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ABSTRACT
---~---- ---------_.~---------

IIl,uiJ1<)rs <lre used ill the power line [0 prevent the voltage 01'curren! [cgulall(lll Ceramic

is nile llfthe il1lpQrtont in,ulating materials heca\l~e of lis vcry good thermal stability ami

il\~,l""" in seve,e environment. Among all (he cerm11lC matelials pOicciain is the One

which is cheaper and Ilas good in~ulating properties like low loss. high Jic1cctriL Sirellgth

and good mecilalllc,lI stlel1gth, Die1cctric slrellglh of ,111insul,'lol' Ill<1Ybe ucfincd as the

ahihly 10 wllhstand the voltage per ul1lllhickncss,

In lim rroJccl "(he physical, ITIcchamca[ Jild electrical prnl'~"lic~ ()f c~'-al1lic illSulators

fi,ed "I r1ilTclClll IClnpcralure have been ill\'cslig,lIcd "long \\'1(h 1l1lCroslrllC1U1ul

cl1aracleri,alion using optical and sC~llning clccl[oll IIlluoseopy in or<ler In lllluerstall(j

Ihe ~Irllcillrc.plOpcrty rel>l1iOl\,hip of cerallllC IllsulJlor. The ,vkcll"" i~~I and the eleetric,,1

properlies were measured 011sample,; lircd ~l dirJi:renllcmpcl"almc frolll 1250101400"('

al 15~ C It1lerval. The dependency of bcnding and dicleciric .,trenglh 011 micrOSlruchliC

dcveloped UllC 10 firing ~l differenl lemperalmes was thOl'Olighly cXclm;ned EDAX

~naly,is and XRD kchmqllcs WCICalso dOlle to supP0rllhc IC,,,ItS

The bendlllg and thc dielcclric 8lrenglh were found max; [TlII<IL~l 1350"C ~Ild del'l ea,;cs on

h()lh sHies of Ihe maxima, Thc micro.,\rllcillial fealllics dcv<olopcJ cle~[ly <ic"crlbc lhal

lypc of beh""iOl and it is obscrvcd th"llh~ nY51,1Ilinc plFloC mullil" CGnl"iblllCS l{Jgclh~r

w ilh qu~rl/ parllc Ie 10 lhe d ic1eclric "nd ll1~cli<lnicaI strcnglh
••
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INTRODUCTION

!nsulators are material" whICh prevent or regulate current (low in electrical circuits by

being inserted as a barrier between condllclor~. The properlles rcljuircd being an ln8ll1nlor

is high resistivity, high uielcclric strength and a low loss factoL In addition to plc\'enlmg

current fiow bdween the conductors In eledrical circuits the in~t1IHtorsalso selves olher

imporlullt runctions as gi~ ing mechanical propertic5, dissipation of heal ami prot~ction 0 r

comluctoTs from severe environment, like humidity and corrosiveness, There arc vanous

materials used as insulating materials like acetate, acrylic, beryllium oxide. ceramic,

epoxylfibcrglass, glass, melamine, mica, nyloll P,E.T,: (polyethylene lercplithalate).

phcnolics etc, Most othcr insu1;l(jng materials are che"pcr and call bc fabricatcd wLlh

bcttcr dimensional accuracy. The advantage of cenl\llics in~ulator which li-cquc"lIy

IIldlca(e (heir use, are superior electrical propcrlics. ab~el1ce or clcep or dcformalioll

ullller strcss at room temperature, greater rcsistatlCe to c11'ilrCllllllcnlalchangcs parllclLlarly

at high temperaturcs at willch olher insulator (slLchas melaminc. cpoxy fiber, P lO.T.dc.)

frequcntly oxidizc and the abl1ity to form gas tight seals witli metals and bccome Illtegral

p"rt of an electronic devices. It shOllld be noted that thc selection of a particular dielectric

matcrial dcpcnds on thc ability to be limncd as a gas tlgilt p,lrlS to opcratc Ulldcr unusual

cnvironme[\(al conditions, thermal cxpansion characteristics. thcnlwl ,tress resistance and

impact resistance. (he ahility to be fonllcd into complex shapcs with good dimcnsional

accuracy and 011other characteristics which are complctely indepcll\lcn( of clectrical

hchaviol' but are essential for the buildmg of practic~l deviccs.

