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ABSTRACT

Insuiators are used n the power line to prevent the voltapge or cwrrent tegulabion Ceramic
is one of the important insulating materials because of its very good thermal stability and

inciliiess in sevele environmenl. Among all the ceranme matarials percelain is the one

which is cheaper and has good insulating properties like low loss. high diclectric sirength

and good mechamcal stiength. Diclectne strength of an insulator may be defined as the

abihty 1o withstand the voltage per umt thickness,

In thns project the physical, mechameal and electrical properties of ceramic insulators
ficd ot different lomperature have been investigated alomg with nigrostractural
characterization using optical and scanming electton mivroscopy in order 1o understand
the struciure-pioperty relationship of ceramic insulator. The Mechanical and the electrical
properties were measured on samples lired al different lemperalure front 1250 1o 1400"C
at 25" C nicrval. The dependency of bending and dielectric strength on microsiniciuic
developed duc 1o Niving al different temperaturcs was ihoroughly caarined EDAX

analysis and XRD lechmques werc also done to support the wesills

. ' . 1]
The bending and the diefectne strength were found maximua al 1350°C and decieases on
both sides of the maxima. The microstruciwmal featmes developed elearty desenbe that
Lype of behavior and 1t is observed that the crysiathime phase mutlite contributes wecther

with quarly particle 10 the dielectric and mechanical sirengih
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INTRODUCTION

Insulalors are materials, which prevent or regulate current (low in cleclnical circuits by
being inscrted as a barrier between conductors. The properfies required being an sulator
is high resistivity, lgh dielectric strength and a low loss factor. In addition to provenling
curtent flow belween the conductors 1n electrical circuits the insulators also scrves other
important (unctions as giving mechanical properlies, dissipation of heai and protection of
conductors from severe environment, like humidity and corrosiveness. There are vanous
materials used as insulating materials like acetate, acrylic, beryilium oxide. ccramic,
epoxy/liberglass, glass, melamine, mica, nylon P.E.T.: (pelycthylene lercphthalate),
phenolics ete. Most other insulaling materials are cheaper and can be fabricated with
better dimensional accuracy. The advantage of ceramics insulator which frequenily
ndicate heir use, are superior electrical properties, absence of cieep or deformation
under stress at room temperature, grealer resistance to environmental changes particularly
at high temperatures at wlnch other insulator (such as melamine, epoxy fiber, PP E.T. cle.)
frequently oxidize and the abulity to form gas tight seals with inclals and become integral
part of an electronic devices. [t should be noted that the selection of a particular dielectric
matcrial depemnds on the ability to be formed as a gas tight parts to operate under unusual
environmenltal conditions, thermal expansion characteristics, thermal stress resistance and
impact resistance, (he ability to be formed into complex shapes with good dimensional
accuracy and on other characteristics which are completely Independent of clectrical

hehavior but are essential for the building of practical devices.

Ceramics are widely used as insulaling materials. lor this application the properties most
concerned are the dielectrie and mechamcat strength, Diclectric strenyth (represented by
kilovoll per mitlimeter) measurcs the abilty Lo wilhstand large Deld strength withous
glectrical breakdown. For high-tension clectrical insudabion the diclectric strength has to
be above 30kY/mm 'V and the bending strength has to be such to prevent the Toad in

apphication. One of the great advantages of ceraimics as insulator is the fact that they arc




nonscnsitive {o the minor changes in compesition, fabrication, techimgques, and firg
temperaure. This adaptability results from the interaction of phases present to mereases
continuously the viscosity of the (luid phases as more of it is formed at higher
temperaturc. (Mher advantages are mainly their greater resistance to environmental
changes and their capability for high-temperature operation withoul hazardous

degradation in chemical, mechanical or dictectric proporty 2]

The processing of raw materials for ceramic ins:u?atur starls with the mixing of clay,
leldspar and quarlz. The processing follows the wet processing route. Forming of
nswating body has specific importance as the body has 1o be pore free. Natural drying
followed by drying in a drier is required to have the mioisture fice insulaling bady. At lasi
the firing is done in a very long firing cycle. Temperature, time and atmosphere in the

furnace affect chemical reactions and miciostructural changes in the body Fl.

The microsiructure of porcelain clectrical insulator body shows mullite necdie 1 both-
glassy phase with some undissolved quartz particle and unresolved clay matrix. The
thermal behavior of silica and alumina shows that the nisllite (3A1;0, 25104) phase siarts
to form at 1160°C and above this temperature mullite becomes larger and preminent
Mullite 15 a crystalline phasc in the AlO;- Si0O; binary system. It has some specific
properlies like high creep resistance, low thermal cxpansion and good thermal and
chentical stability which makes it desirable for high tension structural insulating nateral
Pl Slow {iring and slow cooling favour the formation of mullite crystal and the size of
the mullite crystal 15 increased with firing 1 ‘I'he glassy phasc and the undissolved quatiz
parhicle chhance the properties of bigh voltage insulator n a way that Lthey (i1l the pores,
disconnect the conductivity and strengthen the rgid skeleton. But where figh dielectic

performance is required glassy phase and mobile ion content must be mimmized 71,

Bangladesh Insulator and Sanilary ware Factory (BISF) Lid. has heen producing high-
tension clectrical insulators for quite a long time but the rejection rale in the factory is
very high. The rejection is due 1o the presence of impuntics in the raw malcrials,

inaccurate firing temperature, improper contrel of Gnng temperature throughout the kiln




length ete. These result n ceramie insulator with low dicleciric strength. The pliascs
present in the ceramic insulalor have a good impacl over the propertics like diclecine
strength and mechanical strength. Through this projeet it is intended to wdentifly (he phasc,
which contributes the dieieciric strength, and the phase, which 15 detomental for

producing high-tension dieleciric insulators.

The objective of this thesis project is to find oul ihe slruclure-property relabonship m
high-tension ceramic insulatots. The various phases formed m cermmic insulator at
diffcrent firing temperatures are identified using optical and scanning  clectron
microscape. 1 is also trned to find out the phases, which arc detrimental to high dielectric
and mechameal strength. The specific aim el this thesis project 15 lo select suitable linng

lemperature and o develop suitable microsiraclure lor high-tension ceramic msulator.

L)
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LITERATURE REVIEW

2.1 Ceramic Insulator

The prmary funclion of inswlation in electrical circuits is the physical separation of
conductors and the regulation or prevention of current flow between them. Ancillary but
imporlant other funclions are to provide mechanical support, heal dissipation, and
environmental protection for ihe conduciors. Ceramic matenals, which in use provide

primarily thesc functions, arc classified as ceramic 1nsulators.

2.1.1 Propertics of ceramic insulator

Ceramics arc used where high strength, elevated temperature, heal dissipation, or long-
lerm hermeticity {scaled from pressurc to the atmesphere) 1s required. The most
demanding application for high resistivity ceramics is insulators for high-voltage power
lines. Most people arc aware that ceramics are used for these insulators, but do nol realive
how demanding the application really is. First, (the insulators must he very strong because
they support the weight of the power lines and should endure during a heavy wind or any
olher catasirophic calamities Then the material should be considered how long these
insulators are designed to last. They musi be highly rehable Second, the insulator mst
be 1esistant to weather damage and to absorption of water. Internal adsorption can result
in arcing af the high veltages involved. Ceramic matcrials that arc good electrical
insulalors are referted to as dielectric materals 2, Although these matenals do not
conduct clectric current when an electric ficld is applied, they are not iner to the elecine
field. The flield causes a slight shift in the halance of charge within the matenal to foom
an electric dipole, lhus the term "diclectric” applics. Elcetrons can move when a malenal
has electron energy levels thal overlap or are not Nilled. Jons can move when point defeets
are present in the crystal fons in farge structural chanuels. Most ceramics do not have
maobile elecirons or 10ns and do nol permul passage of an electrical current when placed in
an eleetric fictd. These nonconductive ceramics are called clectiical wnsulators. The high

value af clectrical resistivity for these matenials resulis from the way that the electrons are

%3



tied up dumng atomic bonding. In cach case, valence electrons are cither shared
{(covalenlly) or transferred (1onically) such that each alom aciucves a full outer shell of
clectrons. This leaves no overlap of electron cnergy bands and no low-energy

mechanisms for electron conduction {fig. 2. 1).
2.1.2 Application

A distinction muost be made belween [he calegonies of celaniic insulators deseribed as low
tension aml high tension insulator ™), The low-tension ceramic instlator generally have
looser raw matenals tolerances and are uscd unglazed for less cxacling low-vollage and
low-frequency applications, such as light sockets, fuse blocks, bushings, and hot plate
and toasler insulation. They are usually sintcred in the range 1260-1320° C and arc
characletized by moderately low diclectric sirengths (~ 9-11 kV/mm) and loss faclors
{0.05-0.1 at 1 kHz). In contrast, the high-tension ceramic insulalors are siatered in the
range 1350 to 1450°C. Lower impurity content is achieved by reduction or climination of
ball clay, which is teplaced by benlonite clay (~ 3 wt.%} or alkaline ear{h additives '),
These insulators can be considered as low-loss, high diclectric-strengih (~13-18 kV/mim)
materials and are therefore suitable for such high-vollage applications as transmission
linc insulators, high-vollage circuil breakers, and cutouts. Because of  (hese
environmentally sensitive applications, the porcelain must be dense, meisiure impervions,
and have minimal mechanical laws. This is aided by the use of a glaze coating, which

may be a self-glaze, feldspathic glaze, or semiconducting brown glaze.
2.1 Composition

Among different types of ccramic insufator the distinction largely refiects the amount of
glassy phase in the ceramics, which lends [o control the diclectric propertics. Where high
dielecinic perfonmance 1s required, therefore, glassy phase content must be minimized in
the insulalor and mobile ion content slmuld,'as far as praclicable, be minimized. Clay
malerials do not have strong bonding capacity when fired. Some clay does nol have

proper vilrification charactertstics, thal is, they are not plastic. Some clay shows



extensive plasticily. Plastic clays show excellent bonding characteristic but their lincar
coelficient of thermal expansion is very poor for the electtical porcelain ware. Since a
stcady dimcnsional property of the ceramic insulator material is must for cvery
engineerng application, a variety of ¢lays with plashic and non-plastic property are mixed
lo get the highest possibic stable form. Tn clectrical power transmission sysicmi, the
insulator materials not only withstand the electrical energy bul also the [ine tension. A
variety of fluxing malerials can be added lo the clay malerial lo gel not only the higher
mechanical bonding strength but also lower the Fer&perature at which mullite can form.
Mullite, the only crystalline phase responsible for high strength, appears from ciay
matcrials at higher temperature, i.e., 1500 - 1600°C. This high temperature is not
economical for the production of lhe ipsulators. Commercially added fluxing maienals
are usually potash feldspar. This feldspar not only produces the dense product bui also
lower down the firing temperature of the material. If adequate Si(); is not present in the
clays. some quartz can be added. Actually silica and alumina are the basic constiluents of
the conventional ceramic insulator materials. Other oxides, which are present in (he raw
malerials act as impurities, i.e., lower down the finmmg temperature of the material. Fig 2 2
shows how mechanical and clectrical strength and thermal shock resislance depends on
the composition ol the body. [t is cvident that the best possible values of these three
technically important properties cannol be allained in one and the same body. Fineness of
grinding of the raw malerials has a marked nfluence on {he properties of porcelain, as
has heen confinned by numerous detailed studies The densification is due to the usc of
fcidspar as a flux. The clay substance incomporated 18 nearly always w the form of kaohn,
and quarlz, 1§ never absenl. Raw malterial compositions for the triaxial porcefains can be
given as 40- 60 wi % clays, 20- 35-wl %, feldspar, and 20- 30 %wit. flint. The raw
malerials cach contribute dificrent characteristics to the (ired porcelun The kaoliute
clay provides the main body for the ceramics and controls the fiing tange and distortion
during sinlering, Tt also provides lhe first liquid phase in the system (at $00°C), fiom

which a main cryslaliine phase, mullite, is subsequently developed.



2.3 Triaxial Porcelain

Porcelain is (he term used to describe white vitrified ceramic ware, translucent in thin
layers, impermeabie to fluids, and manufactured from a fine mixture of kaokin, quartz.,
fcldspar, and plastic white firing clay. Porcelain is the most nobie of ceramic producis:
the fired ware is usually white, always translucent and ol very low porasity (0.01- 6 per
cent closed pores). Porcelains can also be described as polycrystalline ceramic bodies
contanig, typically, mare than about 10% vol. of a vilreous seccond phasc M This
vilreous phasc csscntially conlrols densification, porosily, and phase distribution wikhin
the poreelain and lo a Targe cxtent its mechanical and diclectric propertics. Porcelain
bodics can be classified as triaxial, stealile, or non-feldspathic types, depending on the

composition and amount of the vitreous phase present within the ceranic.

Triaxial porcelains foun a large base of the commonly used percelain insulators. They

cxhibit fairly low mechanical strength, fair thermal shock resistance, and relatively poor -

igh-frequency characteristics {duc to alkali ion Irr]i gration) but are generally satislactory
for low-frequency (< 10" Hz) use at ordinary temperatures. They arc compounded from
mixtures of feldspars [(K, Naj 2 0-3A1;05-6510;), kaolinite clays {A120; 2 $10: - 2H,0),
and flint or guartz (810}, which places the triaxial porcelains in the phase system [(K,

Na)0- 3A1;03- 65i0,,)] in terms of oxide constituents 4,

In most formutations, however, up 1o one-half the kaoliniie content may be replaced by
ball clay, which increases plasticity and green strength in he formed ware bul may also
be the source of impurities. The feldspar provides (he main flux phase, which lowers [im
maturing lemperature and accounts for the dense nonporous struciure from which some
muilite phase also develops. However, the increased glassy phuse and alkali content tend
to degrade both the dielecinic propertics and mechanical strength of Lhe porcelain. Partial
dissolution of the quartz. phase above 1200°C increases the liquid phase viscosity and
helps to maintain shape during firing, An increasc in the quarlz conlent usually gives
improved mechanical strength, provided that the gran size is below (0um, in order to

mintmize thennal expansion stresses. Minor ingredients {(2~5 wi %) such as tale, zircon,

-



and the alkalne carth carbonaies aid in the formation and conirol of low-temperalure
cuteclic phase, resulting in generally improved dielectric and mechanical properties of the

porcelain M.

