the
influence of stress wave in this regard will be helpful to effectively combat the

situation by adopting appropriate measures.

The developed relationship of celerity with the elastic properties of the ZnO varistor
material also supports the influence of stress wave. Measurement of the celerity alone
by the LASER technique may not be sufficient to detect the defects in the ceramic
and identify the defective parts. However, this technique can be suggested for
utilization to accurately evaluate the elastic properties of various materials in an

easier way.

8.2 THESIS CONTRIBUTION

» Relationship has been developed to predict the important physical and electrical
parameters of a varistor as a function of compacting pressure and speed.

» Through a two-level factorial design the influence of dwell in pressing cycle was
correlated with the critical parameters of the arrester block.

e Optimum dwell was identified for a particular type of arrester block in terms of
the energy absorption capability and high current performance.

« It was established that the extent of the influence of sintering orientation does not
remain confined within the shallow depth of the bottom face but it has a far
reaching effect than normally anticipated.

» The stress wave theory was indicated to be an appropriate approach in analysing
the fracture mechanism observed in case of high current test.

» The analytically evaluated speed of stress wave propagation through ZnO varistor
material was closely correlated with the measured celerity by a laser technique.

* An alternative design with hexagonal shape is proposed for the arrester which
could be advantageous in various respects.

* A new sintering configuration was attempted, and verified to be an advantageous

method over the conventional practice.
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« The method of full face electrode (keeping no margin at the periphery) of the
arrester block was verified to be conducive to the increased energy absorption
capability.

e The density gradient, variation in hardness, difference in mechanical strength,
grain size and porosity of the fired disc were found to be a resultant effect of the

sintering orientation.

8.3 RECOMMENDATIONS FOR FURTHER WORK

The recommendations proposed here are intended as guidelines for further work to

qualify and establish new methods for the improvement of the varistor performance.

8.3.1 COMPACTING PARAMETERS

Future experiments with the compacting parameters can be conducted with a larger
sample size. Under the specified condition, there were five discs in a cell for this
study. A larger sample size is expected to provide more reliable central values of the

investigated parameters.

There were seven levels of pressing speed with three levels of pressure. In future
experiment selection of smaller steps with more pressure ranges can be advantageous

to locate the optimum level with better resolution.

Some additional compacting parameters can be included for future work. In this
respect the aspect ratio of a compact, the use of lubricant in different fractions as
pressing aid can be analysed. The variation in performance due to the compacting
parameters may be different if the powder is processed using different organic binder
other than PVA/PEG. Investigation may be carried out with latex and a number of

other binder systems.

The role of green density on the sintering cycle time can be investigated by the rate

controlled sintering technique. For a particular shrinkage rate a disc with a higher
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green density is expected to require less time to completely shrink for achieving the
same target fired density. Thus the total sintering cycle time could be reduced. In this

regard application of a higher load for higher green density could be advantageous.

Further investigation with dwell can be carried out to finely tune the duration of
dwell with respect to the energy absorption capability and other functional
parameters. Moreover, longer duration of dwell can be selected to carry out the
experiment. A design of experiment with a second-order response surface
methodology can be adopted to investigate the effects of dwell. This will also be

helpful in developing more reliable functional relationships.

Dwell in pressing cycle can be optimized for other categories of discs. The volume of
powder to be pressed for a disc is considered to be an important factor in selecting
the duration of dwell. It is, therefore, recommended to carry out experiment for

individual category of arrester blocks to optimize the pressing cycle.

8.3.2 ALTERNATIVE SINTERING CONFIGURATION

The two proposed methods should be verified with a larger sample size for possible
implementation. In this respect the design of appropriate sagger geometry could be

helpful to place and support the arrester blocks.

8.3.3 HEXAGONAL DISCS

The enhanced performance of the hexagonal discs could be due to the combined
effect of the removal of bismuth-rich surface and the higher surface to volume ratio.
The extent of the individual effect can be verified. Comparison of the performance of
the cylindrical discs and those made from them by removing the surface using
cylindrical grinding will reveal the effect of the removal of the skin. The performance
of the sintered hexagonal discs processed from a green state using a hexagonal die

can be compared with the standard disc to quantify the effect of S/V ratio.
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Considering the observed and envisaged benefits from the standard size hexagonal

disc an elaborate study is recommended to verify the scope of the proposed assembly.

8.3.4 STRESS WAVE PROPAGATION

The physical dimensions of the arrester blocks should be designed not only on the
basis of the current-voltage requirements but also on the basis of their resonant
frequencies. Taller discs will have lower frequency of resonance and will be
susceptible to waist failure by the first mode of bending. A lower fired density will

also reduce the Young’s modulus and will initiate earlier failures through this mode.

Passivating materials having lower reflective index should be conducive to suppress
the reinforced amplitude of the reflected stress waves from the side. In this respect
use of materials having requisite properties can be attempted as more suitable

alternatives.

Improving the mechanical strength of the arrester material can be another approach
to combat the fracture in high current test. Inclusion of some reinforcement in the
metal-oxide power such as SiC or glass frit may be beneficial in this regard. A study

can be undertaken to investigate the scope of such enhancement.
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APPENDIX B

Bl: Calculation of the coefficient b
The value of the coefficients “b” ofthe model was computed by least square method,
that is, b = QPX)'1X . The matrix of independent variables X for the nine tests is

given below:

X XI X2 Trial no.

11 -1 1
101 1 2
1 1 1 3
11 1 4
v= 1 0 0 5
1 0 0 6
1 0 0 7
1 0 0 8
1 0 0 9



Hence

9 0 0
(XrX) = 0 4 0
0 0 4
and
1/9 0 0
(x'xyl: 0 1/4 0
0 0 1/4

B2: Calculation of confidence intervals: First order model

The calculation steps for the error limits are given below:

where

V(y) =C°s2

Step 1

Estimated error for variance s2based on the residua! sum of square S(b) is:

DF



Step 2

Calculation of the variance-covariance matrix for b is (XTX)_1s2, where (XTX) 1 is

given earlier.

Step 3

Calculation ofvariance: The variance, V(y), was as follows:

V(y)=V(b0+b]X]+b2x2)
=V(b0) +x\V(b,) +x12V{b2)

, 1 11 ,.
9 4 4

95 percent confidence interval for y is

y £ tdfal2j V(y)

B3: Adequacy ofthe postulated model:

In order to perform the analysis of variance, the total sum of the square, * y 2, is

usually divided into contributions due to the “zero-order terms”, “first-order terms”,
“the lack of fit”, and “pure error”. The sum of square of individual items divided by
their respective degrees of freedom give the mean square. The mean square of lack of
fit can be compared with the mean square of pure error to test the adequacy of the

postulated model by using the F distribution.
The detailed formulae for the analysis of the variance used in this investigation is

given in Table 1, where n0is the number of central points, ncthe number of corner

points, //the total number of experimental points, k is the dimension of design (for 22



full factorial design the value of k is 2), the logarithm of observed responses at

the central point with mean yO0 ,and (iy) the sum ofthe cross-products of the columns

in the X matrix with the column” of observation.

Table BI: Formulae for the analysis of variance of the first order model

Source Sum of square (SS) Degrees of freedom (DF)
Zero-order term (N \2 1
2>, IN =nf
V=i J
First-order term k
Lack of fit By subtraction nc-k
Pure error RS n,,-1
SO'--y°y
Total N N
'Ey1?
y H
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