Ceramics are widely uscd as insulating matcrials. For tim "pplication (hc propntlCs Illost

concerncu arc thc dIelectric and I11cchamcal strcngth, Dlclectnc strellgth (rcjll'cscnlcd by

kilovoH per millimcler) measures thc abihly to withstand large field Slr~llglh without

e1eclrical breakdown, For higlHcnsion c1ectrical in5lLlali<Jllthe dielectric strength lias to

be ahovc JOkVlml11 I'J and (hc bending strength h~" to hc such (0 prevcn( the load in

application. Onc of Ihe grca( adv~nt"gc<; of ccramics ,ISinsula(,,1' is tile filcl Iha! thcy arc



nonsensitive (0 the minor changes in composition, fabrication, kchm{]ucs, and firing

tcmper<lture. This ad<lplability results from the interactIOn of phases present to IllCl'casc,

continuously the visCQsity of the nuid phases as more of it is formed at higher

temperature. Other advantages are mainly then greater resistance [0 environrncnlili

changes and theIr capability for high-temperature operation without hazardous

degradation in chenllc"l, mechanical or dielectric property [l]

TIle processing of raw materials fi,r ceramic im;uialor starts wlth tbe mixing 0' clay,

feldspar and quarL~. The processing follows the wet processing roule. FomJing or
lI1s11latingbody has specific importance as the body has to be pore frec. Natural JI)'lI1g

followed hy drying in a drier is reqllJred to have tile moisture free insulaling body. AI last

the firing is done in a very long firing cycle. Temperature, tlllle and alrnosphnc in the

furnace ~ffeet chemical reactions anJ I11JClostrucluralchanges in [he body PI.

Thc Illieroslnlcture of porcelain clee[rical insulator body shows mullite necdle 111both.

glas~y phase with some undissolveJ quartz particle ~nd unresolved clay matriX, The

thmTIal behavior of sli iea and alumina shows thai Ihe mull i[e (3AI )0-, 2S i0) phase slans

to fol'TI1a[ IIOO"C and ~bove this tempcralure muilite becomes lalger and prominell! I'

Mulhle 1&a crystalline phase in lhe Aba)" SiOl binary ~yslem, It has some specific

properties like high creep resistance, low Ihemlal expansion and good thcnn~l and

chemical stabili ty which makes it desirable for higil tensiOIl struetuml inslilating n,aiel I'II

lli. Slow liring and slow cooling ra~our the fOrrJwlion or 1l11lllilccrystal and the si/.c of

the mullite crystal 1&incrcase{!'with tiring I"],The gla.••sy phase and lhc ulldissolvcd qUJIlz

partiele enhance Ihe properties of high voltage insulator 111a way lli,,1 lhey fill the pores,

disconneelthe eondudivity olld strengtben the rigid .,keiclon. Bul wherc 111!;h(hel~~lIic

perforl1lonce is required glassy phase ond mobile iOIleonlent 111UStbe IlliIIImlzed 1'1,

Bangladesh Insulator and Sanilal)' ware Fadory (UISF) LId. has been prodUCing hlgh-

tenslon electrical insulo!or, for quite a long time but the rejection rate ill the factory is

very high. The r~jeetion is due to the preselle~ of impUI'llleS in the raw matericll,.

inaccufote firing temperatllre, improper control of r,nllg temperature II1I'olighouttlie kiln

•



length ele. These result In cer",llie insulator with low dleleelric Slrellgth, The phases

present in the ceramic insulatllr have a good impact over the properties like diciect"c

strength and mechanical strength, Through this project it is inlended 10 Identify the phase,

which contributes the dielectric strength, and the phase, w!lieh is detmnental for

producing high-tension dielectric insulators.

The objective of this thesis project is to find out the structure-property relatIOnship III

higll-tenslon ceramic insulatols. The various phases fOnlJed ll1 ccrml1ic insulator at

different firing lemperatures are idenlilied uSlllg optic~l and scanning electron

microscope. It is also tned to find out the phases, which arc detrimental to high dielectric

and mcchal1lcal strength. The specIfic aim oLthis thesis projeclls to select suitable firlllg

tempcrature and IIIdevelop suitable microslruc!ure lor high-tension ceramic insul,lloL

"



LITERATURE REVIEW

l.t Ceramic Insulator

The pnmary (lindian of insulation in electrical circuits is the physical separatioll of

condudors and the regulation Of prevention of current flow between thelll. Ancill~IY bllt

important other function.'; are [0 provide mechanical suppor!, heal dissipation, amI

env)ronmental protection for the conductors. Ceramic materials, which in llse pnwide

primarily these fUllctions, arc classified as ceramic Itlsulalors.

2.1.1 Propcrtic. of ceramic insulafor

Ceramics arc lIsed where high strength, c1evated temperatlJre, heat dis~jpalion, or long-

lenn hcrmcticity (scaled from pressure 10 the atmosphere) is required. The most

demanding application for high resistivity ceramics is insulators for high.voltag<: power

lines. Most people arc aware that ceramics arc used for these insulalor" hut <.10nol rc"li7e

how demanding the application realty is. first, lhe insulators mllsl be very strong because

they support lhe weight of the power lines and should endure during a heavy wind or any

olher catastrophic calamilie; Thcn the malerial should be considcred how long Ihcsc

insulalors are designed to last. They mU51be highly rellable Second, Ihc insulatar mllst

be lesistantto weather damage and to absorption of water. Internal a<.lsorplionCan result