2.3.1 Structure of Porcelain

Porcelan ware shows an almost complete Jack of epen pores (water absorpuon not
greater than 0.5%) and has high strenglh, good spalling resistance, and chemical
jnerlness. Various types of porcelain are obtained through the physical and chemical
mleraction of the clay, quartz, and feldspar at high temperaturcs. In fig.2.3 showing the
lemary systen1 kaolin-quaitz-fcldspar, the areas of lommation of diferent types of
porcelaun arc indicated by the sintering isotherms for differcnt mixtures at 1160°, 1200
and 1280°C. The degree of sinlering changes sharply as a function of the firing period
and the degree of pulverizalion of the malerials. individual structural elements in the
porcefain have varying cffects on its strength, whiteness, ranstucence, and cedain olher
qualities. Study of the formation of porcclain has revealed ihe effecl of technoiogical
factors on the development of special structural characleristics associated with the basic
properties of a given type of poreelain product {the high mechanical and clecine strength
of insulators, the high chemical and spalling resistance of laboratory porcelam vessels
etc.) ', The phase camposition and prﬂpcriie:‘; dlue to 1t depend on the kaolin and plastic
clay, quariz, and feldspar content 1n the porcelain mixture, on the Chemical composition
of these matenals and degree of pulverizalion, and also on the temperatuie and period of
finng. Tmprovement of a particular property is often brought about at (he cxpense of
another; for cxample, an improvement in transiucence is accompanied hy reduction in
ruechanical strength and by an increasc in {he number ol deformied itcms produced during
finmg. ln such cases the problem arises of sclecting a composition and firing conditions
that wali make it possible to obtain products with the right comhinatron of propetues for
the given purposc. The texture of porcelain and its most important propetties are
determined by the quantitative relationship between the crystalline and vitreous phases.
The amount and quality of the vitreous phase in the porcelain depend on the composition

ol the mixre, the fineness of grinding of the initial matenials. and the frnmg conditions



Extensive microscopic research has shown lhe following principal structural elements in

porcelain
1. A vitreous isofropic imixture consisting of feldspar glass
2. Quarlz. particles which have not dissolved in the glass,

3. Mullite crystals {3A1:0;.2 810;), distribuled mainly in the silica-feldspar glass
mclt,

4. Pores;
2.3.2 Mcchanism of formation of porcefain

The fmmation of porcelain is shown schematically in fig. 2.4 the drawings represent the
phenericna occurring at different stapes of' the process (I-¥V) belween the grains of
kaolinite, quartz, and feldspar, the basic components of (he poreelain mixture. Small
additions of other oxides finding their way into the mixture wath the hasic raw maltaiial
are not taken 1nto account in the diagram because of their negligible effect on the process.
As shown in the diagram, the feldspar grains 3 are localed belween the aggregates of clay

particles 1 and the quartz graing 21'*%,

During the first stage of firing, principally within the temperature range as can be seen
from the thenmogram fig. 2.5 dehydration of the kaolin occurs in accordance wiih the
following reaction:

Al O 250 2H0  — ALG:250; + 2H:0)

with a corresponding endothermal effect. Belween 800 and 900" C (he mctakaoliniic

decomposes into oxides, the witial shape of the kaohmite plalelels being preserved:

ALGH 2510, — - AlO, + 2510,



Within the range 950-1000" C, crystailization of yAI20; oceurs, accompanted by a
considerable exothermal effect, When the oxides are further heated, ihe Al,O,and 2 Si0,
interact between 1150 and 1250" C, accompanied by the Tormavon of mullite and frec
silica in the form of cristobalite or tridymite (when the temperaturce is furlher raiscd) as

follows:
3ALO+ 0510~ JALOL 250 4510,

The dissolving of the quarlz and decomposition products of the kaoluute in the feldspar
glass oceur 1o a moic or less complete extent, depending on the femperature and fir ng
period, thus, the amount and composiion of the feldspai glass in the poicclain vary
wilhin wide limits. On the basis of theoretical calculations as well as the study of
different samples, 5l can be staled that poreclain conlains aboul $G-volume percent
leldspar glass. As the content of feldspar is increased, the translucence of the porcelain is
improved. Increasing the temperature and prolonging the firing period, keeping all other
things being equal, help to increase the amount of glass in the porcelain and also further
cnriches the 510; and Al content. The properties of poreclain are determined 1o a
considerable exlent by the mullite content, the amount and properics of the Teldspar
glass, and aiso the volume of scaled pores. The technical properties of feldspar giass are
improved as the amount of Al;0; is mcreased. As the quartz, and the residue 1efl (rom
other impurity dissolve in the glass, the porcelain skeleton becomes weaker and there is
moie deformalion. Depending on (he fincness of the grinding of ihe quarz, the
composition of the mixture, the temperature and the petiod of the firing, 15 to 40% of the
total amount of quarty. added [o the mixture enters the vitreous phase. The mullite crystals
forming in the porcelain improve the structural toughness of the product during firing. An
cqually important structural component of porcelain 15 (he quarls particles that have nol
dissolved in the feldspar glass, these particles, together with the mullite crystals, fonm the
porcelain skeleton. Mullite possesses a number of valuable properties, such as 2 high
melting point, high mechanical and clecincal strength, chemical resistance, a low
cociTicient of thermal cxpansion, and, consequently. high spalling resistance. The

nuclcation of mullite crystals cven occurs at lemperatures, of aboul 1200°C. Butl at
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comparatively low tomperature, the crystals grow extremely slowly. At the fiung
temperature an intensive growth of the crystals, and the [ellspar glass becomes
abundantly inter grown with mullite needles. An increase in the amount of fusible m (he
poreclain and a higher firing lemperature help to increase the amount of vilreous phase
and help 1t to fill up the pores. However, liring porcelain ai teraperatures about the norm
for the given muxlure results in the lbelation of gas from the feidspar glass, bleating of
the porcelam, and a dechne in quality. The pores reduce the mechanical and electrical
strength of porcclain, its chemical resistance, translucence, and certain other valuable
properiies, Thus for cnlical parts the porosity should not cxeeed 0.1-0.3% (in tenns of

water absorption).

Raising the finng temperature and increasing the amount of vitreous phase above 45%
slightly reduces the mechanical strength of the parcelain. The clectrical strenglh 1ncreases
with an increasc tn the [iring temperature or in the length of the period for which the ware
is held at the final temperature {ig. 2.6 and 2.7 curve 2). The curve showing the varjation
in mechanical strenglh as a funclion of the final hoiding period (fig. 2 8 curve 1) reveals
that holding for 3-6 hours at the final lemperature during the “"maturation” period
produces porcelain with maximumn strength. If the helding period at the hinal finng stage
is pralenged, the mullite crystals partly dissolve in the feldspar glass, as a resull of which
the dielectric characteristics of the vitreous phase and the porcelain are tmpraved. A greal
effect on the mechanical, and particularly on the clectric resistance of the porcelan, 15

exerted by the porosily of the products. [n high-grade high-voltage insulators, there are

usualiy no open pores at all. If the parcclain is held for a long enough period al the linal

firing temperaturcs, the pores become spherical fu shape due to the increased viscosity of

the vitreous phase. Thus [ooses its electrical breakdown stecngth,

2.4 Ceramic Phase Equilibrism Diagram

Fig. 29 shows the pressure - lemperature equilibrniuin diagram of most common enc

compenent system, i.e., silica. Therc arc five condensed phases which occur af

equilibvium  ¢-quartz, P-quarlz, Pr-lndymite. Peristobalite, and liquid silica. The



transition temperalures at I-atmosphere pressure arc also shown in the diagram. he o to
B quartz transition at 573°C is rapid and reversible. The volume change is almost 2%.
The olher transformations shown are shupgish and requires long periods of times 1o reach
egulibrium. The vapor pressurc shown in the diapram is a measure of the chemical
potenfial of silica i different phases. The samie kind ol disgram can be extended fo
include the mefastable [orms of silica, which may occur (fig. 2.10). The phase with
lowesl vapor pressure {the darker lines on the diagram) 15 the most stable at any
temperature, hence called the cquilibrivin phase. Lowever, once formed the transityon
between cristobalite and quartz is so sluggish that B-cnstobalitc commonly transforms on
cooling inte a cristobalite. Similarly, Patridymite commonly transforms inte o and -
tridymile rather than into the cquilib-ium quartz forms. Similarly, when the liquid form
silica glasses which can remain indefinitcly in thal state at room femperalurc. Those
transformations preduce lower volume change At any constanl temperature there is
always a tendency to transform a phase into another phase of lower ltee energy (lower
vapor pyessure), and the reverse lransition is (hermodynamically impossible. It is not
necessary, however, to transform into the lowest energy form. For exampie, at 1100"C
silica glass could transform into Beristabalite, [y fridymite or fquariz. Which one of these
transformations actually takes place is determined by the kinetics of these changes. In
praclice, when silica glass is heated for a long time at (his temperature, il crystaliizes, or
devilnfies, lo form cristobalile which is not the lowest cnergy form but is structurally the
most shmilar 1o silica glass, On cooling, B cristobalite transforms into « cristobatite, The
form wilk the lowest vapour pressure al a given temperalure is the mosi stable. The
dhagram conlains curves for quartz, tridymite, crisiobalite and silica-glass. Part of each
curve 15 in [ull line, part in broken; the former represeats the stable, the laiter the unstablc
region. The line for quartz is [ull up to 870"C, where it 15 cut by the curve for tridynite.
This means that quartz is the stable fonm up to 870°C; within this run ge 1t undergoes an
enantiomorphic transformation from B fo o quartz at 573°C. The quarlz curve is
continued in the form of a broken line up lo 1600°C, the meling pomnt of o quartz
Tridymite, like cristobalite and silica glass, is thus unstable up lo 870°C, cven though is
conversion lo quartz below this temperalure may not lake place in finite time, At 117°C

(100-118°C} y tridymite inverts to §§ tridymite, at 163°C (140°-165°C) o o tridymile. This



is stablc only up to 1470°C, at which puint il mverls fo cristobalite. Tridymite melts at

higher temperature than quartz, namely at 1670°C %1,

Cristobalite has an inversion point at 230°C (180°-260°C), 1s stablc above 1470°C and has
the highest melting pomnt of all erystalline forms of smlica {1728"C). Abovc this
temperature only the meit is stable. 1l coeled rapidly below the inclting point of
cristobalite it remains its amoirphous cendition and forms silica glass. Silica glass has (ke
inghest vapour pressure of all forms of silica and (he largest nternal energy conlent On
devitnfying (crystallizing) it liberales some of its internal energy in the lorm of heat of

crystallization,
2.4.1 T'wo component system - The A1;04-5i0; system

The Al,03-8i0; diagram is of fundamental importance in ccramics The diagram which
is shown in fig 2.11 has heen repeatedly studied, in view of its exceptional importance in
the interpretation of the physicochemical processes which are mvolved in the nining,
mclting and crystalhization of different aluminosilicate ceramics, and in the undersianding
of the effects resniting from the interaction of these ceramics with corrosive substances.
In this system, {herc is onc compound present, mullite, which 15 shown as melting
congruently. The cuteclic between mullite and cristobalite occurs al 1595°C and contains
about 94% S5i0;, The solidus temperature between muliite and alumina is at 1840°C
Factors affccting the fabrication and use of several ceramic products can be reluled (o this
ihagram. They include refractery silica brick ((1.2-1.0% A[;03), clay poducts (35-50%
A0, high-lalumina brick (60-90% A1,04} pure fused muliite (72% A1,04), wwd pure
fused or sintered alumina (>99% A1:0;).

No less than three nalurally occurring silicates of alumina are known. They all have the
formula AlyOs, Si0; bul differ in crystalline habit and physical propertics. They arc
called sillimanite, andalusite and kyanile. Owing to their importance in mineratogy and
ceramics these three minerals have been intensively studied, Of prime imporlance in
ceramics are the conditions under which they arc stable, under which they are mulually

conveitible and under wluch they wmay occur in industrial products. Al normal
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lemperalures and pressures only one of them can be stable, and within 1ts 1ange of
stabilily he other two must converl inle the slable forn1 unless the conversion raic is too
low. This guestion was tesled by Eitel and Neumanns by comparing their cncrgy
contents: as is wel] known, among various forms having the same chemical composition,
that which has the lowest energy content is the most stable. Stnctly speaking, ali other
forms must change into this stable form with evolution of heat (energy), though the rale
of conversion may be extremely slow, The encrgy contents of i [ferenl polymiorphous bul
chemically identical compounds in a systens can bﬁc deteumined by companing their heats
of chemical reaction: the unstable form has the highest, the most stable form the lowesl
value. Since, generally, the glass oblained by rapid cooling of the mell represents the
mosl unstable fonm, a glass corresponding to the formula A1:04 Si0: should be the least
stable form of this compound Unfortunately, this glass camot be made becausc of its
sirong devilrification (crystallization} tendency. As sillimanite has lowest cnergy content,
il 15 a slable nmuneral. All of the other minerals become unstable, however, on heating (o a
while heat. They are then transformed 1nlo a new silicate, 3A130:.2510;, called mullite
and a glassy meit. Mullite is the most stable aluminium sihcale at high temperatures. 1t s
of industrial imporlance because it ocecurs in ceramic bodics amd is fmmed on
solidificalion of melis of a suitable composilion contaning alumina and sihca. Actually
nuillite forms in a variable temperatures scale, f.c. 1300-1600°C. The formation takes
place over a large temperature interval, and 1 all cascs a silica-rich glass is formed
together wilh mulhie. Tree silica in (he form of aiistohaliic bas ofien been demanstiited
in the glass. Silicates of alumina have aroused the interest of ceramists not merely as raw
maierials for incorporation in ceramic bodies but also as new matenials often found in the
fired warcs, where they occur in the form of acicular crysials, They are usually felted

together in a state ol disorder and occur preferentialiy as local agglomerations.

There 15 most knowledge about those substances that are formed by solidification from
melts. According to Bowen and Greig, apart from (hc pure components only a singic
compound can crystallize oul from a meit of alumina and silica un solidification, namely
mullite, 3A1,0;.28i0;, bui neither sdimmanite nor its polymorplhic modilications,

andalusite and kyanite. The two-component system (A 150, 4 SiQ;) is charactenzed by a



minintum melting point mixture with 5.5 per cent Al;Oy a so called culectic at §545°C
and a slight inflexion in the liquidus curve at about 100°C, a so called masked maximum
indicating the presence of a compound which melts with decomposition (incongruently).
This compound 15 mullite. From the mell the ollowing mnerals may crystallize oul,
depending on the contenis of the two oxides: cristobalite, mullile, corundum. On further
cooling and seolidification rom the melt there remains linally only mullite, intenmingled

with varying amounts of sifica er corundum,
2.4.2 Three component sysiems

Many temary systems are of interest in ceranuc science and tcchnolopy. The K30-A 1,04
- 8i0; system is illustrated in fig2.12. This system is imporiant as the basis for many
porcelain cormpositions, The eutectic in the subsysiem polash feldspar-silica-mullite
determines the finng behavior in many compositions. Porcelain composilions arc
adjusted main]y on the basis of (a) case in forming and (b) firing behavior. Although real
systems are wsually somewhat more complex, this lemary diagram provides a good
description of the composilions used. Very oflen constant lemperatme diagrams are
usclu]. These are illusitated for subsolidus temperalures in figure by lines belween the
lorms {hat exist at equilibrium. These lines form composition (riangles in which three
phases arc present al equilibnum sometimes called compatubility triangles. Constant-
temperalure diagrams at higher temperatures are useful, as illustrated in {1212, where
the 12007 isothermal plane 15 shown for the K;0.A1;0; 5i0; diagram The liguids formed
in this system are viscous; in order to obtan vitrification, a substantial amount of hguid
must be present at the firing temperature. From 1sothenmal diagrams the composition of
liguid and amount of liquid for different composilions can be determined casily at the
selected temperature. Frequently it is sufficienl to determunc an isothermal plane rather

. . . . Ak
than an entirc diagram, and obviously 1t is nuch casier !'™'7,

2.5 Changes during Firing



The changes that occur in the struclure of triaxial porcelam duning fiing depend 1o a
great exient on the particular composition and conditions of firing. The ternary cutectic
{lig 2.13) temperature in the system feldspar-clay-flint is at 990"'C, whercas the
lempcrature at which feldspar grains themselves form a liquid phascis | 140"C. AL highey
temperatures an increasing amount of Liquid is formed which at equilibrium would be
associated with mullite as & solid phase. In actual practice equitibrium is not reached
during normal firing becausc diffusion rates are low and the {rec-eneigy differences arc
small between the various phases presenl. The general cquiibrium conditions do not
change al temperatures above about 1206°C so that long firing times at this temperature
give results thal ate very similar to shorler imes at higher temperatures. Also ine
grinding to reduce diffusion paths gives equivaleni results in shorter finng times or al
lower temperatures. The initial inix is composed of relatively large quartz and feldspar
grains in a line-grained clay matox. During firing the feldspar grains mell al aboul
1140°C, bul because of their high viscosily therc is no change in shape uniil above
1260°C. Around 1250"C feldspar grains smalier than aboul 1) mictons have disappeared
by reaction with the surrounding clay, and the larger grains have inieracied with the clay
{alkali diffuses out of the [cldspar, and mullite crystals form in a glass). The clay phase
initially shrinks and frcquently fissures appear. As illustrated in fig 2.14, finc mulhie
needles appear at about 1000°C but cannat be resolved with an oplical micrascope Unkil
lemperatures of at least 1250" are reached. With further increases of temperatuic muliite
crystals conlinue o grow. Adter firing at temperatures ahove 1400°C. mllite is present as
prismatic cryslals up to abeut 0.01 mm in length. No change s observed in the quarty,
phase until temperatures of about 1256°C are reaclied; then rounding of the cdges can be
notieed in small particles. The solution rim of high-silica glass around each quarl grain
increases in amounl al higher tcmperatures, By 1350°C grains smaller than 20 microns
are conipletely dissolved; above 1400"C little quarlz remains, and the poreclain consists

1281 The heterogencous nature of the product 15

almost entitely of mullitc and glass
iltustrated in fig 2.15, in which quartz grains swrounded by a solution rim of high-silica
plass, the outlines of glass-mullite areas corresponding to the onginal feldspar grams, and
the unresolved malrix correspending lo the orginal ciay can be clearly distinguished.

Parcs are also seen 1o be present. Afthough mullite 15 the crystalline phasc in boih the
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original feldspar grains and in Ihe clay mainx, the crystal size and development are guite
different. Large mullite needles grow nto the feldspar relicts from the surface as the
cotmposition changes by alkali diffusion, A gquariz grain and the surrounding solution rim
of sitica-rich glass are shown in fig 2.16. Mullile needies exilend into the outer edge of the
solution rim, and a Lypical miciostress crack 15 seen; the ciack s causcd by ihe grealer
conlraction of the quartz grain compared with that of the sumounding matrix. Usually the
quartz forms only glass, but (or some compositions fired al high lemperatures there 15 a
transfommation into cristobalite, which slarls at the outer surface of the quartz grain. The
overall structure of quartz grains, microfissures, solution nims, feldspar relicts of glass
aml mullite, and fine mullite-glass matrices 1s shown with great clarity in fig. 2.17.The
changes taking place during firing occur at a rate depending on time, lemperature, and

2734
127941 Under normal firng

pariicle size. The slowest process is the guartz solution
gonditions equilibrium ai (he firing temperature 15 only achieved at lemperatures above
I-‘-IDGUC, and the struclure consists of a mixture of siliccous liquid and mullite. In all cases
the liguid at the finng lemperature cools to form a glass so that the resulling phascs
present al room lemperature are normally glass, mullite, and quartz in amounts depending
on the initial composition and conditions of firing treatment. Cotnpositions wilh larger
[cldspar content form larger amounis of siliceous hgqwid al lower temperaturcs and

correspondingly vitrify at lower lemperalures {han the compasitions with larger clay

conlents.
2.5.1 Phase changes that eccur on heating kaolin elays

As clays are the most important parl of the raw matenals of the ceramic products, their
behavior duriﬁg ftring in different ranges must be discussed. This will provide a valuable
key rule in detenmining the hiring schedule when (he products are fired. The method of
differential thermal analysis, when applied to kaolin mincrals and to clay depostls
containing pnncipally kaolin minerals, shows a prominenl endothernmic effect in the
region of 550-700° C, due to the dehydralion of the mineral {the precise tempaature

depends on the particular kaohn munezal), followed by two cxothermic reactions, the fivst



at roughly 950- 1006°C and the sccond between | 150°C and 1250°C, which correspond
e o
io (he formation of new As -Fhose mrnre-arc-clearly shown in fig 2.5

2.5.2 Changes in the range 600-300"C

it is generally misleading to regard the structural breakdown purcly as a function of ihe
temperature. The time of heating is also important and (when the temperature iz variahle)

the rale of heat-lreating. This applies equally to the exotheimic processes at higher
lemperatures, and for this reason it is difficull to make precise compansons helween
resulls oblained under very different thermal conditions, Exlreme cases are those
which the mineral is soaked for a long period, e.g. 24 hours, at a fixed temperature, and in

which it is brought quickly lo give temperature and then immediately cooled, The walcr
of constitution temaining in the clay after drying is not completely cxpelied below some
temperalure hetween 450" and 600°C. Water is slowly given up, however, below Lhis
temperature, and its loss is initially accompanied by a slight conlraction. The contraction
following (he removal of meistute on drying 1 the ait or healing at 110°C must be
reparded as due to shrinkage of the gel lilms on the clay particles accompanying loss of
gel water, This finding may he regarded as furnishing experimental support for the view '
that the plasticity of clays depends in part on the exisieice of swollcn geh layers
surounding the clay particles. Slowly hcated clays show that kachn and most clay
undergo cxpansion up (o about 500-600°C, foltowed by contraction. Water of conslitution
is not cxpelicd from the clay substance uniformly and gradually, but within a narrow
temperature mierval between 450" and 600°C. This has been cicarly demonstrated for
kaolin by Le Chalclicr 331 who embedded a thermocouple junction in a sample, which
was then healed in an electric oven, the temperature being raised steadily. As shown 1o
the Fig, there was retardation in the temperature rise regisicred by the thermocouple at

about 550°C and a marked acceleration at about 1000°C. This indicates absorption of
heat, i e. an endothermic reacltion, at abou! 550°C and a strong development ol heat, e

jih-at

an exothermic reaction, at aboul 1000°C, LeChatelicr and many investigators b afier

him confirmed this observation wilh all kinds of cluys. The simularity in the changes in



the curves indicates that they are due to material changes commaon Lo all clays. Where the
composition differs from ALO;.2810,.2H;0, the clays will have other charactenistic
temperalure. The 1ate of beating has a pronounced elTeet on this endethermic reaction and
dilferent rescarch workers have given subsequently different decomposition temperaturcs
for clays. At a rate of heating of 1000°C/L, decomposition staris at about 5507 C but with
the slower rate of 200°C/hr it starts at about 460°C., By heating in vacuum the temperature

of expulision of water can be strongly depressed, as Mellor and olderoQls demonstrated.
2.5.3 Changes in the range 800-1400 'C

From a survey of poblished data it is difficult to arive at any final conclusion. The
conflicting conclusions of different workers, all of whom identified the phases present by
X-ray methods, may perhaps be partly atlributed to a numbcer of causcs, such as {i} the
effect of impurities associated with the clay mineral, {1i) the varicty of heat treatments
employed. As an illustration of (ii), the following may be quoted: Insley and Ewcll heated
specimens of kaolinite and dictitc at 6°C per minute and then air-quenched from 925"C
and 985°C, temperalures correspouding lo the beginming and the maximum of the first
exothcrmic reaction, and also from 1000°C and 1200°C. They also cxamined the effect of
nreheating al constant temperature for various temperatures belween 240" and 910°C.
H}-‘S|Dpu examined onc Scothish clay, which was heated [or 15 hours at $00°C followed

by 20 hours al 1050°C hours at {150°C. |

2.5.4 The exothermic reaction ad 90H-1 050" ¢

The heating curves ol clays depicted in figure exhibit sharp rises at 900 to 1 000"C. This
points fo an exolhermic rcaction, taking place in the malerial. Two reactions may be
considered as possible causes of the evolution of beat conversion of alumina from the
to the o form and a combination of ¥ alumina and sihea to form sillunanite or mullite.
The lirst has oflen been studicd on healing curves of pure specimens. It takes place with
strong evolution of heal bul docs not mvariably ocew with all forms of alununa.

Exceptions are, lor instance, diaspore, Al;(3.H:0, and hydrargiblite, A1704. 380, butit is



found with precipitated alunina, bauxie and y alumina. It also observed the lines of
alumina in X-ray specira taken at J000"C. On the basis of these obscrvations, the
formation of silicales from clay must be limited to higher temperature regions, The
second reaction is theoretically possible, since the exolhermic character of sillimanile

formation from the oxides has been proved:
Al + Si0; = Al;0:.510; + 45.95 keal.

Hc originally gave the lemperature of formation as 1100- 1200 C. but it may be assumet
to start several hundred degrees lower with the-intimate muxlure of extremely fing,
molecularly dispersed reactants present in mikdly calcined kaolin. In this connection the
statement of Ilyslop and Rooksbyio that silhimansie or muilite formation starts at §70'C
deserves to be mentioned. Accordingly, we may altribule the exothermic reaction in this
lemperature range to the conversion of ¥ Al0; to o Alzlwand to aluminium silicale
formation. The specific surlace, S. as determined by absoiplion of Np or Op, rematns
almost unchanged after healing to R00'C. It is practically uninfluenced by loss ol water
ol constitution, although the holes’ el in the lattice by the water losl are Jarge enough Lo
accommaodate H' ions. Nevertheless, the dehydrated kaolin shrinks and s laltice is in

disarray. Above 600°C the apparent density increases markedly, and S decrease,
2.6 Diclectric Properties

All diclectrics placed in an electric ficld will loosc their insulating propertics if the ficld
exceeds a cerlawn critical valuc. This phenomenon 13 called dielectric breakdown, and the
comresponding clectric field is referred to as the diclectric breakdown stienglh [4-4n],
Dielectric strength, therefore, may be defined as the maximmum polential gradient, o

wlhich a matenal can be subjected without insulation breakdewn. that s,

() 2
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Where DS is (he dielectric strength in kV/mm, V, {he breakdown veltage, and d the

thickness of the sample.

helectnic Constant s the propeity of a ccramic material lhat detenmines the relative
speed that an clectrical signal will travel in the miaterial,  Signal specd 15 roughly
mversely proportional to the square root of the diclecine constant. A low dieleclic
constant will result in a high signal propagation speed and x mgh dielectiic constant will

result iz a much slower signal propagation speed.

Dielectric constant is not an casy properly to measure or to specify, because it depends
not oniy on th mtrmsm properties of the malerial itsell, but also on the test mclhm] the
est Frequency aud tl1e EGIIdlthEH.’lLé ol samples hefore’ and dmmg the test. DleILclnL
constant tends to shift with lemperature. Refated to dielcctric constant (ot "permittivity")
is dissipation factor. This is a measure of the percentage of the tofal transmilted power
that will be lost as power dissipales into the laminate material. Diclectrie constant and
dissipation factor are not normally considered except in high-tension ceramic insulator

Often diclcctric propertics are hard 1o correlate and carc must be taken 1n working with
then:. Many conimercial Taminators and most board producers do not have this cquipment
i house and depend on cutside lest facilitics to do they re testing for them. The dicteetric
conslanl 1s the 1atio of the permillivily of a substance (o the permiltivity of (ree space It

18 an expression of the extenl fo which a material concentrates electric flux, and is the

cleclrical equivaleni of relative magnetic permeability.

As Lhe dielectric constant increases, the electric flux densily increases, 1f all other factors
temain unchanged. This cnables ohjecls of a given sizc, such as scts of metal plates. (o
hold thewr elecine charge for long periods of Ume, and/or 10 hold large quanblies of

charge. Materials with high diclectric constants are useful 1n the manufacture of ligh-

valuc capacitors. A high dielectric constant, in and of it, is not necessarily desirable.

Crenerally, subslances with high dicleciric constanls break down more casily when

subjecled 1o imtense clectric ficlds, than do materials with low dieleetric eonstants. Tor
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example, dry air has a low diclcetric constant, hul il makes an excellent diclectric
material fer capacitors used in high-power radio lrequency (RF) lransmulters. Even if air
does undergo dielecinc breakdown (a condition in which the dicteetric suddendy begins to
conduct current}, the breakdown is nol permanenl, When ihe excessive electric ficld is
removed, ait relums to ils nomal dielectric state, Solid dielectric substances such as

polycthylene or glass, however, can sustain permancnl damage.
2.6.1 Different types of diclectric breakdown

Diclecinc breakdown occurs in gascs duc {0 corona discharge in non-um fonm fields or to
photo 1onization and collision of clectrons with gaseous atoms, icadinp o further
ionizalion, increased conduction and diclectric breakdown. In liguids, breakdown 15 due
primarily to diclectric heating and inereased joruzation processes. This process is greally
acceleraled by the presence of impuritics or high concenirations of mobile 1ons (Na', Li')
in the liguid. For sohds, the main breakdown mechanisms can be described as intrinsic,
thermal, and ionizalion breakdown. A possible fourth mechamsm, clectrochemical
degradation or breakdown is associated with fon imgrabion under a (dc) {icld pradient at

glevated temperatures.
2.6.1.1 Intrinsic Breakdown

At high-applied fields electrons may be ejected from elecirede materials or inay even be
generated from (he valence band. These clectrons are then accelerated through the crysial
artd some undergo electren-phonon interaciions, generating heat and being absorbed 1n
the process. Electrons collide wilh ions or atoms (1 the solid, kiocking oul the electrons
and clevating them to the conduction band,l These newly pencrated electrons are in tern
accelerated by the field gencrating elecirons, resulting {inaily in an "avalanche” of
conducting clectrons over a nartow area and breakdown gencrally (hrough a channel.
Electronic or intrinsic breakdown of this type can occur in all solids but is rarely
obscrved, since the very high fields required (10° 107 Viem) usually trigger other

hreakdown mechanisrus, Temperature has a very pronounced effect on the clectron-
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phonon interactions and heiice on intrinsic breakdown. Al very low lemperatures {<<
25"C), phonon intcractions are weak, so that elcctrons gain mere cnergy from the field
and are ghble to pencrate many frec electrons. Henee breakdown voltages arc relalively
low. Intrinsic hreakdown voltage peaks at room temperature, where phonon interactions
become importani, but decrcases again above rogm lemuperalure, since lthermal vibrations
can now gcherale free electrons as u..rcll. In glasses and amorphous materials the irreguiar
struciure makes the mean free path for electrons faidy uniform with temperature. Hence
the decrease in strenglh with temperature is more gradual and such factors as composition
pulsc duralion and field strength become moere important. Tntrinsic breakdown is
chataclerized by short breakdown times, ~10® - 107 sec, as well as by increascd

conductivity with increase in lield sirength.
2.6.1.2 Thermal Breakdown

This is the most common diclecttic fatlure mode in ceramic insulalors, the dielectiic
strengths typically two orders of magnitude lower than inirinsic breakdown strengths.
Causes for [wlure arc generally altributed to local heating or conduction losses, which
generatc heal ai a faster rate (han it can be removed. This increases the Tocal temperainie,
even to the point of melting or evaporation. Depending on the matenal and the thermal
gradicnls formed, cracks may develop around the local hol spol. ‘Ihe combination of
ionized gases and increased comduction cause dieleciric hreukdown The cnergy

generated by an (ac) feld can be given as:
W = wreok'h” tan § ~ o ¥ C tan §

Where W (watts/cycle} is (he cnergy gencrated, V the voltage, and C the capacilance of

the sample (farads). The heat dissipated from the sample can be approximated by

Hp=Ah(T;-Tx)
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Where iy represents the heat dissipaled (watts, cal/sec), A the surface aica of the sampic
(cm®), b the surface heat transler coefficicnt {calfsec-nc-cmz}, and T, and Ty the surface
and ambient temperatures, respectively. To avoid heal accunilation and breakdown. the
heat dissipated must cqual the heat generated. As is cvidenl from the CXpTesslons above,
heal generation is dependent on bolh frequecney and voltage and on the matenal
parameters k' and tan3. These different factors can, therefore, be manipulated o avoid
thermal breakdown, as can the size, shape, and heal-transfer enviromment of the coramic
part. The latier equation, for cxample, can be used in the design of discictle capacilors,
where the heat dissipated is dependent on (he size (surface area), lemperature gradient,
and surface heat transfer coefficient {0.0002- 0.002 calfsec-C-ocm® Tor low o moderale

airfllow conditions).
2.6.1.3 Ionization Breakdown

lonizalion breakdown occurs in inhomogencous dielectric solids mainly through 1he
mechanism of partial discharges resulting from pores or cracks bemg present in the
ceranuc. lonizalion of gascs inside the pores in the ceramic when subjecled to a high
ciectric field resuits in the local generation of heul, which is transmitted to (he
surrounding ceramic, resulting i a temperature gradient, the gencration of thermal
stresses, increascd dielectric losses, and increased conduction iocally, The stresses can
genelate  cracks, leading o fucther iomization, and hreakdown occuts via i
thermoionization process similar to that described for thermal breakdown. The presence

of porosily in an insulator is, therefore, deleterious to high dielecirc strengths.
2.6.1.4 Eleetroinechanical Breakdown

Thas is caused usually by ion migration (Na*, Ag’, OH) under a conlinuously appiied dc
Neld at moderately clevated temperatures (50- 2{][}”[3}. This may lead 1o inlerelecirode
shorting of closely spaced cleetrodes or to ion buildup or depletion at one or the other
clectrode, leading 1o hgh ocal fields and electrode corrosion. These conditions are all

time dependent bul ¢an lead to thermal breakdown, after prolonged exposure. To evaluale
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cleetrochemical breakdown, de fields >3000V/om at 100-200°C in dry ambicnt (N;) for
periods of 10001 may be applied 1o the dizleciric, with resulting current, voliage-time
curves of the type shown in Figure, For most ceramic insulators, cspecially glasses, an
initial absorption current is lollowed by a wmore gradual approach to equilibrium,
reflecting rapid initial ion migration and subsequent slowing down by Lhe uneven
potential barricrs in the structure. A steady-state condition is then mamiained for several
hours, culminating, if hreakdown accurs, in a gradual 10 sudden increase 1 current flow.
The point of departure lrom steady slale can be taken as the clectrochomical breakdown
for the given conditions. Such wnformation is frequently important {for microelectrome
circuil applicahons such as Ag conducting lines on an Al; 05 subslrate, where a potential
difference may exist belween the lines, This situation is aggravaled by the presence of

high humidity; hence encapsulation of such circuits is often necessary.
2.7 Factors Affecting Dielectric Strength

Faclors that may allect diclectric strength include composition, micro-structural features
(porosily, cracks, flaws and sccond phases), and measurcment paramelers such as
electrede configuration, specimen thickness, temperalure, lime, requency, humidity, and
heal irmsfer conditions. Compositional effects relate to the amorphious or crystalline
nature of the material and (o the presence of mobile ions n ihe structure. Inercased alkalj
concentration, for example, not only leads to higher, bulk conduction, but also renders the
surface more hygroscopic. The combined effects of sutlace porosity, surface atkali, and
moisture may lcad lo high surface currents and breakdown; hence porcelain bodies
inlended for high-voltage applications are typically glazed o ymmmize these eflfcels.
Microsiruclural features such as cracks and porosity can fcad to iomzation of entrapped
gases at high fields, particularly under high-hwmidity conditions This in turn can lead o
high comrent flow, {ocal healing, cracking, and thermial breakdown as deseribed, The
effect of grain size and sccond phases depends on (he details of the siructure, but smaller
grains will, n general, result in higher dicleetric strengths, reflecting the reduced

conduction ia the solid.
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Dielectoe strength 15 perhaps most sensihive to chainges 1n micasurcmicnt condilions.
Electrode gecometry 15 especially important since the breakdown voltage lends lo decrease
wilh electrode arca. Because ol the high fields invelved, point conlacts can precipitate
breakdown through ficld injection of clectrons into the diclectric. To minimize (his ¢Meel
and provide environmental conirol, measurctrients arc usuaity carricd out with the samplc
imimersed in high-dielectric grade (silicone) oil. This cssentially lixes the surfuce heal
transfer and humidity conditions. Dicleciric strength valucs are very sensilive to
specimen thickness, wlich musl be specified if results arc to be meaningful. This is
because law densily and micrestructlural defects increage wilh the thickness (volume) of
lhe specimen under lesl, leading lo lower measured diclectnic strengths as sample
thickness is increased. Dielectric strength cvaluations arc typically carried out at rogm
lemperature and 60Hz The measured dieleclric sirengths are higher for shorter pulse or
time duration of the apphed voltage, due to the decrease in conduction and polarization
fosses in the dielectric al higher frequencies. 'or particular applications, therclore,
dicicetric strength evaluations should be carried oul witlun the emiperature and ficquency
range of interest The effect of higher temperatures is to decicase the diclectric strength

due to higher conduction in the solid.