III arnng at the high voltagcs involved. Ceramic materials tliat are good electrLcal

insulalors are refelTed to as dieleclric lnalelials Ill. Ahhough these matcJI~ls do not

conduct e1eelrie currenl when an electric field is applicd, they are llOt inert 10 the electric

fieilL The field causes a slight shift in the halancc or charge wllhin thc ll1ateri~1lo ronn

an electric Jipole, lhus lhe term "dieleclric" applies, Electrons can movc ",hen a malcrial

has c1eetron cllergy levels lhal overlap or are not filled. Jon, can movc when point defects

are present in the eryslal iOllS in large stnlelural channels. Mosl ceramics do nol have

mobile eleelrons or IOns and do not permil passage oran electrical current when pbced in

an electric field, These llonconducllve ceramics are called clectlicallilsulalols, The high

value <1r electrical resistivity for these materials results from lhe way thal lhe electrons are



tied up during atomic bonding, In eaeh ease, valence electrons are cithcr shared

(covalenlly) or transferred (ionically) such that each atom aclucvcs a full outcr shell or

electrons. This leaves no overlap of electron cncrgy bands and no low-energy

mechanisms for electron conduction (fig, 2. I).

2.1.2 Applicatioll

A distinction must be made between the categories of celamic lIlsulators described a, low

ten~ion and high tension insulator 16t.The low-tcnsion ceramic insulator generatly have

looser raw materials tolerances and are uscd unglazed for less exacting low-voltage anti

low-frequency applications, such as light sockets, fllse blocks, bllShlllgs, amI hot plate

and toaster insulatiun. They are usually smtcred in the range 1260_1320° C and arc

c1Ulraclerized by moderately low diclectric strength, (- 9-11 kV/rnm) and'ioss radon;

(O.05-D,1 at I kHz). In contrast, the high-tension ceramic in~ulators arc sll1tcred in llic

range 1350 to 1450oC. Lower impurity eontcnt is achieved by reduction or climination of

ball clay, which is replaced by bentomte clay (- 3 wl.%) or alkaline earth atldltives III,

These insulators can be considered as low-loss, high tllClcctrie-strcngth (-13-18 kV/mm)

materials and are therefore suitable for such high-voltage applications as transmission

linc insulators, high-voltage circuit breakers, and cutouts, Bccause Qr thesc

environmcntally scnsitive applications, the porcelain must bc dcnse, moisturc illlpcnio",.

and have minimal mechanical flaws. Thi, is aided by thc llSCof il glar.e coatll1g, which

may be a self.glazc, fcldspathic glazc, or semleondllcti Ilg brown g!a7e,

2.2 Compositi{lll

Among different types of ccramic insulator the distinction ],Irgely reflects thc amoullt of

gla.';syphase in the cemmics, which tends to control the dlc1cctric properties. Wherc high

dielectric perfonnance is required, therefore, glassy phase contcnt mm;t he mInimized in

the insulator and mobile ion content shoultl, as far as practicable, bc minimized. Clay

matcrials do not have strong honding capacity when fircd, Some clay doc, not havc

propcr vitrification characteristics, that is, Ihey are not plastic. Some clay shows

,



extensive plasticily. Plastic clays show excellent bonding characteristic bntthcir lincar

coerJicient of themlal expansion is very poor for the e1eclrical purce!;lin ware. Since a

sleady dimensional property of the ceramic insulator material is musl for every

engineering application, a variety of clay:; wilh plaslic and non-plaslic propel1y are mixed

10 get lhe highesl possible stable form. In deelrieal power transmissioll system, the

insulator materials not ol1ly withstand lhe electrical energy hut also the line tenslon. A

variety of fluxing materials can be added 10 the clay maleri,lI 10 get not only the higher

mechanical bonding strength but also lower the temperature at which mullite can fOl1n.

Mullite, the only crystalline phase responsible for high strength, appears f!'Om clay

materials at higher temperature, i.e., 1500 - 1600"C. This high lcmpcrature is not

economical for the produclioll of the insulators. Commercl~lIy "dded nuxlHg matc[]~ls

are usually p"tash feldspar. This reld~par not only prodllCeS the dense product but also

lower down the firing temperatme of the material. If adcquatc SiO, is not present in lhe

elays. some quartz can be added. Actually silica and alumina Me the basic eonsliluents of

the conventional ccramic insulator materials. Other oxides, which arc prescnt in thc nil'"

materials act as impurities, i.e., lower down the firing tcmperature ofthc material. Fig 2 2

shows how mechanical and electrical strenglh and thcl'mal shock resistance dl'pends on

the composition of the body. It is evident that thc best possible vallle~ of these Ihree

technically important properties cannot be attained in one and the same body. fineness of

grinding of Ihe raw malerials has a marked influence 011the propertics of pOl'edail!, a,1

has bcen confirmed by numel'OUSdetailed silldies The dcnsification is Jue 10 the usc of

feldspar as a flux. The clay substance incorporated is nearly always 1Ilthe fOHnof kaohn,

and quarlz, is never absent. Raw malerial compositions for the triaxial pon:elalll, can be

given as 40- 60 wI % clays, 20- 35-wl %, feldspar, and 20- 30 %wL flint. The raw

malerials each contribute different characteristics 10 lhe [ired porcelain The kdolinile

clay pl'Ovides the main body for the ceramics and controls the filing tange and distortion

during sinlering. It also provides the first liquid phase in the system (at ,)OO"C), fiom

which a main crysla i1ine phase, mullite, is subscquently Jevelopcd.