It is well recognized that during service, (he properties of an insulating material beeome
degraded and evenlualily dielectric, breakdown occurs at a licld below (hat predicted by
experiments an Tresh forms of the insulation. Aging is a term used 1o in-a general sense,
Ihe deteriaration in the properties of the insulation. Aging therclore determines the useful
hie of the msulation. There arc many lactors that either directly or indircelly affect the
property and performance of an insulator in service, Lven in (he absence of an electic
field, the insulation will experience physical aging wherchy ils physical and chemical
propertics change considerably. An insulation that is subjected fo lempeiatme and
mechanical stress variations can develop struciural defects as microcracks. which e
quite damaging lo the dieiectric sirength, as mentioned above. Trradiation by {oniring
radialion such as X-rays, exposurc to severc ambient conditions such as excessive
humidily, czone and many other external c:undit[mis: through varicus chemical processes,

deteniorate the chemical structure and properties of an insulalor Tlus is generally much
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more severe for polymers (han ceramics, but it is not practical 1o use a sohd ceramic

insulation 1 a coaxial power cable.

The cliemical aging processes are gencrally acceleraled with temperature, In service, the
insiulalion also cxperiences eleclrical aging as a resull of (he elTects of the ficld on the
properties of the insulation. For example, de ficlds can dissociate and transport various
ions in the structure and thereby slowly change the structure and propertics of the,
insulation. Elecirical trees develop as a resull of elecirical aging because, in service, the
ac ficld gives rise lo continual partial discharges in an internal or surface micracavily,
which then erodes {he region around 1t and slowly grows like a branching tree. in well-
manufaciured insulation systems, electrical trecing has been subslanbially reduced or
clintinated {rom microvoids. A form of electiical aging that is currently in vogue 15 waler,

treeing, which eveniually lcads to elecincal reeing,

The surface ol the insulation may become contarmnated by ambient conditions such as
cxcessive moisiure, deposition of pollutants, dirt, dust, sall spraying cte. Lventuaily the
contaminaled surface develops sufficient conductance 1o allow discharge between the
elecirodes at a ficld below the normal breakdown strength of the insulator, This type of

dicleetric breakdown over the surface of the insulation is tenmed as surlace tracking.

Il is appatrent that there arc a number of diclectric mechanisms and the one that causcs
eventual bicakdown depends nol only on he propertics and qualbty of the materal bt
also on the operaling condilions, environmental factors being no less importani. It is
apparent (hal it is not possible to clearly wdentfy a speciic diclectnic breakdown
mechanism for a given material. Polycrystalling dielecinies eontaiy the erystalline as well
as amorphous phase. The inhomogeneity of the ceramic body depends on its composition
and on the forming and filling process. Behind the low diclectric strength porosity is onc

of the cause
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The formation of closed peres depends on the [inng process. lorm and size of the pores
depend chiefly on the properties ol the vilreous phasc. Thus, for instance, high voliage

porcelain insulators contain, if properly fired, spherical pores of about 15 um.

The inhomoegeneity of the dielectric causcs the 1on of the electne fieid. From the point of
view of their influence of the eleciric ficld the gas-filled voids are of parlicular interest.
At firsl approximation there are Iwo cases: non-ionized voids and, ionized voids. The
breakdown field of a thin air gap increases -considerably wilh decreasing thickness. The
ionized spherical void induces v ils vicinity a strong inhomogencous ficld with a higher
tield stress in the direction of the cxternal field. This may accounl for the lower

breakdown voliage of inhomogeneous dielectrics with higher dielectric consiants,

The thickness used 1 computing the diclectric slrlc'nglh shall be the average thickness of
the speciinen measurcd as specilied in the lesl method for the material involved. lor a
description of test specimens of materials and their preparation, reference shall be made
1o the ASTM methods (B3755) appiicable 10 the materials to be (ested. Sheets and plates
less than 3 mm thick arc used as standard thickness. The thickness is kept below Imm (o
reduce the probabilily of remaining cracks, porositics and other microstructural flaws,
which will lcad o the low dieleciric strength. This is because some conductive medium
like air and water may present and this will conduct current in a higher rate than solid

porcelain,

In the preparation of test specimen Irom solid malerial care should be taken that the
surface in contact with the clectrodes are parallel and as planc and smaoth as the materiai
permits. The dielectric strength of solid commercial electrical insulating material is
greally dependent upen the specimen Lhickness, Experience lias shown thal for solid and
sem sohid materials, the dicleetric sirength varies inversely as a fractional power of the
specimen {hickness and there is a subslantial anount of cvidence that for relatively
homogenous solids, the dicleciric strength varies approximaltcly as the reciprocal of the

square root of the thickness.
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Somctimes the oxide parlicles, non-metailic inclusion or oliier fomm of 1mpuntics aic
present on the surface of the specimen. So the applicd voltage find a conductive paih on
the surface and passed through the surface instead of Uwough the entire insulator. This 1s
known as flash over. Because of [ash over {he dielectne sirength becomes lower The
breakdown of thick solid materials 15 generally so high that the specitnen must be
imnmiersed in insulating fluid to prevent [ash over and lo mimmize partial discharge.

Translormer cil was used in the experimuent lo prevent flash over.

The relative humudily mlloences the dielectric strenpth lo the exdent thai moslure
absorbed by, or on the surface of, she matenal under fest allecls the dielectnic and surface
conductivity. Henee ils importance will depend to a large extent upon the natwre of the
matenal ht:ir*;g tested. However cven malterials that absorbed little or no moisture may be
affecled because of greally incressed chemical effects of discharge i the presence of
moisture. The combined effect of surlace porosily and moisture may fcad o fugh surface

current and breakdown.

Test resull is influenced by the rate of voilage application. Jn general, the background
vollage will terul (o increase wilh increasing rale of voltage application. This is o be
expected because the thermal breakdown mechanism is time dependent, although i some
cases lhe later mechamsm may ramd fmlure by producing critically high local ficld

inlensifies. -

The surrounding medium can cflect the resulls of dielectnic strength. Because il allocts
ihe bheal transfer rate, extemal discharges, the fieid uniformily, therchy urcally
influencing (he lest resalis. Resulis in one medium cannot he compated with those in a

different medium.
1.8 Factors affecting mechanical strengih

The mechanical strength measures the abihity of the ceramic matenial to withstand the

thermal and mechanical stresscs to which it might be subjected during usc. It s also
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related to the composition and structure of the malerial, but micro structural featuies such
as poves, cracks, flaws, sccond phases, grain size, and grain boundary stresses are usually
dominant. These (actors are rarely guantifiable, and therefore scatter in measured dala
lends o be large. As with thermal conduchion, dense single-phase lend 1o have high
rupture moduli, possibly for the samc rcasons, whereas complex mixed oxides and
glasses have moderate ta low values. The practical range of values [or ceramic insulaiors
is 40-800 MPa, but higher values can be achieved with special processing, The properties
discussed above oflen mleract, especially where use condition resull in development of
thermal stresses, due 10 the existence of thermal or expansion gradicenis in the ceramic,
Such conditions may eccur where localized hot spots develop on a substrate duc (o direct
heating or (o dissipation of heat from a resistor or aclive device. A combination of high
speeific heat and high thermal conductivity would thus serve o mimmize the rise i
lemperature and the accompanying thermal stresses. IT not reheved, such siresses can
result in mechanical and dielectiic degradation of the system. Similar considerations arise
where there is theriwal expansion mismatch acrass mterfaces, as in the use of enamel or
glaze coalings and passivation layers on metal or c¢cramic substrates. For ceramic
insulators, possible destructive ellects on heating arc controlled hy the thermal
diffusivity, expansion coclficient, elaslic modulus, and tensile strength of the material.
These properties may be conveniently prouped as componenis of the thermal shock
resislance, defined as the maximum quenching or heating raie to which the material can
be subjected without undergoing physical damage or rupture A practical measure of this
guantity is the maximum temperature lo which the ceramic can be healed and then

quenched in water at 250° C without causing physical damage.

The mechanical sirength depends strongly on size and shape (S) of thic test specimens as
well as on transient laclors such as thermal diffusivity, which may be difficull 0 define
preciscly under test conditions. Thermat shock resistance is, nonetheless, an important
design parameler in choosing ceramic insulators for applications, where temperalure
changes niay be scvere, such as for heater and resisior core and thick-Glm substrate
applications. O the properties contributing to the fiermal shock resistance, the modulus

ration and the theimal diffusivity lend to vary only ever namow 1anges. The thermal



diffusivity range for most cetamic insulators is 0.1-0.3cm’/scc. This is generally true also
for the lensile strenglh and elastic modulus, which are clescly related to chemical
bonding and struciure in the different solids. The elastic modali for coramic insulatlors Fail
in the narrow range of 34-414 GPa, reflecting the very strong 1onic o covalent bonding.
Tensile strenpths for ceramic insulators are considerably lower and more vanahble, since
they are dependent on processing, test conditions, and [laws 1n the cermmic. Even so, high
elastic moduli can usually be correlaled with high lensile slrengths. so that variability tn

the vatio of the two is small.

Cerammc insuiator docs absorb a certain amount of waler, Insulaier with low water
absorption is far more resistant to [rost. Also with lower waler ahsorpuon bending
strength of msulator will increase. Waicr absorption is measured 1m percentage of liquid

absorhed by insulator compared to a dry insulator.

Ceramics insulator shows brittle failure. In ceramic insulater, due 1o the combined ionic
and covalent bonding mechanism, the particles cannot shift easily. The ceramic insulator
breaks when toe much force is applied, and the work done in breaking the bonds creates
new surfaces upen cracking. Britlle fracture occws by the Tormation and 1apd
propagation of cracks. Tn cryslalling sohds, cracks prow through the grain transgranular
and along cleavage plancs in the crystal. The resulling broken surface may have a grainy
or rougl lextare. Amorphous naterials do not contain graing and regular crystalline

planes, so the loken surface 1s more likely to be smooth in appearance.

Any [Maw. such as a pore, crack, or inclusion, results in stress conceniration, which
amplifics the applied siress. Pores also reduce the cross-sectional area over which a load
is applied. Thus, denser, less porous malterials are generally stronger. Similmly, the
smaller the grain size ihe beller the mechanical propertics. In fact, ceramic-insuiating
malerials are the strongest known monohthic materials, and they typically mamtain a

significant fraction of their strenpth at clevated temperalures.
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Bending strength is important in ceramic insulator used in power tiansmission The
bending strength of a ceramic is usually much greater than their tensile strength. To make
up for this, ceramic insulators are somclimes prestressed 1 a compressed state. Thus,
when a ceramic insulator is subjected (o a tensile force, the applied load has to overcome
the compressive stresses (within (he objcet) before additional tensile stresses can increasc
and break the object. Ceramic insulalors are generally guite inefastic and do not bend {ike
metals. Rigidity varies with the composition and structure. The abilily to deform
reversibly 15 measured by the clastic niodulus. Materials wiih strotig bonding require
targe forces to increasc space between particles ang have high vaiues for the modulus of
elasticity. In amorphous materials, however, there is nore [ree space for the aloms o
shift to under an applicd load. As a result, amorphous materials such as glass are more

easily flexed than crystalline materials such as alwnina or alumina-sifica porcelain,
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EXPERIMENTAL

1.1, lotroduciion

The study was undertaken to identify different phases in Lhe microstiucture and 1o
determiine propertics ol the ceramic insulators, To perlorm the study 4 vanety of samples
were prepaled. The samiples were prepared conforming to (he saine chermgat composition
used i Bangladesh Tnsulator and Sanitary ware Fuctory Lid. (BISI) and varying the
proportion of the raw materials used in BISE body and heir properties were studicd
Although the BISF technology {fig. 3. 1) for the commecial manulucture of ceramig
msulalor product was (oilowed to prepare the samples, certain sleps i he process wits
altered. Afler processing, the structural charactenszabion was camicd oul by x-ray
diflraction lechnique, the electric propery hke diclectric strength was measured by high
voltage dielectric tester. lo develop microstructural development the specimens were
piepared by ceramographic technique followed Ty oplical and Scanning Eleciron
microscopy. Chemical analysis was done by fradibonal gravimetric analysis, EDAX
analysis and X-ray [luorescence (XRF). Some physical and mechanical property 1 ¢,
densily, hardness, bending strength, were also |11c:;.;urud o cslablish the adaptability of

the products al gh tension.

3.2, Ceramic insulator body Preparation

3.2.1. Raw maierial selection

The raw materials used to prepare BIST body samples are lisled below:
1. China Clay

China Clay (Rajmahal)
Ball Clay {White)

Eal S

Bejoypur Clay (Grade 1)
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3. Washed Bejoypur Clay
0. Ball Clay (Black}

7. Frldspar

§ Quariz

Table 3.1 and 3.2 show the grain size distiibution and the chemical analysis of cach raw
malerial respectively, The detwled description about these taw maicrials is available in
the Technelogical Report on 'Lvaluation of Raw Malcrial: Jrom Bangladesh 98 The
poicentage of raw malterials added o prepare the BIST body is shown in the Table 3.3,
and the resultan! final BIS{" body composition is shown in the Table 3 4. Number of
santples were propared using di[Terent Niving (emperatures and 1he clicmical composition

is shown i tahle 3.5
222 Chemical analysis

The basic requirement of the quality product 15 (0 use high-prade raw materials and for
Gius reason chemical analysis of the raw malcrials is madatory i cvery balch The
analysis of the raw material was done by conventional volumetric method and XRF,

Agam the chenucal analysis was also done 1o lind out the constituents of the final
products. Here manly the weight percentage of 5i0;, AlLCh, FoaQy, K, Nag(3, MgO,

CaQ and TiO; in the raw materials and the final product were measured.