•



2.3 Triaxial Porcelain

Porcelain is the tern] used to describe white vitrified ceramic ware, translucent in thin

layers, irnpem]eable to fluids, and manufactured from a (ine mixture of kaolin, quartz"

feldspar, and plastic whtte firing clay, Porcelain is the most noille of ceramic products:

the fired ware is usually white, always translucent and of very low porosity (0.01- 6 per

cent elosed pores). PorceJams can also be described as polyerystallinc ceramic bodies

containing, typically, more than about 10% vol. or a ~ilreous sccond phasc 1.\1This

Vl!rl:'OllSphasc essentially controls densification, porosity, and phasc distribution ""thin

the porcelain and to a large extent its mechanical and dielectric properties, Porcelain

bodies can he elassified as triaxial, steatite, or non.feldspathie types, Jepending on the

composition and amount of the vitreous pha.>epresent within the ceramic.

Triaxial pon:e1"ins fOlln a large base of the commonly used porcelain insulators, They

exhillit rairly low mechanical strength, fair thcnnal shock rcsistance, mid relativcly poor,

high-frequency characteristics (due to alkali ion migration) llut are gencrally satisfactory

for low-frequency « 10' Hz) use at ordinary tcmperatures. They arc compounded from

mixtures of feldspars [(K, Na) 1O-3A IlOr6SiOl], kaolinite ela)'s (AhO) 2 SiO, _ 2H10},

and nint or q"artz (SiOl), which places the triaxial porcel~ins in thc phase system [(K,

NallO- 3A !J0r 6SiOl,)] in tenllS of oxide constituents 1),"'1,

In most formulations, howevcr, up to one-half the kaolinite conlent llIay be replaced by

ball clay, which increases plasticity atld grcen strenglh in the formeJ Ware but may also

lle the source of impurities. The feldspar provides the main finx phase, which lowers [he

maturing temperalure and acconnts for [he dense nonporous structure from which SClme

mullite phase also develops. However, the increased glassy phase and alkali content tend

to degrade lloth the dielectric propcrtics aml mechanical strcngth of the porcelain. Parlia]

dissolution of the quartz phase above 12000e increases [he liquid pllas€ VISCOSlt)'and

helps to maintain shape during firing. An il]CreaSc in the qUartl content w;ually ghcs

improved mcehanical strength, providcd that thc gram sizc is llclow ]O"m, in ordcr to

milllmi7e thennal expansion stresses. Minor ingredients (2-5 wt '!o) such as talc. 7.ir~on,

•



and the alkahne carth carbonates aid in the formation and control of low-temperalure

cuteetic phase, resulting in generally improved dieledric and mech,lllical properties of the

porcelain Pi.

2.3.1 Structure of Porcelain

Porcelalll ware shows an almost complete Jack of open pores (water absorption nol

greater Ihan 0.5%) and has hIgh strength, good spal1illg resistance, allU chemical

inertness. Various typc:; of porcelain are obtained through Ihe physical and chemical

interaction of the clay, quartz, and feldspar at high lemperatures. In lig.2.) showing the

temary system kaolin-qualtz-feldspar, the areas of fonllation of differenl l}Ves or

porcelalll arc indicated by the sinlenng Isotherms for d,ffelenl mixtures at 1160", 1200"

and 1280"C. The uegrc~ of sintering changes sharply as a funclion of lhe firing period

and the degree of pulverization of the materials. individual stnlcturai elements ill the

porcelain have ~alyjllg cffects on its strength, whileness, tran~luccncc, and cel1ain other

qualilies. Study of the formation of porcelain has revealed the effeel of technological

factors on tbe development of special structural characteristics associated wilh the 11a."c

properties of a given type of porcelam product (the high meehamcal and eleclrlc strength

of insulators, the high chemical and spalling resistance of laboratOlY porcclam vessels

ele.) 11('1.The phase composition and properties due to it dcpcnd on the kaolin and plastic

elay, quartz, and feldspar content III !he porcelain mixtUre, on the chemical compOSition

of these ma!enals and degree of pulverization. and alSQon the temperatllle amI period of

finng. Improvement of a particular pmpel1y is often broughl about al lbe expen,e of

another; for example, an improvement in translucense is aeeoJ11]Jollicdby reduclion in

mechanical strength and by an increasc in the number of uefolllled items produ\"ed during

finng_ln such ea,es the problem arises ofseleeting a compositlllTl and firing conditions

that w1l1make it po.,si\lle to obtain pro(!ucts with the right comhinatTon of proper lie, for

lhe given purposc. The texture of porcelain and its most important propcl1ics arc

detelllJincd by the 'lnantltative relalionship between lhc crystalline ,llld vitreous phases.

Thc amount and quality of the vitreous phase in the porcelain depend on the compoSitIOn

of tile mixlurc, the fineness of grinding of the initial matenals. and the finng conditions

•



Ex(em;ive microscopic research has shown the following principal structural elements in

porcelain

I. A vitreous isotropic mixture consIsting of feldspar glass

2, Quartz particles which have not dissolved in the glass,

3, Mullite crystals (JAbOJ.2 SiOl), distributed mainly in the silica-reldspar glass

melt,

4, Pores;

2.3.2 1\1rchanism (Ifformation of porcelain

The fomla(ion ofporce1ain is shown schematically in fig. 2.4 the draWings represcnt the

phcnomcna occurring at different stages of the process (I-V) betwcen the groinS or

kaolinite, qUortl, and feldspar, the bosic components 01' tlie porcelain mixture. Small

additions of other oxides finding their way into the mixture with the baSICraw matelial

are not taken Into account in the diagram because 0 r thei r Ilcgligib lc c nect on the process.

As shown in the diagram, the feldspar grains 3 are located between Ihe aggregiJ(es ofelay

particles 1 aud the quarlz grains 2 [1('-','1.

During the fir:st stage or firing, principally within the tempcrotufe range a~ can be ~een

from the themlOgram fig. 2.5 dehydralioll of the kaollll occurs in occord~ncc wnh Ihc

rollowing reaction: ~

with a conespondlllg endolhenllal erred, Between 800 and 900~ C the metakaolinite

decomposcs inlo oxidcs, the initial shape oflhe kaolinite plate Ids being preserved'

•



Within (he range 950-10000 C, erystal1i1,ation of yA!20J occurs, accompanied by a

considerable exothennal efrect. When the oxides are fllrther heated, Ihe AhOJ3nd 2 SiOI

interact between 1 150 and 1250° C, 3eeompanied by the Jorrnatlon of mlllJite and free

silie3 in the form of eristobalite or tridymite (when the temperature is further raised) as

follows:

The dissolving of the quartz Md deeomJlosition products of the kaoluute in the reJdsp~r

glass occur to a more or less complete extent, depending on the temperature al1d finng

period, thus, the amount and composlllOn of the feJdspal glass in the pOicelain val'}

within wide limits. On lhe b~sis of theoretical calculations as well as the sludy of

diffcrent salllple&, il can bc staled Ih~1 porcelain eonlains aboul 50-volullle percelll

fcldspar glass. As the eunlenl of fcl<.isparis increased, the Iranslucence 01 the porcclaill is

implOvcd. Increasing the temperature <lndprolonging Ihe firing period, keeping all other

things being equal, help to increase the amount of glas5 in the porcelalll and also further

enriches the SiO) and AI)OJ content. The properties of porcelain are delermined 10 a

considerable exlenl by the mul1i(e eonlent, the amounl and properties of the feldspar

glass, and also the volume of scaled pores. The technical properties of fcldspar glass itre

improved as Ihe amount of AbO) is lIlcrease<.i.As the quarry, and the re~idue Icfl from

olher implll'ity dissolve in the glass, the porcelain skeleton becomes weaker and Ihere is

mOle deformation. Depending on Ihe finenes!, of the grinding of the 'lWJrtz, the

composition of the mixture, the temperature and Lhepeliod oI"the firing, 15 to 40% of the

total amount of quart1. added 10the mix lure enlers the vitreoLLSphase. The IIIulIite crystals

forming in rhe porcelain improve the slruetural toughness of the product dIning firing. An

equally important slruetural component of porcelain IS thc quart~ particles that have nol

dissolved in the rcldspar glass, these particles, logether with the mullite crystals, fon11Ihe

porcelain skeleton. Mullite possesses a number of valuable propcI1ic~, such as a high

meltmg point, high lllech,ll1ic<l1and electnc,lI slrength, chemical re5istanee, a low

coefficient or thennal expansion, and, conscquently, high spalling reSlstoneC. The

nucleation or mullite cry5tals cven oCClirs at t~mperalures, of about 1200"C. But at
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eomparatrvely low temperature, the crystals gruw extremely slowly. At the fllll1g

temperature an intensive growth of the crystals, and the ICld~l'ar glass becomes

abundantly inter grown with mullite needles. An increase in thc amount of fusible III Ihe

porcelain and a higher firing temperature help to inerease the amount of vltreom; phase

and help It to fill up the pores, However, IIring porcelain al temperatures about tile nonn

for the given mixture results in the Jibclation of gas from the feldspar glas" hloalmg of ~

the porcelain, and a dedme in quality. The pores rcduce the mechanical and electrical

strength of poreelain, its ehemieal resistance, translucence, and certain otller valuahle

properties, Thus for critical parts the porusity should not exceed 0.1-0.3% (mlenns of

water absorption).