3.2.3 Croshing

Many raw natcnals need lo have the size of their lumps, aggregates, particles, ete..
reduced before they can be used in ceranmie manufacture, In genzial, crushing refers 1o
reduction of large lumps to a convenienl size for seondary reduction. Actually in the
processing of ceramic insulator materials the raw materials used were clays, feldspar and
quarty. The components te be crushed are {eldspar and quarte, The jaw crushers were
used 1o perform this operation. Afler thal secondary crusher and wiinder like ball mill or

attriton mdl woere uscd to reduce the stze.
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3.2.4  Ball milling or pot milling

Clays.-leldspar and quartz with different percentages were mixed fhe pot null and the
mills were rolated at a speed at which the pebbles {or grinding balls), elc., are carried up
the side and then roll aver each other to the bottoni. The grinding is therefore cflecled by
impact and rubbing. Water was added Lo the clays with the ratio of 11 so that a proper
consistency of the mixmg was happencd. The duration ol mitling, onc of the deterniining
factors of the particle size of the raw matetials was 16 0 15 hours, The fnal particle size

after nulling was about 50 to 60 pum.
3.2.5  Magnetic particle separation

Cortain minerals can be purificd by magnetic methods although they are not
fenomagnelic. The susceplibility to inlense magnelic (iclds ol such feebly magnetic
matenals s insufficient to attract them against the foree of gravity, as s donc in the
removal of strongly magnetic material But by applying very high magnetic ficld
intensity hotizontally te a falling stream the more susceptible particles can be deflected
sufficiently Lo eflcct a separation. The raw materials were crushed anl ground o a size
where the mingrals o be separated were no longer mechamceally bound together, The
particle size was less than 60pm. The magnetic separation was carricd out by applying
stiony magnetic ficld when the material is in the wel condition. The raw materials were

passed through the Geld and the separation was carvied out
3.2.0  Reservoir

Aller grinding and milling, many materials are astored for short or long periods Clay
slips. muxed body ships may be stored 1 lanks winch are kept agitated jusi enough to
prevent separation They operate much like blungers, bul fcss vigorously. In the present

research, the need of reservoir was limited. Actually the slip was produced and the
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malerial was casl directly, as the amount of the malerial was simall Bul for the large scale

production the reservoir 15 must,

3.2.7 Filter press or casting it piaster of paris mould

In the large scale production the clay slurnies and slips used Jor purifying and muixing can
be dewatered by a number of ways. The commencst methed is filtct pressing. Actually
filter clothes are used with appiying pressurc mechanically in the dewatering This process
is rapid and economical. In the prescint research wok, no fiiter press was used As (he
amount ol material required to produce samples was small, the slip was cast dircetly into
the plaster of paris mould. The sluriy was processed 10 lower down the maistme content
o 18-20% in the plaster of paris mould. The dry plasler mould will suck the waler down

to 18-20% The slurry was Kept in he moudd for sufficient fime to lower the moisture

conlend.,

3.2.8  Pag milling

The function of pugmill is to improve the uniformily ol a plaster clay body giving 1l
greater workamliy because of the proper coating ol elay particles with waler, The
vacuwn machine that 15 Oxed walh the pug mil does this more thoroughly as they also
remove any air bubbles. The materials under study were pupeed with the pug mill and

tod type samples of 10 mu 1 diameter and 135 mmoan length swas prepared,
329 Dryving

The Twridity was first-inereased Lo 0010 70% so that theimtial drying 1ate was Jow
while al the saine lime the temperalure was raised. The humidity was kept high 1o control
drying during the critical-penod of drying shtinkage. Subsequently the later stages were
rapid. This allowed El]l'lé.;I[rJ]'{JGESS 1o be canicd oul ra;;ildi}' without causing defects o the
ware. Drying lemperatures in the tunnel dryers was kepl at 120-130"C and the durabon of

drying was 24 hours,



3.2.10 Firing

Frong was fired m tunnel kilns, [In tunnel kilns, warc passcd through the kiln 1he
temperature distibulion along the kiln was kept constant. Air for combustion was healed
by the cooling ware, and the combustion gases passed over the kiln and healed all thie
warg enfering. In this way the heat contant of the combustion process was ubilived with
vreal efficiency. The finng curves for the production of the samples is shown in fig
3.2(a}. The deviation of this curve can be comparcd with the standard [inng cycle curve
m fig 3.2{b). An IITEgU!aHf}-’ in the firing insulators al the BIST is cloarly noticcable. The
cooling loo fast Lo ntroduce sciious residual stresses in the Nred product Also, the

heating eyele was not um form and may cause warpage o1 crack in the product.
3.3 Physical Properties Measuremenis
331 Density Measurements

Average thickness and diameter of each sample was mcasured to caloulate the averape
*
volume (V) of cach sample. The weight (W) ol the sample was Liken and the density of

the sample was calculated using the formula

3.3.2 Hacdness Measurcinents

Vickers microhardness test was applied 1o the specimen fired at dilterent wmperaiures, -
The place was chosen so that the pomt of indentation dogsn’t Jall on the pores The
Vickers hardness lest uses a pyramidal diamond with an angle of 136" helween faces. The
Vickers hardness number of a material 1s defined as the load applicd divided by the

coilact arca of the indentor, For the standard Vickers indentor this reduces 1o

1.85440

o

[Mardness =
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The Vickers micrehardness test applicd the load of 200um The standard af the Vickers

mcrohardness, which was followed., can be Tound on ASTM [F384.

3.3.3  Bending Strengih Mceasurement;

High demanids are made on commercial ceranuc insulalor m respect of micchamcal
strength. For tus reason it ig lested (or bending sirength. On bendimg o rod the lower
layers are shressed 10 compression, the upper i lensions. For ceramie product cross
breaking strength is usually more important that erushing oe fensile strengih, but bodics
wilh the highest crushing strenglh usually alse have the highest sirenglh, Bending
strength measutements weie carried ool for the bulﬂi’:]cﬁ prepared. The machine that was
cmployed [or bendimg test measurements 1s called Bending sirength Llester. Here a static
load was employed at the center ol the specimen. The specinen was held by supports a
ihe both ends. A scale 1ecorded the load employed, which was not the direet teading. Tlas
reading then converied into actual reading (Kgfem?®). A Tormala was employed Lo convert

the machine reading, which 1s presented below:

i

Heh

47

Ty =

where

Fi — Breaking load 1 N {Scale value)

= = Whdih between supporls 1 mim

M = Moment of resistance in mm’ {Dependent on the cross seclion shape of the
speclinen)

'
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where d 15 the diameter of ihe sample

o = Ultimate breaking end bending stress (N/mut’)
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3.4 Microstructural Charzeierization

Ceramic matenals are finding increased application m many areas ol technology and the
microstructural analysis of coramic matenials 15 there fore mere becoming comumnon in
matcrials testing laboratory. Among others light and clechion microscopy play an
important. Like melallic matenal the prepared specimens are piclerably examined wilh
reflecled hght or scanming clectron microscope The methods Tor melallographic sample
preparation can, with somc miodiflications, alse be used for ceramic matciials. Thc

necrostructural examination of ceramic malertals s known as “ceramopiaphy.”

34,0 Optical Ceramography

Ceramic materials are extremely hard materials requiritg dilferent proceduies than those
used for metals. Although semc samples were scetioned will special abrasive wheels,
however, dianond wheels are preferred in olhel cases. Gunding with cmery o silicon
calnde paper was not used because very little matenal would be renmoved before the
paper wears oul. Diamond pastes were used, almost exclusivety, for all stages of

pCraration.
3.4.1.1 Sample Preparation for ceramography

Sampling 1s donc almost cxelusively by sectionmg with moten zed culofl machines using
watel enulsions as lubricants and coolants. Low specd (1000 mpm) was applicd which 1s
suabte for ceramic insulator. As in metallography, mcchamcal gnoding and polishing
mcthods are also most commeon in coramouraphy, where matcnisls are successively
iemoved fiom the surface by the giinding and polishing media, Hand grinding is a very
liring chore; automatic devices are definitely preferred. Several procedures were used Lo
hold the diamond abrasives during rough and fine grinding. such as diamond on cast-iron
or cerad wheels, rosewood rods, and resin or mictal bended dismond laps. The samples
were preparcd by the diamond cerad wheels in the laboratory. Bepending on the

smoolhness of the cut, preparation commenced with 60-. 45- or 30-pm diamond discs.
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Wilh automatic devices, relatively high pressures and shorl times (1 10 2 man) were used
wilh a wheel speed of about 300rpm and copious walcr-cooling  Coarser gnils were
regquited to grind an as-sintered surtace. Rough polishing was conducted using 6- or F-pm
diamond paste on aylon, Texmel, or Pellon ¢loths, Polishing times ol | to 2 min weore
used with very lmigh pressure and low (150 rpm) wheel speeds. Final polishing was
performed using 14 um diamond paste on a low nap or napless cloth with high pressure
{or aboul | mun. These procedures arc necessary o minimize stress reliced in coramic

maierials. .
3.4.1.2 Eiching

It is good praclice to examine a cermmic specimen i ity as-polished condition under the
microscope before etching, ‘This permits the evaluation of the amount of pores and thor
distrhution and possibly the evidence of tieakouts. [nclusions, contaminations and
cracks should be analyzed first on the unctched specimen. They will have 1o be clched,
though, 1o reveal the prain boundarics, phases and the other microstructural feajures. The |
ctehing were performed by immersing the samples in | % hydrolluone soid for 10 o 15
nunules  Another elching technigues were followed where ctehing was performed by
immersing the sample in 4% hydrofluoric acid maintained at 6" C for 10-15 scconds
Aller clehing the samples were observed vader optical microscope al ugh magnification
(X100 and »400) and micrographs were laken as necessary  Oplical confrasiing
lechmques such as darkfield, polarized light. and phase conirast play only & minor role in
the cxamination of microstruclures in advanced ceranmes pror to elehing They are more
successlully applied m combimaiion with elching. Tlus 15 retated 1o the fact thal
chemically etched ceramic specimens, examined unde the microscope with teflective
brightlield illumination, produce a low contrast and whilish image  Ceranues permit the
light ray to penetrate the surface, resulting in scattering and inlcrnal ictiections of the
light, rendering it difficuit to obtain a truc image of the surface. To climinate light
scatlermg and o improve the reflectivity, 1t 18 recommended (hal the specimen swiface be

coaled with a reflective layer. Such a layer should be between 5 and 10 im thick and can
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be sputter coated with cither Au or AlL This way (be details of the structure's wpography

are truly revealed. .
34,2 Scanning Electron Microscopy

The Scanning Eleetron Microscope (SEM) 15 one of the most versatle and widely uscd
lools of modern scicnce as it allows the study of bolh morphology and composition of
biological and physical malerials. By scanning an clectron probe across o specimen, high-
resotution rmages of the morphelogy or wopography of & specimen, with great depth of
licld, at very low or very high magnifications can be obtained. Compositional analysis of
a material may also be obtammed by monitoring secondary X-tays produced by the
cleciron-specimen interaction. Thus detaled maps of clemental distnbuiiom can be
produced lroo wulti-phase materials like our ceramic matgrials, Chaacterization of fine
particulale maller 0 tenms of size, shape, and distribulion as well as statislical analyses of
these paramctars, may be performed. For ceramic tosalalor the sciming cleclion
microscopy is & must because il will reveal very fine nucion size cracks within the phases
e
and wili also show the characlenstics of different phases, theli orentation and other
lopographical effect over the surface. The size of Lhe porosily and the miciocracks can be
greatly analyzed by SEM and as porosily and cracks influciice the mechanical sirength
and dielectiic stiength, we can make comnents on diclectric and meclianical hohavior by

obsciving the SEM images.
3.4.2.2 Speciinen Preparaiion

Thice requirements lfor preparing ceramic swnples for a regnlar S1EM me
1) Remove all water, solvenls, or other materials that could vaponze while in the
Yacimn.
2} Firmly mount il the samples.

3} Ceramics should be coated so Lhey are clectiically conductive,
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The preparation of sample usually foflows the samc as ceraography. Alter elching 1f the
sample produces good 1mages under microscope then it will be prepmed for SEM. First it
Is cleaned ultrasonically lo remove all the loose particles. waler, eiching reagents or other
matcriats that are haemiul in vacaum. Then the specimen is mounted in SEM stand and

1cady for coating.
3.4.2.3 Coating
Coating used 11 SkM analysis is aimed mainly at the lollowing:

b, Preventing the charge-up on the specinen surfuce by covering it with a
conduclive maicrial.
2. Increasing sccondary clectran emission by covering a specimen of low secondary

cleclion cnvission with 2 melal of lmgh secondary cleciron wield.

For coating. the sputtening method is generally used. With the improved resolution of the
SEM, coating techniques for fugh magnification arc still under study. However, varous
substances arc being used 1.e, C, AU, AU-Pd, and Pt. which must be seiceted depending
on the purpose and magiification. For our convenience we have coated wilh carbon. His
necessary 1o select a coating suitable for the observation magmification, I1 the coating s

toe thick, s pmucles become visible while al the same time the stmctures ol inierest are

may be obscured,
3.4.2.4 Spuitering

This device 15 most widely used Tor observing specimen surluce morphology, When
coaling polymer materials that are easily damuaged by jon inadiaion and clectron
iradiation. the triode-type magnetron-sputicring device is recommended over the diode
sputtering. As metals, AU and AU-pd are penerally used hecause they are castly obtamed

and gencrate secondary electrons well. Recently, however, hiph-melting metals such as Pt
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and W have been used for high magnification obscrvation, because ol their high

granularily
In our laboratory we have used the Agar SEM Carbon couater
3.5 Phase Analysis by Xeray Diflraction : .

A given substance always produces a characlenshic diffraction pattern, whether that
substance 18 presenl in the pure slale ot as one consbituent of a mxlure of substances,
This {act 15 the basis lor the diffraction method of chermical analysis, i.e., phase analysis.
Qualitative analysis for a particular substance s accompanied by entificalion of the
patiern of that substance. The particular advanlage of diffraction analysis 15 that 1
discloses the presence of a subslance as thal substance actually exists i the sample, awd
nof i ierms of its constituent cheimcal elements, For cxample. 1f o sample conlains Lhe
compaound AL, the diffraction mcthod will disclose the presence ol AB, as such,
whercas ordinary chemical analysis would show only the picsence of clements A and B,
Furlhermare, 1f the sample contained both A.B, and A,Bs,. holl of these compounds
would be disclosed by the diffraclion method, but chenical analysis would again indicale
only Ihe mesence of A and B. Another rather obvious apphication of diffraction analysis
15 in distinguishing between different allotropic moditications ot the same substance
solid sihca, for example, exists in one amatphous and sin crystalline modilications, and

the dilfraction patterns of these seven forms arc all ditferem

The powder pattern of a substance is characteristic of that subslance and forms a sort of
fingerprmi by which the substance may be wWentified. 7 we had un hand a collechion of
dilfraction patierns for a greal many substances, 1t could be identified an unknown by
preparing its diffraction pattern and then locating i the ficld ol interest of known paticms
one which matched the pattern of the utiknown exactly. The collection of known patterns
has 1o be {aicly large, if # is 1o be at all useful, and then paltern by pallem companisen in
order to find a matcting one becomes out of the question. What 15 necded 1s a system of

classifving the known patlems so thul the one, which matches the unknown, can be
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located guickly. Hanawalt devised such a systent in 1936, A sct ol fing positions 20 and 4
scl ol charactenize any one power relalive tine mtensities I But the angular positions of
thie lines depend on the wavelength used, and a more Tundiwmental guabity is the spacing d
al the iattice planes forming cach line. Hanawalt therelore decided o describe cach
paitern by listing the d and § wvalue of its diffraction lines, and o amange the known
patterns in decreasing valuc of d [or (he strongest line in e pattern, This arrangement

made possibic a scarch procedure, winch would quitkly locate the desied pattern.

Phase analysis by X-ray dilffraction was carried oul according to Hanaswall method, 2 10 3
gm of the pewdered samples of fired body (fired at 1250°C, 1275"C, 1300°C, 1325"C,
1350°C, 1375°C and 1400"C) were put in a shide and pressed so (that these were attached
wilh lhe swiface of the slot of the shde. Then x-ray patterns were recorded. The powder
was characiernzed by a sct of hne positions 20 and a set of relative ling Intensities | The
angular positions of the lines depended on the wavelength uscd, and o more Tundamental
quahity was the spacing d of the laltice planes formiing each ling. 1 has by bisting the d and
| vadues of 11s diffraction hnes, and te arrange the known patleins i decreasing values off
ol [or the strongest iine o ihe paltemm, This process dentified the |1ll1a.-suss present i (he

samples. All the samples were examined according to tiie [ollowing specifications.

3.0 Chemical Properties Measurement:
3.6.1  Glassy Phiasc Determination

For defernuning the glassy phase a special technique has been taken, Here first the Nirgd
spectinen has becn grounded very fine and screened those powders inlo 300-mesh screen.
The particles that pass the screen are laken for experiments. Then Lthosc particles are dried
Lo heeome moisture frec condition and then a sample weight of TH125 v is taken [ the
mcan tuue 1% hydrofluoric acid solution is prepared and 10 ce salutien 1s laken for the
operation to procesd. In a plastic pol we allowed the particles (o react with the solution
for two hours Then the selution was fillcred through pulp. Continuous water wash would

give us the better result and then the residug plus the pulp 1s dried and fired at 06" C.
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The weight of residue is the weighl of crystalline body and the panl of the powder lost in
sotution 1s the weight of glassy phasc which has been cormoded by the lipdroMuone acid.