RaiRmg the firing temperature and increasing Ihe amount of vitreous pha5e above 45%

slightly reduces the mechanical strength of the porcelal n. Thc electrical strength Increascs

wilh an increase in the firing temperalure or in the length oflhe period for whieh the ware

is held at the final temperature (fig. 2,6 and 2.7 ellrve 2). The curve showing the variation

in mechanical strength as a function of the final hOlding period (tig. 2 g curve I) reveals

that holding for 3-6 hours at the tinal le111perature during the "maturation" periol1

produces porcelain wilh maximum strength, If tile holding period atihe linal linng ,tage

is prolonged, the lllul1ite cry,tals partly dissolve in the feldspor glass, oS 0 result ofwliieh

the dielectric characteristics 0 f the vitteous phose and thc porcelain arc improved. A great

effect on the mechanical, and particularly on the electnc resistance or the porcelain, IS

exerted by the porosity of the products, In high-grade high-voltage insulators, there arc

usually no open pores at all. If the porcelain is held for a long enough period at the fLllal.

firing temperatures, the pores hecome spherical in shape due to the increased ~isco,ily of

the vitreous phase. Thu, looses its electrical breakdown ,tren!;th,

2.4 Ceramic Phase Rquilihrium Diagram

Fig. 2 9 shows the pressure - temperature equilibnum diagram of most cotl\mon one

COmpOJlcnt system, i.e" silica, 111ere arc five condensed phases which occur al

equilibrillm a-quartz, ~-(]lIarlz, ~rtridymitc. ~cristobalite, ami liquid silica, The



transition temperatures at I-atmosphere presourc arc also sbowl1 in thc diagmll1. I'hc a to

P quartz transition at 573°C is rapid and reversiblc. Tbe volume change is almost 2%.

The other transfonnations shown are oluggish and requires long period, oftimcs to read,

equilibrium. The vapor pressurc shown in the diagram is a measure of the chemical

potential of silica in differcnt phases. The samc kind of diagram can be extended to

indude the mctastablc torms of 8ilica, which may occur (fig, 2,10). The phasc with

lowesl vapor pressurc (the darker lineo on the ,Ji"gram) 10 thc mo~t stable at any

tempcrature, hence ealled the equilibrium phasc, 1Jowcvcr, once fomlcu thc transition

between criotobalitc and quarlz is so sluggish that ~-cmtobalitc commonly lransfonns on

cooling into a cristobalite. Similarly, Pltri<lymite commonly transrorms inlo u ami ~_

lridymilc rather than inlo the cqllilib'-iulll qum1z fonTIs. Sllllilarly, wilen the liquid fonn

silie" glasses which can remain indefinilely in th"t statc at loom temperature. Those

transfi)[rnalions produce lower volume change At any constant lempcrature there is

always a tendency to transfOilli a phase inlo allOther phase of lower Irce energy (lower

vapor pressure), and lhe reverse Iransition is thermodynamically impossible. It i, nol

necessary, however, to transform inlo the lowcst energy form, For example, at IIOO"C

silica glass eou III trallsfOilli iHto ~eristobalite, )32Iridym iIe or ~qllartz, Which one of thc>e

transfonnali()l]s actually takes place is determincd by the kinetics 01' these changes. III

practice, when silica glass is healed for a 1011gtime at this tenlpemlmc, it crysta1l17.es,or

devitrif'es, to form crislol1alite which is not the lowcst encrgy form but is structurally tile

most similar to silica glass. On cooling, ~ cristobalilc lransforms illt" (l cristobalilc, The

fOllll wilh the lowest vapour pressurc at " given tenlp~ralUre is the most slable. Thc

dIagram conlains curves for quartz, tridymile, cri.,tobalite and silica-gla:;s. Pan or each

eu"e is in [uIlline, pmt in broken; the former represe:lls the slable, the laUer the unstable

region. The line for quartz is full up to 870')C, where it IS cut by the curve for trillYlllitc,

This means that quartz is lhe stable fOlln lip to 870"C; within this range l[ undergoes ail

cnanliomorphic transfollnation from j3 10 u quartz at 573"C. The '-]Uartl c\l[ve is

continucd in lhe rorm of " broken line up to 1600uC, the IlIcUmg POIllt of a quarl?

Tridymite, like cristobalite and silica glass, is lhus utlstabk up 10 870°C, even though Its

conversion lo qual1z below lhis temperature may not take place in IInite lime, Al 117°C

(IOO.118"q Ytritlymi[e inverts to ~ lridymile, at 163"C (140u-165~C) to fJ lridymilc, TillS

•



is stable only up to 1470oC, at whieh point it inverts to cristonalite. TndYlllite melts at

higher temperature than Guartz, namc1y at 16700C 19t.

Cristoba!ite has an inversion point at 230°C (180o-260I'C), ISstable above 14700C and has

the highest melting pomt of all crystalline fonTIs of siliea (I 728°C). Above this

temperature only the melt is stable. If cooled rapidly below the melting point of

cristobalite it remains its amorphous condition and fonns silica glass. Silica gla<;shas the

highest vapour pressure of all fonJ1Sof silica and the largest 10lemal cncrgy conlcnl On

devitrifying (crystallizing) it liberates some of its internal energy in the form of heat Df

crystallization.