50 {he weight loss will give us the percentage of glassy phasc in the struclure

The operation was nm on a number of sample like fired body at §230",1275", 1300°,

13257 1330%, 375" and 1400°,
J.6.2 EDAX Analvsis:

Scanming Eleciron Micioscopy (SEM) in conjunction with Encigy Dispersive X-Ray
Analysis (EDAX) allows delailed charactenzation of Porcclan ceramie nsulator,
Llectron Microscopy allows detaifed magnification of up to x 30000 while EDAYX allows
qualitative and semi-quantilative elemental analysis SEM combined with EDAX is a
very powerlul (ool and finds wide and varied use Gom all type of mdustries. Spot
analyzed has been taken i SEM images. 4 spol um;iyms wis luken by EDAX analveer

and where the qualitative and semi guantitative resulls were gatlicred
3.0.2 X-ray Fluorescence

When a primary x-ray excilation sowree from a x-ray lubc or 4 radioactive source strikes
i samiple, the x-ray can cither be absocbed by the atom or seattered thiongh the matenal,
The process in which a x-ray is absorbed by the atom by transferring ali of its energy to -
an mnermost electron is called the "photoeleetric effect." During this process, if the
piimiary x-ray had sufficient encrgy, efectrons are gjected from the inner shetls, creating
vacancies, These vacancics presenl an unsiable condition for the atom. As the alom
teturns Lo its stable condition, electrons fiom the outer shells are transleried Lo the mner
shells and in the process give off a claracteristic X-ray whose energy is the difference
hetween the two binding energies of the corresponding shells Becavse each clement has

a unigue sct of cnergy levels, cach element produces x-rays at a unigue sct of glergies,



allowing anc to non-destructively measure the elemental composibion of a sample. The
pracess of cnussions of characlenislic x-rays 15 called "X-ray Fluorcscence,” or XRIE

11

Analysis using x-ray fluorescence is culled "X-ray Fluoreseence Spectioscopy.

in this projeet chemical analysts 15 also done by X-ray speclioscopy to cheek the exact
chemical analysis lor all raw materials and also the Tued hody ol the linal product. The
raw materials include ball clay, feldspar (local and imporied), ching clay { body and
plastic), biyjoypur clay {washed and unwasbed). Sylhel clay und the Tired body of the final
produci. |

XRF is a very important tool in casc of ceramic matenials because in baditional chemical
analvsis it takes so much tme and alse the resall is nol always accurate, That's why XRF
Llechimague 1s apphied for lngher accuracy of the analysis resull. The XR1E method 15 widely
used Lo measure the elemental composilion of cermmic materials Since this method is fast
and noa-destructive (o the sample, it is the method of choee for field applications and

industrial production lor centrol of matcials.

1.7 Klectrical Properties Measurement
370 Diclectric Sirengih Measurement

Dicleetrie strength of an insulating body 15 mcasurcﬁd by paning higgh voliage through a
certain thickness ol the body. The spechimen thickness must be limiled o 3 mm to
minimize the probahility of having cracks and olher defects which may lower the resull,
thus we made the specimen with (hickness varying from 0.5 mm o about 2 8 mm A
standard specimen 15 shows in (g JJ.4a. The standand 1est procedure follows as AS M

methods {£33755) Thus the dielectric strength is measured as

DS = [EEJ
B I:f-‘- [LINEY
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Bul very Lhin specimen preparation is {roublesomc as it furns inte wary shape during
firing. That’s why the whole body is made of several mm thicknesses and depression of
around Jmm was made. Through s depressed pomt high voitage 15 passed unlil fraclure
spark aceurs. The samples prepared and fired i MMLE department ceramuc labotatory are

also tested. The applied breakdown vollage was measured as [ollows

The breakdown vollage of a spark gap belween two metal sphicres may he wsed as a
measure of voltages up to the highest encountered in high vollage testimg The normal
arrungement consisis of lwo equal sized, polished alumimium spheics separated by an air
gap The spheres are usually mounted vertically an above the other, with (he lower sphere
carthed. The vollage between the sphieres 15 ratscd tlb o spark passes between the two
spheres the value of voltage required o spark over (breakdown) depends upon the
dicleetrie strenglh of air, he size of spheies, the distance between the spheres and many

the faciors A typical dielecing sirength tesler is shown i fig. 3.4,
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RESULTS AND DISCUSSIONS

4.1 Introduction

-

In order to find out the refation between the structure and propertics of ceramic insulator
the physical, mechanical and clectrical properties of ceraimic insulator weic measured and
the properiies measured in each test were comparcd with the optical micrograph or SEM
micrography. The mechanical strength includes bending strength and hardness of samples
fired in different firing condition and chemical compasition measurement also describes
the chemical proportion of cach raw matcriaf and the fired bady to show the impurity

content. The diclectric strength was also micasured in high vellage icstar.
4,2 Density Data

Table 4.1 shows the density vatiation with lemperalure. Here the densily of sample fired
at dilTerenl lemperalurcs was measured. This indicales the increase n ihe peicentage of
mullite phase increases the density. Density data can be related with the microsiructure in
such a way that where the glassy pbase increases the densily decreases and again the
mullite increasc the density increcases Now wilh incrcasing temperalure the amount of
glassy phasc as well as the mullite pereenlage also incrcases. Now in these ciicumstinges
a temperature has 1o be set where the oplimum densily can be found for samples fired af
differenl iemperature. Looking at the dala for density mcasurement il is found that the
densily is maximum al 1350° C, Actually the density data shows quilc o similar resull for
samples fired from 1325 to 1350° C. This is because in these (emperatures the amount of
glassy phase developed from Ihe quaitz particles and the amount of mallile formed

during firing balance cach other.

4%



4.3 Hardness

The hardoess of samples fired at different firing condition was also mcasurcd. The
hardncss was found to be varied with different temperatures, The Vickers microhardness
result shows lower hardness in 1250°C, 1275"C and IEf}DDC but increases when
temperatures increases and found {o be maximum at 1350°C. The hardaess profiics also
show stighl decrease in hardness when the temperalure drops from 1350°C to 1375°C and
the decreases more with further drop in temperature. Table 4.2 shows the hardness profile

data and figure 4.2 shows the variation graphically.

This 15 because the amount of phases present and the umount of glassy phasc present in
the siructure. In general it is known that the temperaturc has a marked effect on structure.
The quarlz conlenl decreases and the mullite content and the glassy phase content
increase with lemperature increases, Quarlz and mullte confribute to the mechanical
sirength of the wsulalor and glassy phasc content only increases the volume but do not
have any strength increasing clfect. The elfect of these 15 quite clear on the results of the

hardness profile.

AL 1250° C and 1275% C, (he hardness is almost 6429 and 6773 kg/mm® and when the
temperature increases o 1325°C there 1s a rise in hardness (6GY6(0 kgmm®), Although the
quartz content decreases, the mullite conleni increases with temperature and that’s why
the hardness increases. Again the adverse cffeel is the increase of the amount of glassy

phase content Bul the increase of mullite phase offset those disadvantages.

Again when the temperaturce increases from 1325° C to §350°C the hardness increase
continur:':s from 6960 to 7153 kg/mm® mamly due to the increase in muflite content, ‘Fhe
maxima were found al 1350°C and again the hardacss decrease with lemperature, The
highest bending strength was also found at Lhis tenperatue. The reason behind tis is the
maximum offsel power of mullite to the increasing glassy phase and decieastng guariz,

comtent At temperalures above 1350"C, although the muilte conient increases Lhe

49



increased amount of glassy phase along with lower undissolved quarlz content , decrcases

the hardness.

4.4 Bending strength

The {able 4.3 shows the bending strength for different types of samples fired in different
(iring conditions. The dala shows that al the higher temperatures, with the ncreasc in
temperalure the beiding strength decreases shghtly bﬁt at lower leimpceratures (from 1250
te 1350°C) (he strength increascs with temperatures. Allhough there is some slight
variations bul (he resuit almost characlerizes the above principie. The rcason behind this
the amount of glassy phasc contenis. With the mcrease in glassy phase inerease the liguid
viscosity and helps to maintain the shape during {iring. On the other hand muilite, which
15 a crystalline phase, have a vital role on mechanical strength. As the matrix of the
ceraniic sample 1s either undissolved clay matrix or (he glassy phasc the needle shape
muliile mainfain the stress level in a higher order as just in a composite matrix. Alihough
the mullite fonms above 1100°C the mullite needies become promnent above 1306°C.
But with increasing (he temperature the parlial dissolution of quartz phase gecurs which
starts at 1200°C. Increased glassy phase content tends o decrease the bending strength of
the porcelain ceramic insulator. The bending strength data shows that the nghest heniding

strength was found in the samples fired at 1356° C,
4.5 Determination of glassy phase conient

The amount of glassy phase was measured by gravimetric analysis. The dala in tablc 4 4
shows (hat the amount of glassy phase increases with the temperature, The graphical
representation was also shown in fig 4.4, As the lemperature increases (he glassy phase
increases with the dissolution of quartz. The partial dissolution of quarlz starts at 1200°C,
which can also be seen as a rim around the quartz particle. With increasing temperature
the area of glass rim increases and Lhe particles become smaller. Those cifects can also be
seen on the microstructure of the samples. Tt was found that at lower temperature like

1250°C the quartz particle was larger (microstructure of X 100 magnifications) and wilh
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increasing temperature the pariicles become smaller and (he glass rim arca becomes
larger. The maximum content of glassy phase was found 1 the samples lired at higher
lemperatures like 1375°C and 1400° C. The glassy phasc conient 15 7.34%, at 1250°C and .

increases with Lemperalure increascs to 28.89% at 1400°C.
4.6 X-ray Fluorescence

X-ray fluorescence result shown in fig 4.21 shows higher amount of silica content in the
local elay such as 03.90% in Sylhct clay, 83.84 % in unwashed bejoypur clay, 73.92% in
washed bijoypuc clay. As the iansulator body contains considerable an';::-unl of bijoypur
clay the body produce sufficienl amount of glassy phases in the higher temperature.
Thal's why (hc diclectric strength drops after 1350"C. So it can be stated that afler
1350°C the glassy phase na longer fitl up the pores and cracks and starts decreasing the
strenglh both mechanical and diefecine. China clay shows lower silica content (55.80%
and 33.17%) and higher alumina contents (39.74%). That's why if the body preparcd
with china clay will shows higher mechanical and dielectvic strength. The fired body also
shows 70% silica and 22.64% alumina in sampie fired at BISF at 1325°C. Stoichiometric
formuia of mullite shows thal there has to be 2.55 times alumina than silica. So (he results
shows very low mullile has formed in the fired body. From this it can be concluded that
alumna content if high, will be desirable for mullite nucleation. Highet amouni of silica
in fired body will result for larger amount of glassy phase, which in turn reduce the

prapertics of ceramic msulator.
4,7 Optical Metaflography:

The heterogeneous nature of the ceramic insulator producl was obsctved in the fig 4.5 to
fig 4.11 where the microstructure of the fired body was shown in X100 magnifications,
The microstructure shows the quartz grains sumounded by a solution of rim of high silica
glass, which can be scen in X400 magniﬁchﬁnn is also shown in {ig 4.12, The outlines of
glass wullitc areas coresponding to the original femldspm' grains and the uarcsolved

mattix corresponding 1o (he original clay can be clearly distinguished Dark spals are also
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secn to be present, which may be explained as the pull out of the particles during grinding,
and polishing. Although nulhte 15 the crystalline phase in both the original [eldspar
grains and in the clay malrx, the cryslal size and development are quite different. Here
the dark matrix shows the presence of nullite, though it is not visible as separate mullite
needle in the tower (X100} magnifications but can be realized in ihe higher magnification
SEM images. From the microstruciures, the guariz particles arc the only phase to be cared
about, The particle size, shapes are also to be considered. A quartz parlicle and the
surrounding solution rim of high silica glass are shown iu (he microstructures. Usually
the guatlz forms only the glassy phase, bul for some composilions fired at high
temperature, Ihere (s a transformation into crystoballite or rydimile, which starls at the
ouler surfuce of the guarlz particie. The cracks were caused by the grealer contraction of

{he quartz grains comparcd to that of the surrounding matrix

The microstructures fired at 1250"C show large number of quartz grans and also some
dark spots and the nm around (he quarie grain are neghyible. The small arca of black

matrix is mullite ciysial.

The microstructures fired al 1275%C also show almost the same (caturcs as the samples
fired at 1250°C. The figure shows slightly incrcased amount of black matrix. As the
samplc was fired at hiflgh tempaerature for almes! 24 hours {in the fiving zone) the mulhle
cryslals become more prominent than the samples fircd al lower icmperalure. The plassy
rirn around the quartz grain has no change The dark spots are also observed in the

struclure.

The microstructures fired at 1300°C-show undissolved quartz, a significanl area of glass
om around the quartz particle and the mullite crystal increasing a bik. The only

distinguished feature 15 the development of glassy phase arouid the quartz prain, Here the

dark spots or pores are i large size, The reason for this is clearly explain carlier..

The microstructures fired al 1325°C show lower guartz content than the sampies fired at

lower than 1325° C. The rn_u]litc incrcases significantly. As glassy phasc increases in a
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higher order. Although the porcentage area of mullite crysial decreases, the amouni of

mullite microstiuctures increases than before.

The microstructlure fired at 1350°C is quite similar to that of the sample fred at 1325"C.
The significant featurc is the size of the quartz grain, which scems to be smalter and
smaller. The rim arca increases sig::iﬁcaut]y as well as the mulhte crystal zone The
microstiuciure at 1350°C shows iarge number of very small quarlz graing with mullite
crystals in the highest amounl. This signifies that thére would be a considerable number
of large size quartz grains. Bu! as the temperafure increascs the guarlz dissolves and
becomes smaller or fully converied to the glassy phase. That's why large numbcer of

small-undissolved quartz particle was found.

The microstructure at 1375"C shows few pumber of quartz grain. which stll not
dissolved yel. The microstructure in higher magnification (X4007 shows larger area of

glassy phase and mullile crystal growing in length.

The microstructures at 1400"C show fewer numbers of quartz grm and glassy phasc in
the malrix of unresolved clay matrix. The mullite crysial 15 also present and considerable
amounl of pores was also present. The temperaturce is so high that there is a chance of

bumn out of particles, which makes pores inside the body.

4,8 SEM Image Analysis

Fig 4.13 to fig 4.18 shows the SEM images of ﬁﬂmclain coramic insulatar, Dug o
inconvemiency of working at high voltage in the Scanning Electron Microscope of BUET
the test was carried out lo only one type of samples. The sample, which is fired at
1325°C, was examined in SEM. All the structure contains undissolved quartz particle,
mullite needle, a rim of glass around undissolved QLII.HI‘T? particic and a background of
unresolved malrix c;:}rresponding to the original feldspar, Cracks arc also secen i the clay

malrix ncarly where the mullite percenlage is less or where the undissolved guarls
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particle sits on the glassy phase. The important features of SEM omages are described

below.

The quartz paﬁiclcs are observed in the SEM images. Al ihe boundary of quarlz small
rim of glassy phase is observed which is due (o the partial melling of quarts. The particles
observed are in the size of 1 micren te 5 micron or even 10-micron quarz parlicies can

be seen. Undissolved quarle parhele is not coherent wilh the unresolved clay malnx.

SEM images of the porcelain show mullite needles and EDAX analysis on thal needics
support the cxact chemical compesition of the mullite. Images indicale mullite's
preferential orientalion on the surface of clay or kaelinile matsix. Probably the mullite in
the clay matrix is the sced for the crystallization of the mullile needles. Those mullite
ncedles obscrved in the clay matrix is generally fermed as pniovuy muflite. The
momhology of the mulhite needie 15 hke acicufar crystal. The mullite needles seem Lo be
interbocked, which actually act as the strenglh increaser. When muilife crystal forms from
the clay mainx il inereases the volume by 10%. The incicasc in volume heals up any
cavily or porosily or any cracks formed due 1o shiinkage and other thermal expansion
The SEM image clearly describes this naturc. Where there is a low mullite conlent or no

mullile {he ¢racks become more prominent,

The mainx surrounding the quartz particle and beneaib the mudhte needles is supposed 1o
be the unresolved clay matrix. The glass nm around the quantz particic is shown as the

parlial dissolution of quartz.

The glass im is observed surrounding the quartz pariicle. These hecause the temperature
causes the quanz particle fused and the resull is the glass. There are somic important
[catures of glassy phase, which can he described. At first the glassy phasc helps the
property by filling the pore around the gquarts parlicle. Jt helps bolth mechanical and;
elecirical strength 1o increase. So at lower temperature (helow 1350°C), the strength
decreasing effect was not so observed. But after 1350°C it only increases the velume and

then it decreases the strength and olher properties.



Cracks are observed in the images. The cracks are observed mainly near the quartz -
particle and those regions where the crystafline phase or mullite ﬁhasc is lcss or absent,
The cracks are peripheral arcund 1he guarlz grain, Al the crack tip some expansion cracks
are also to be observed. Cracks are eImngatéd to the clay matrix. Almost all the eracks are
interrelated. The reasons for crack development are described below,

Cracks can be occwited for vanous reasons. Cooling through the quarntz mversion (573°Cy
resulls in a quartz particle volume decrease of 2% which can preduce sulficient strain lo
causc cracking of the glassy matrix and even in a rare case quarz iiscll. The cracking
severity largely depends on cooling vate Slow cooling rate through the transformation

zoie will produce smail strain.

The nature of cracks 10 porcelain body is dependent on the expansion cocfTicient of the
malrix and the palriic]c. If the particics contract moirc than the matnix resulling in
circumierential cracking around the particles. This is truc for quarlz particle in the
fcldspathic glass of the porcelain body matnk. The stress generation and associated
cracking duc lo the presence of quartz particles tend lo be severe because of rapid
displacive phase (ransformation of quartz during cooling Again il the matrix contracts
more than the particle resufting n the residual cracks emanating from the paricles. In
figure 415 the large quartz particle exlitbits continuous peripheral {racture al or near the
grain boundaries and wnterconnecled matrrx fraciure. An effect thal cin Jead to artifacts 1a
microstructural evolution is the release of induced slicsscs during specimen preparation
like grinding and polishing of samples might 1cad to some observed cracks on the surface
because of stress release. Crack size can be seen in the SEM images wlhich 15 shown i
4,14, the crack width is very small seems to be 0.1 micron or less which 1s not visible in
the optical micrescope. This lype of micro cracks surely delenorale the properhies of

ceramic insuialor
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Another important reason is the incoherence of wulissolved quartz lo the matrix.
Undissolved quartz particle 15 not coherent with the unresotved clay matiix, That is why

the cracks formed due to changes in composition, phase and thermal cxpansion.

Mullile is @ crystalline phase. With the nsucleation of muihte phase from the clay malrix
the volume expands slightly as much as 10% [3]. But in area where no mullite crystat
forms, the cracks arc obscrved in the malrix due to shnnkage As the tempoialure cools
down from a very high sinfering temperature {say around 1325° ), there 15 a chifferential
thermal contraction occurring 1n the matrix, which causc in cracks. The region wheic
there is sufficient mullitc crystal, the cracks were healed up by the volume incicase by
mullite. But in arcas of no mullile or little mullite the cracks cannot be healed up. So

those cracks were observed in the matnx.
4.9 Dielectric Strength Data

In general, (he dielectric strength will inerease with increasing temperature. Experimental
sludies comvinced that the dieleciric strenpth of the ceramic nsulators is mainly
dependent on the firing temperalure, Because the amount of crystalline phages present at
different temperaturcs arc largely responsible for ibe improvement of the diclectric
strength. TTie crystalline phase, mullite comiribules most lo the strength of the insulaling
materiais. This phase is increased with increasing lempeialwe thus increases (he
diclcetric strength with increasing temperature. Muflile 1s a phase of A1;0; and Si0,
[AleSi203], which iesult from a peritectic reaction. The increasc of lemperalure will
ncrease the glassy phasc. Increasing amount of glassy phasc is responsible for the
strength deercasing effect. First the glassy phase content [ up the pores, which helps i
incrcased strength but afler that the sirength decreases with glassy phase as 1t only
increases the volume. On the oiher hand, the steenglth can be greatly ncreases by
undissoived quadz. if it is possible o retain the undissolved quariz with higher amount of
mullite then ibe strenglh would be preatly increased. Undissolved quartz has a higher
strength increasing cffect than dissolved quartz. 11 the firing lemperalure s exiremely

high, the dicleelric strength will drop because of the dissolution of quarle grains. So the
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fiing lemperature should be selected at an optimum range, which 15 suilable to obtain the
desited dicleclric strength. For this purpose the diclectric strength of malenials fired at

different lemperaturcs was studied.

From the cxperimental results it is observed that, the diclectric sirength of the insulating
matcrials fired al lemperatures between 12507 to 1300°C is found to be 20-25 kvV/mm and
for the specimen fired at 13257 to 1350" varics from.24-29 kV/mm  Further increase in
temperature creales a major fall in dielectric strength. The maximum dielectric strength is
ohserved at 1350°C. The variation is shown in fig 4.19. Ihe reason behind this type of

dielectric hehavior with lemperature in the lighl of Optical and SEM micrography 1s

described below.

From the optical micrography it is well undersiood that with increasmg temperature the

mullitc conten! @nd the glassy phase contenl increases and the partial dissolution of
quariz to glassy phase makes lower quartz content in the slruclure, Again cracks and .
pores arc also seen in SEM and optical micrography, which also has some adversc effect

on dieleciric strength. Dark spots amd cracks if contain within the slructure will contain

air.

AL first when the temperatures rises from 1230°C to 1275°C or 1300" C glassy phasc

didn't increase greatly but afier thal sharp increase in glassy phasc was observed. Tn this

course the glassy phase’s contribulion is only to fill the poie and heal up ihe cracks. Also

mullite phasc increases with this temperature increase. For this the diclecine strength 1s

obscrved to be increased. At still higher temperature like 1325°C or 1350°C, the nullite

phase s}l has the increasing cffect on dielecine strength above the decrcasing elfect on

dielectric strength due to the decreasing amouni of quarlz is nol much lo offset the

advantage. As the lemperature 1ncreases (he probabilily of cracks and porosity (o rclain in

the speciiien 15 quite higher and as the glassy phase tontent also increascs, pore filling

and crack heal up by glassy phase is still be possible, Afler that, from {igwe of vanation

ol glassy phasc contenl with lemperalure, the glassy phase sull wereases and {here are

very simall pores 1o be Nlted out or unable lo be filled out. That’s the decreasing rate of

dielectric strenglh was obscrved although there 15 increase of mullile phase. Afler 1350°C



increase in mullite phasc cannot alone increase the dielectric strengih, but the combined
cffect of higher amounl of glassy phase and lower amount of quarlz centent become the
dominant factor. This is the main reason (hat after 1350°C the diclectric strenglh drops
sharply and at 1400°C the strength is very lower and eannot be describe those fired
samples in high lension ccramic insulator. There are several other rcasans, which

contribute to the decrease in dielectrie strenglh, which is descnbed below.
L]

The properiies of an insulating material become degraded and cventuality diclectne,
breakdown occurs at a [eld below that predicted experiments on freshly formned samples
il the ceramic insulator 15 fired at higher temperaturcs like 1375°C and 1400°C. Aging

therefore deterniines the usefisl life of the insulabion.

During lining the insulator samplcs was probably subjected to higher temperalure {or
longer times, which can develop struciural delects as microcracks, which are quite

damaging to the dielectric strength, as mentioned above

Firing for longer time at higher temperature also experiences electrical aging as a result
of the effects of the ficld on the properties of the insulalion. For example, de lields can
dissociate and transport various ions in ke structusc and thereby slowly change the

slpucture and properties of the, insulation.

The diclectric strength results show very scaltercd results. Some icsulls are still oul of
range. Thers arc various reasons for these scattered results. The reason may be any ol

those listed below.

1. The surface contamination by furnace conditions such as excessive moisture,

deposition of pollutants, did, dust elc

2, The inhomogencity of the ceramic body depends on its composition and on the
forming and [illing process. Improper filling of the pores will cause air 1o relain

within the structure, which will conduct electacily and decrease the strength.,



The formation of closed pores depends on the {iring temperature. At higher”
iemperature spherical poeres arc obscrved which 1f not filled by the glassy phase

will deteriorate the strengih.

The inhomogcneity of the dielectric causes retention of airgaps 10 the porcelain

struciure.

Sometines the oxide particles, non-metallic inciusion or ether form of impuritics
arc present on the surface of the specimen as the lemperalure increases. So the
apphed vollage {ind a conductive path on the surface and passcd through the

surlace instead of through the entire msulater.

The relative humidity influences the dieleciric strengih o the extent thal moisture
absorbed by, or on the surface of, the material under lesl affects the dielectne and

surface conductivity.

The surreunding medium (the translormer oil) can clfeet the resuits of diclectric
strength. Because 1t affects the heat transfer rale, exlemal discharges, the ficld

uniformity, thereby greatly influencing the tesl results.

4,10 Phase Analysis by X-ray dilfraction

X-ray diffraction technique (Henawalt methed) was carricd oul on the sumples prepared

for this study, The XRID technique was also applicd to the sampies of lired hody fired at

differcnt firing conditien. 'The phasc observed and their corresponding plancs and

arbilrary intcnsitics were recorded. The data thus obtained were presented graphically

from fig 4.20 to fig 4.26. The data rceorded arc also shown in table 4.4 to 4.10.

The XRD pailern clearly identifies mullite in all the samples [ired at different

temperatures. The intensitics of mullite peak increases with temperalure indicate thal with
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increasing temperature the amount of mullite phasc increascs. The maximwn miensity of
muliite among the samples tested was found in the si:mlplﬂs fired at 1400°C indicates that
mullite’s percentage can siill be increased if the firing temperature exceeds1400°C. XRD
patiern for lower lemperature samples show quartz particle and clay malrisx. But with
increasing temperature glassy phase ariscs, which also increases wilh increasing

tcmperature,

With increasing temperature the intensity of quartz peak become weaker and some peaks
even dimimishes notifies the decrcasing of quartz particle from the structure of higher .
temperature. The clay malnix is eventually same in all the patterns. Although the intensity
become shelitly weaker, indicating the formation of mere primary mullife crystai from
clay particle, the sirengih of these clay peaks do not change much. The analysis of XRD
resull supporls {he results alrcady achicved by oplical micrography, bending strengih lest

and dielectric sirength test.
4.11 EDAX Analysis

The EDAX spot analysis results are shown in fig. 4.27 o [ig 4.30. The spots were chosen
in Tour different regions in SEM micrographs. The fig 4.27 was chosen on the needic
shape are. The analysis shows aluminium content almost three times of silicon. Mullite 15
crystaliing phase the chemical foonula of which is 2A1,04.25i0;. From this formula, 1t
can be shown that the weight of aluminium is exactlly 2.89 times greater than the sibeon
in a molccular lorma of mullite. The figure also shows the swme behavior. which

determines that those needles are mullite.
Fig 4.28 shows very high amount of silicon and a very low amount of aluminwm and
considerable amount of Na and K. This 1s clearly indicated 1o ihe glassy phase. This spol

15 chosen in (he area surrounding the large particle. Clearly this 1s the glassy phase gone.

Fig 4.29 shows high silicon and almost half of it 15 aluminium and Na, K, Fe and Tt 15

also detected. Oxygen content is alse very lugh and il seems 1o be 4 imixture of all oxides.
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This notifics the presence of clay. The spol was taken in the matrix zone and the result

caime as clay. So [rom this analysis it can be stated that the matrix is a elay matinx.
Fig 4.30 is a spot analysis rcsult in the region of large particle. The resulls show very
high amount of silicon and minor amounts of Al, K and Fe with considerable amount ol

oxyger. 1t is lhe quarlz particle, wluch is composcd of 510;.

The spot analysis thus clearly describes the presence of mullite, glassy phase, clay matrix

and quartz.
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CONCLUSION

In this project we irted o correlate the structure with the properlies. First the simucture
was identified and then the properties were measured for different lypes of sample.

Among the resulis the following {eatures can be gathered.

L. The density is highest at 1350C indicates that sintering and pore filing by glassy
phase is the best among the samiples fired at dilferent leniperatures.

2. The plassy phasc increascs wilh increasing temperalure. The reason belund ths is
the dissolution ol quarlz parlicle inlo glass.

EX The hending strength is highest for samples fired at 1350°C. As the quartz particle
and mwliile contributes much for the mechanical strength of porcclain and as
quartz particle decreases with increasing lemperature, beading strenglh decicascs
after 13507,

4, Diclectric strength increases with increasing lemperalure, reaches maximum at
1350°C then drops again with further increasc in temperature. As glassy phase has
a decreasing clfect on diclcetric strenglh and as 1he glassy phase conlent increascs

wilh increasing temperature, the diclectric strength drops alfter 1350°C.

From these findings, 1t can be concluded to the [act thal, 1350°C is the OpHITILIm

temperalure where maximum dielectric stiength of porcelain bady can be achieved.
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SUGGESTED FUTURE WORKS

The project had a target {o reach the dielectric strength of 30kVimm. Although the target
could not be reached bul gone very close to 1t and the project was able lo specify a
temperature {1350°C) in which maximum dielectric strength can be achicved than other
temperature if other variables are closely coutrolled. Another important point 15 that

microstructural fealures are clearly identified.

Al the end of this project it is suggested lo the rescarcher of coming age who will work in
this ficld is to augment the strength contributing phase that is crystalline phasc. i1l can

be done then the diclecite strength will be farther improved.

The impunties mailnij,f come from ball clay. Now il this ball clay is replaced by hentomte
clay Ihen a significant change wifl occur due o elimination of nmpurtics as far the
project suggests. It is also likely to use the bejoypur clay alicr treabing it and lowering its
impurily content. Tf that hupe amount of bejoypur clay is used then large amount of

foreign exchange can be saved
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Table 3.1 Grain size distribution of clay raw materials used in insulator body

Fraction Yield, Wt%
#m China Clay | China Clay Ball Bejoypur | Bejeypur | Ball Clay
{Imported) | {Rajmahal) Clay Clay Clay (Black)
(white) | Gradel | (Washed)
>H3 0.8 1.2 0.2 A6.6 8.4 2.0
10-63 0.0 4.0 0.0 ¥.5 1.9 12.7
10-20 9.9 14.8 5.0 9.1 18.3 21 4
5-10 20.8 11.9 13.5 7.5 8.3 7.5
2-5 288 207 289 1.5 17.4 127
1-2 9.9 10.9 1.0 4.3 11.0 10.7
<l 29.8 36,5 42.4 17.5 147 224

Table 3.2 Chemical Analysis (%) of the raw materials used to prepare samples.