2.4.1 Two mmllOnent s)'stcm - The All0J"SiOl syslcm

1 he AlJOJ-SiO, diagram is of fundamental importance in ceramics The diJgram which

is shown ill fig 2.11 has been repeatedly studied, ill view of its exceptional importance in

the interpretation of the physicochemical processes which are mvolvcd in the finng,

melting anu crystalhzalion of di fTerent aiuminosiiieate ceramics, and in the understanding

of the effects resulting from the interaction of these ceramics With corrosive substances.

In this system, there is one compound present, mullite, ••.•.hleh IS shown as meltmg

congruently. The eutectic bel ween mullite and crblobah [c occurs at 1595°(, and eontaillS

about 94% Sial, Thc solidus tempemlure between mullilc and alumina is at lR400C

Factors affecting tile fabricJtion and use of several eerami~ products can he related to this

diagram. They include refraelory silica brick (O.I-l.O'Y., A[103), clay plOducL\ (35-50%

Al,OJ), high-alumina brick (60-90% AhO)) pure fllsed Jllullite (72% AIJO,), and pure

fused or sinteJed alumina (>99% A hOj).

No less than three naturally occurring silie"les of alumina arc known. They all have Ihe

fQm1UlaAhO" SiOl but differ in crystallioe hab11 and physical pmpe,tics. They arc

called sillimanite, andalu'lte and kyanitc. O"ing lo thcir importance in mincralogy and

ceramics these three minerals have been intensivc1y ~tu(hed. Of prime importance in

ceramics are the conditions unde, which they arc stable, under which they are mut\l~lly

eonve'1ible and under which they may occur in industrial products. 1\t lIormal



temperatures and pressures only one of them eill] be stable, and within lis lange of

stability the other two must convert into Ihe stobie form unless the conversion ralc is [00

low. This qllcstion was tested by Eitel and Ncumanm; by comporing thcir cncrgy

contcnts: as is well known, among various forms having thc salilc chemical composition,

that which has the lowest cncrgy content i~ the mosl stable, Stnctly spcakillg, all olher

fon", musl challge into this stable form with evolution of heal (energy), though [he rate

of eonvcr~ion may be extremely slow, Thc energy contents of d, fferenl polymorphous bllt,
chemically identical compounds in a systcm can be detellnineu by comparing their heats

of chemical reaction: the unstable fonn has the highest, tile most stable fonn the lowest

value. SlIlee, gcnerally, the glass obtained by rapid cooling of thc 1T1elirepresents the

most unstable fonn, a glass corresponding [0 the fomlula Alj01 Si01 should he the leo51

stable form of this compound Unfortunately, this glass eaunot be made because of its

strong devill-ificatJon (cl)'Stallization) tendency_ As sillimanite has lowest energy content,

it is a stable minela1. All of the other minerals become unstahle, however, on heating to a

whlle heal. They are then transfonneJ irdo a new silicate, 3AI,Oj.2Si01, called mullitc

and a glassy melL Mullite i~ (he mo:;t stable aluminium sihcale a'i high temperatures_ II is

of industrial importance because it occurs in ceramic bodies an<1 i, fanncd on

solidification of melts ofa suitahle composition containing alumina and Silica, Actually

nwlhle forms in a variahle lempewtures scale, i.e, 1300-1600°C. The formation takes

place over a large temperature interval, and IH all cases a silica-rich gla~s is termed

together with mulhte. !'ree silica in thc foml of cli:;tonalltc lias oncn heen dCI1IOIl<;tl.'lcd

ill the glass, Silicates of alumina have oroused the interesla!'ceramis[s not merely ilSraw

malerials for incorporation in ccramic bodies but also as ncw lliateriilis onen fOlll1dill the

fired wares, where they occur ;1] the Jenu of acicular crysl'lls, Thcy ~re usually felted

together in a state 0 r disorder and ocellr preferentially a~ l()c~1agglOll1erations,

ll1ere is most knowledgc about tho8e substance:; that are formcd by solidifi,alioll from

melt:;, According' to Bowen and GreIg, "part from the purc cOlllpollents only a sillgk

compound can crystallize out from" melt of alumina and silica Oil solidification, namely

mullitc, 3AllOJ.2SiO" bul neIther siJimmanitc nor i[s palymorphlc 11l0difica[iol1~,

ancialusite and kyanite. The two-component ")"Item (AhO! 4- Sial) is cl1araetcrll,ed by a



minimum melting point mixture with 5,5 pel' cent AljO), ~ 00 c~lIed eutcetic at 15450C

and a slight innex[on in the liquidus eurvc at about 100°C, a so called masked llloXilllUIll

lI1dicating the presence of a compound which melts with decomposition (Incongruently).

Th,S cowpound IS muJ1ite, From the mclt the rotlowmg mmerals may crystallize Ollt,

depending on the contents of the two oxides: cristohalite, mullite, conmdum, On furthcr

cooling and solidirication rrom the melt there remains IInally only mullite, inlermingled

with varying amounts of silica or corundum.