China China Ball Bejovpur | Bejoypur Ball Felds |
Clay Clay Clay Clay Clay Clay par
(Plastic) | (Body) | (White) {l.ocal) [ (Washed) | {Black) _
Si0; 50018 51.86 54,43 72.09 59.46 61.27 1 T4.98
Ti(, 014 .50 1 84 i.02 (RS §.41 .08
Al O, 3334 34.72 30.97 18.69 26.64 24.85 | 14.37
Fe, 00y 1.88 .57 1.37 1.01 .86 0.17 0.83
Mg 1.05 .07 0.34 0.14 .24 020 {108
Ca0O 0.94 0.07 0.17 01 - (.25 (L3 (68
Na;O (.81 u.041 017 (11 0.23 0.25 3.54
K;0 258 0.18 081 {161 .84 (.44 4.91




Table 3.3 Typical hody Composition of Ceramic Insulator

Set Bejoypur | Ball | Feldspar | Chinn China | Quartz | Bejoypur | Total
Or Clay Clay Clay Clay Clay Yo
Samples {Body) | (Plastic) (Washed)
1 32 8 21 8 1 20 - 100
2 - 10 25 15 25 25 - 100
3 - 10 25 : : 25 40 100

Tabte 3.4 Chemical Analysis of the figal products

Set 1 Set 2 Set 3

o Si0, 67.50 3.4 714
Ti0, 0.53 0.48 (1.68

Al O; 20L81 3034 22.50
Ie; (0, {.93 0.74 1.{}5
MgO (.25 0.36 {145
CaO (147 (45 0.56
Na,0 i.04 1.75 1.35
K;O 2.50 2.48 1.95
Total % 100 109 100




Table 3.5 Samples Prepared for Testing

Sample No Specification

1 Normal BISF Body fired at 1250° C {Set 1 of tabic 3.3)

Normal BISF Body fired at 12750" C(Set 1 of table 3.3)

Normal BISF Body fired at 1300” C(Sct 1 of table 3.3)

Normal BISF Body fired at 1325" C{Sct | ol table 3.3)

Normal BISF Body fired at 1350" C(Sct 1 of table 3.3)

Normal BISF Body fired at 1375" C(Set 1 of table 3.3}

Normal BISF Body fired at 1400" C(Set T of table 3.3)

Set 2 of table 3.3 Fired at 1360° C

o oSe | g oo A | | b

Sel 3 of table 3.3 Fired at 1360" C




Table 4.1 Density of the ceramic insulator materials

Sample No Specilication Average density, gm/fee
01 Fired al 1250°C 2.25
02 Fired al 1275°C 2.27
03 Fired at 1300°C 2.31
04 Fired at 1325°C 2.30
07 Fired at 1350°C 2.39
08 Fired at 1375°C 2.37
09 Fired at 1400°C 2.31

Table 4.2 Hardness profiles of the ceramic insulator materials

Sample No Specilication Vickers Hardness kg/mm®
01 Fired al 1250°C = 6421
02 Fired a1 1275°C 6773
03 Fired al 13006°C 6421
04 Fired at 1325"C 6960
05 Fired at 1350°C 7154
06 Fired at 1375°C G960
07 Fired at 1400°C 6773




Tabie 4.3 Bending strength Data

Sample Firing Load Diameter Bending Mesn
No Temperature reading {cm) Strength Bending
{Newton} (kgfem®) Strength
Kg/em?
1 295 1.027 707
2 278 1026 668
3 1250°C 285 1.032 673 663.4
4 275 1.627 - 659
5 277 1.037 610
4 305 1.031 723
7 202 1.028 698
8 1275"C 285 1.028 681 711.8
9 310 1.029 739
10 302 1.03 718
1] 310 13.026 145
12 275 1. 093
13 1300%C 285 1.024 689 720.6
14 292 i.025 704
15 311 1.016 7
i6 324 1.02 793
I7 325 1.5 BO7
18 1325°C 311 1.017 _ 768 762.2
9 285 1.018 T
20 302 1.019 740
21 307 1.021 749
22 335 1.0 g44d
23 1350°C 321 1.024 776 791.3
24 341 1.025 822
25 313 1.02 766




3 299 1.031 708
37 797 1.024 718
38 1375°C 265 1.025 639 680.8
39 278 1.026 663
40 280 1.027 671
41 285 1.028 681
42 282 1.029 672
43 1400"C 265 1021 646 663.4
44 278 1.024 672
45 265 1.021 646

Table 4.4 Determination of Glassy phase

Sample No Specification Glassy phase content
2
1 Fired at 1250°C ?.?4
2 Fired al 1275°C 7.97
3 Fired at 13007C 14.45
4 Fired al 1325°C 18.72
5 Yired at 1350"C 27.45
6 Fired at 1375°C 28.78
7 Fired at 1406"C 2889




Table 4.5 Normal BISF body Fired at 1250 C

Diflraction d spacing | )P Diftraction ] Phases
Angle (20) PJE'IIIES, ikl preseni
1.2 1.09 30 200 mulhile
1.6 3.51 00 210 mullite
14.5 2.81 20 001 mullite
15.5 2.03 20 220 mullite
18 2.27 15 pAM mullile
Table 4.6 Normal BI1ST hody Fired al 1275° ¢

Diffraction d spacing 1Ty IYilfraction i"hasey

Angle (20) Plenes, hid __present

.2 399 30 200 Muilite

11.4 3.57 35 124] Mullle

IR 3.09 6y 210 T Mullile

13.2 281 25 O Mullite

14.5 2.63 20 U220 T Mullie
5.5 2.27 20 201 Mullste
T 155 s 211 {Juarts )
274 I i.47 20 212 i (Juarz
29.2 140 20 o Guarts,




Table 4.7 Normal BISF hody Fired a1 1300° C

Diffraction d spacing I/l Diffraction Phases
Angle (21D Planes, hki Prescent
11.2 i 3.57 35 120 Muliite
1.8 3.09 65 ) 210 i Mullie
13 J.n2 30 (3 Ulay

135 281 25 i1 pMullite
i4.5 2.27 20 {1+ Mullite
18 .86 20 204 Mullitc

26 147 20 2t Quarly |
B 279 .40 20 Nz Chuanz
202 [.35 25 203 Cuantz,

Table 4.8 Normal BISF hody Fired a1 1325" C

Diifraction d spacing 1/lp Lviffraction Phascs
Anple (203 | Planes, ikl | present
10 407 40 T Clay
109 388 40 T Clay
1.8 1.45 70 2i0 | Mudiite
2.8 323 A6 117 Clay
13 313 25 112 Clay
14.9 2.74 25 U200 T ] Mullite |
i58 2.58 25T T T TMullie
18.2 2.24 25 | Tan T Mulliie
20.5 .55 W | s Quarty
28 146 200 A T Mullite




Table 4.9 Normal BISI body Fired ut 1350" C

Diffraction d spacing | ¥4 I Diffraction Phases
Angle (20} Plancs, bkl present
1413 3.95 30 2010 Mublite
1na 3.45 7 210 Mullite
136 3.001 20 P12 Clay
14.8 2.75 20 210 sMullite
17.5 233 20 T am Quarts
8.2 2.24 20 {140 Clay
222 1.84 15 LT Mullite
20,3 1.56 15 211 - Quarts
29 .42 w 250 Mullite
Table 4.10 Normal BISF hody lired a1 1375 C
Diffraction d spacing 111y Diflraction Phascs
| Angle (24 Planes, hkl present
10.3 3.95 30 200 Muilite
T 345 70 210 Mullile
T 13a 3.001 20 - 1z T Chy
14,8 275 20 220 Mullite
17.5 2.33 20 1012 Chiarls
1¥.2 2.24 W0 w0 *[Tl} T
222 .84 15 3l Mulliie
R .56 15 | Quan
e ———— - o REETEENE
9 |.42 i 250 Mulhite




‘T'abie 4.11 Normat BISF body Fired at 400" C

Diffraction ¢ spacing 1/Tp Dilfraciion Phases
_Angle (20) Planes, hkl present
0.3 3.95 30 200 Mullite
1.8 3.45 B} 210) sMullite
15 272 25 022 Clay
18.2 2.24 20 N4 Clay
2272 1.54 T SN Mullite
263 1.50 11) 211 Quaris
278 1.47 10 24] S Mullite




Table 4.12 Dielectric Strength of insulating materials fired at 1250° C

Specimen | Applied Voltage [Specimen Thickness |Diclectric Strength Average

No {kV) {mn) {kVimm) (KV/mm}
1 42 289 1626

pi 51 2.42 21.07

3 48 3.02 16.00

4 47 2.56 I8 35

5 46 2.93 15.09

6 39 2.46 15.85 1831
7 52 2.35 2212

8 56 2.56 21.85

9 50 2.69 18.58

10 45 2.05 17

i1 47 2.54 18.5

12 46 2.09 17.1

13 45 2.36 [9.06

4 55 2.80 19.03




4.13 Dielectric Strength of Insniating materials fired at 1275° C

Specimen No | Applied Voltage | Specimen Thickness Dielectric Strength | Averape
(kV) {tnm) (kY /mm) {k¥V/mm)
i 49 274 [7.8%
2 55 3.31 10,62
3 75 3.28 22.87
4 39 1.99 19.59
5 74 2.85 26.01
] 05 3.07 21.14 20.86
T 57 .06 1%.03
8 60 2.27% 26.43
9 70 3.00 23.33
10 50 2 31 17.77
11 05 3.38 .23
i2 58 2.39 2427
13 70 3.28 21.34
14 50 2.9% 16.93




Tabled.14 Dielectric Strength of insulating materials fired at 1300° C

Specimen No | Applied Voltage |Specimen Thickness |Dielectrie Strength | Average

(kY) (mim) {k¥/mm) (h V/mm}
l 55 2.05 20.75
2 58 2.02 2213
3 39 2.54 2322
4 48 2.7 17.77
5 61 2.45 24.89
f 58 236 24 57
T 55 385 19.03

8 62 2.65 23.39 30.94
0 63 2.54 24.E0)
10 51 2.45 2081
11 45 2.65 16,98
12 49 2.54 19.29
13 45 258 17.44
14 42 2.32 [8.00




Table 4.15 Diclectric Strength of insulating materials fired at 1325 C

Specimen No |Applied Voltage Specimen Thickness | Diclectric Strength | Average
(kV} {mm) (kVimm) {kV/mm)
1 49 2.84 23.99
pA 57 KR0| 18.97
] 68 305 2233
4 68 2.99 22.70
5 64 249 2575
6 57 2.88 19.77
7 G2 2.68 2313
g 46 1.99 2317 2275
9 55 2.64 20.83
10 65 2.98 21.85
11 75 3.01 24.92
12 72 3.04 23.68
13 70 2.85 24.60
14 63 2.76 22.83




=+

Table 4.16 Dielectric Strength of insulating materials fired at 1350° C

Specimen No {Applied Voltage (Specimen Thickness Diclectric Sirength | Average
(kV) {mm) (k¥ /mm) [ (kVimm)
i 5 246 34.55
2 70 2.54 27.55
3 75 2.39 31.38
4 70 2.74 25 54
5 75 2.86 2622
6 82 297 2745
7 7l 2.4 29.40 28.36
8 70 2.65 26.41
9 {3 249 26.1
i0 82 2.82 28.92
il 73 228 32.01 i
12 70 2.6 20.92
13 75 2.94 25,51
14 76 2.6 29.11 o




Table 4.17 Dielectric Strength of insulating materials fired at 1375° C

Specimen No | Applied Voltage |Specimen Thickness |Diclectric Strength | Average
(kV) () {lcV/mm) (k¥Y/mm)
1 A2 284 17.208
2 28 1.27 22.04
3 3 1.9 - 18.32
4 22 1.97 11.168
5 24 1.02 23,52
O 25 .42 17.610 19.40
7 34 1.86 18.28
3 15 1.5 2333
G 32 1.73 18.49
10 33 1.38 2391
11 29 i.45 2010
12 33 1.36 24.36
13 29 1.8% 15.34
14 32 1.78 17.97




Table 4.18 Dielectric Strength of insulating materials fired at 1400° C

Specimen No | Applied Veltage | Specimca Thickness |Dielectric Strength | Average
(kV) {mm) (kV/imm) {LV/mm)
1 45 242 18.5%
2 42 2.96 14.19
3 53 2.78 19.06
4 39 2.99 13.04
5 49 2.67 1835
0 51 2.49 20,48 17,74
7 41 2.53 16.20
8 49 2.08 23.55
9 43 2.87 14.98
i 46 272 14.91
11 43 214 20,069
12 54 2.9 ! 22.59
i3 45 2.46 14.29
14 35 2.90 12 (68
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Table 4.18: XRF results of varions raw materials and the fired body

Samples | 5i0; Ti(- AlLOs | Fe,03 | MaO | MgO | CaQ | Na;O KO P05 SOMME LOI
Ball Clay | 55.39 .65 40.48 1.00 0.01 0.33 0.21 0.01 0.86 0.03 99.16 14.92
Feldspar | 6575 0.05 18,89 0.17 4.01 002 0.07 2.10 12.97 (.03 100.06 (.32
(Imported)
Feldspar | 76.29 (.09 13.85 1.00 0.03 0.12 0.72 3.38 4.89 (.02 100.41 0.75
(Local)
Syihet Clay| 03.90 1.12 27.21 3.69 (.01 (.63 0.23 .01 2.38 0.06 9927 11.21
Local Clay | 7392 1.52 21.95 0.88 01 0.24 0.09 0.01 0.92 0.05 99.59 7.92
{Washed)
Local Clay | §2.84 0.94 13.75 0.38 0.01 0.10 (.06 0.01 0.55 0.03 9987 ? 5.25
{Unwashed)
China clay | 55,80 0.03 39.74 .40 0.04 0.41 0.03 0.01 2,735 0.02 0923 13.19
(Body)
China Clay| 53.17 (.22 39.67 2.99 0.01 0.74 075 0.01 .75 0.01 99.32 14.08
{Plastic)
BISF T0.03 .81 22.64 1.38 (.02 032 0.54 P E7 297 0.04 89.73 0.05
Burned
Body
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Fig 2.1: Schematic of the energy band in an insulator showing the larger energy gap between
the Jilted hand and next available empty band.
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Fig 2.4: Formation of porcelain: | ~ kaolinite; 2- quartz; 3- feldspar; 4- amorphous
silica; 5- primary mulliie in kaolinitc residuse; 8- outline of kaolinite along interaciion
boundaries with letdspar; 7,8-leldspar melt; 9- silica and feldspar melt withiu kaclinite
residue; 10- fused cdge of quartz; 11-residue quartz; 12- mullite within feldspar melt

{diffusion); I-V — phases of process.
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Fig 2.5: Thermogram of Kaolin: a — raw; B — calcined a1 950° C.
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Fig 2.14: Mullite crystais in silica matriv formed by heating kaolinite



Fig 2.15: Photomicrograph of cleetrical insulater porcelain showing liquid quartz grain with
solution rim, fekdspar relicts with indistinel muollite, unresolved elay matrix and dark pores



Fig 2.16: Partly dissolved quartz grain in clecirical insulater porcelain.



-

Fig 2.17; Electron micrograph of ¢lectrical insulator porcelain
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Fig 4.5: Microstruclure of porcelain ceramic insulatur fired at 12507 ¢ in
THX nagnification showing ¢aartz geain (bright parcticle) and clay matrina
{whitc background) and mullite ci yatal Black areas.

Fig 4.6: Microstructure of porcelain ceramic insulator fired at 12758°C
in 100X magnification showing quarte poain (brizght pai ticley and el
matbiiy {white background? and mualfite crvsal in Black arcas.



Fig 4.7: dMicrostruciure of porcelatn ceeamic insubator fited a1 1300" ¢ i
100X magnification showing gquarty grain {bright paticle) and clay matris
{whitr background) and mullite crvstal black areas,

Fip 4.8: Microstructure of poreelain ceramic insulator fived at 13258 C fn 160X
magnification showing quariz grain (bright pavocke) and clay mairin (white
hackground) and mullite crystal btack arcas.



Fig 4.9: Microstruciure of poreelain ceramic insnlator Tived at 1350" C in 100X
magailication sbowing guartz grain (hright partete) and chay matris (swhile
hackground)

Fig 4.10: Microstructure of poreclain ceramic insulator Fed at 1375 € in 100X
magnification shewing quartz grain (bright particled and clay matrix Owhite
hackground) and mullite crvstal black areas,



Fig 4.11: Microsiructure of porcelain ceramic insulatur fired a0 1400° ¢ in 100N
magnification showing quartz grain (bright particled and clay matriv (white
background} and mullite erystal in hlack areas.

Fig 4.12: Microstructure ol Poveelain Cerantie Insulator showing the
glassy rim at 400X magnification glassy rim (black areas)
surrounding (he bripht gty particle,
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Fig 4.13; SEM image of porcelain coramic insulalur showing quartz orains,
cracks, mullite necdles and clay matelx (dagnilicatlon SODX).



y
1PN
-y
- o
-‘5\".'
O
1
. 2
4
]
+
-~ F Fl
|
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malrix (Mnagnification 15000X}.



Fig 4.15: SKM image of porcelain ceramic insulator showing acicular shapes af
muilite needles and sonie interconnected cracks in clay matrix.
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Fig 4.16: SENAM image of porcelnin ceramic insulater showing wite regions
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I'ig 4.17: Magnificd image ol mullite neciies {(Magnificatlon 25600X)



Fig 4.18: Magnified image of cracks showing then interconnecied nature
(Magnification 25000X)
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Fig 4.20: XRD pattern of the fired body fired at 1250* C showing Mullite, Quartz and Clay
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Fig 4.21: XRD pattern of the fired body fired at 1275" C showing Mullite, QuartzClay
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Fig 4.22: XRD patiern of the fired body fired at 130" C showing AMullite (M}, Quariz{{)},
Clay{Ch
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Fiz 4.23: XRD pattern of the fired body fired at 1325" ¢ showing Mullite (M), Quariz, ClaviC).
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Fig 4.24: XRD pattern of the ficed body fived at 1350° C showing Mullite , Quartz. Clav .
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Iig £.26: XRD pattern of the fired body fired at 1400° C showing Mullite , Quartz, Clay
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Fip 4.28: EDAX analysls of glassy phase showing high amount of silica and other
oxides. Spots 2 was chosen in figure 4.14
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Fig 4.29: EDAX analysis of clny matrix showlng the proporiionaic amount of silicn and
aluming. Spot 3 was choven in figure 4,14,
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