2.4.2Three component~y~tem~

Many lemary systems ~re of interest in eeramic sCIence and lcchnology. The K,O-A 1,0,

- SiO, system is illuslrated iu fig2.12. This 'systcm is imporlant ~s the b~sis lor m~ny

porcelain compo.~itions. The eutectic in the subsystem potash feJdsp~r-silica-mullitc

dctennincs the firing behavior in many compositions. Porcelain compositions arc

adjusted mamly on the basis of (a) case in ronning and (b) firing behavior. Although re~1

systems are usually somewhat more complex, thi; temaJY diagram providcs a good

description of the compositions osed, Very often constant lempelatulc diagrams me

useful. These are dlustwled for subsolidus temperatures in figHrc by lines bel\~ccn the

fOTITISllmt exist at eqlliJibrium. These lines fonn composition triangles in ",b'Ch three

phascs arc present at eqllilibnulll sometimes called comp,ltlbJiity triangles_ Con;tilnl-

temperature tha~rallls at higher temperatures are useful, as illnslrated in fig2,12, where

the l20()o isothennal plane is sho\vn for the K;O_AI,OJ SiO, diagram The Iiqill'!>;formed

in thi, system are viscous; in order lo obt~lIl vitrification, a subslanlial "mount of hqUld

must he pre~ent at tile firing lemperature. From lsothemml di~graills thc cOlllpo.<ltiollor'

liquid and amount of liquid for different composition, can he determincd easily at the

selected temperature, Frequently it is sufficient lo detemline an isothcmlal plane r;lther

than an enlire diagram, and ob~iou8ly II is much easier I'O-'.'t.

2.5 Changes during !'iring

"



The changes that occur in the stmelurc of triaxial porccl<lin Jurilllj flrinlj Jepcnd to a

great extent on the particular composition and condltions of firing. The ternary eutectic

(fig 2.13) temperature in the systelll feldspar-el"y-nill! is at 990"C, whereas the

temperature at which feldspar grains themselves fODna liquid phase is 1140"C. At higher

temperatures an increasing aillount of hquid is formed which at eqllilibrllllTI would he

associated with mullite as a solid phase. ln actual practicc cquilibrium is not reached

during normal firing because diffusion rates are low and the free-enelgy differences are

snmll between the various phases presenL The general equilibrium cOl1'litlOns do not

challge at temperatures above about 120tPC so that long firing times at this temperatme

give results Ihat are very similar to shorter times at higher temperatures. Also fine

grinding to reduce diffm;ion paths gives equivalent rcsllits in shorter firing timcs 01' at

lower temperatures. The initial mix is composed of relilllvdy large quartz and feldspar

gr~ins in a line-grained clay matrix. Doring firing the feldspar grains melt at <lhout

1140~C, but heeause of their high viscosity thel'~ is 110change in shape unlil "bove

I200°C. Around 1250"C feldspilr grains slllilller than about I() mielons lwve dIsappeare<l

by reilction with the surrollnding c1~y, and the larger grains have lliteraelcd with the clay

(alkali diffuses Ollt of the feldspar, and mullite crystals foml in a glass). The clay ph"~e

initially shrinks and frequently fissures appear. As illustrated in l"ig2.14, fine Illllilite

needles appear at about 10000C but cannot be resolved with all OpilCilJmicro,cope lIntil

temperatures of at least 1250n are reached. With further incrc,l,>es n r telll peratUie 11111111te

cl)'sl<118continu~ to grow, Aller firing at lempera(ures "have 14(jOQC.IlI\lllilC is present as

prismatic cry5l~ls up to about 0.01 111min length. No cil~nge IS observed ill the quart,.

phase lIntil temperatures of about 12500C ~re read.ed; then l'Ounding of the euges can be

notieed in small particles. The solution rim nfhigh:silica glass ~round each (juartl grain

increases ill amount at higher temperatures. By 1350DC grains smaller than 20 microns

are completely dissolved; ahove 14000C lillie qllar1z rel11,jin~,ami the porcelain consists

almost entirely of mullite and glass 120]The helcrogeneous nature of the piod'ict "

illustrated in fig 2.15, in which quartz grains SUITonn<ledby J solution rim of high-silica

glass, the oul1ine~ of glass-Illullite areas corresponding to the oflglllal feldspar gmins, ,ll1d

the unresolved llliltriX corresponding to the original clay can he clearly Jistinglli,hc<i.

Pores arc also seen to be present. Although l11ullite is the crystalline phase in hath the



•

original feldspar grains and in lhe clay malJlx, the crystal size and dcvclopmclI! are 'JulIe

different. Large lllulJile needles grow into the feldspar relicts from the surface ,,~ the

composition changes by alkali diffusion, A quarl~, grain aou the sUlToundmg solution rim

of silica-rich glass are shown in fig 2.'6. Mullile needles extend min Ihe OilIer edge of the

soh,tioll rim, and a typic,,] microstress crack IS seen; tbe Clack IS caused by the greater

conlraclion of the quartz grain compared With thaI of (he sun:ound ing 1l131rix.Usually [he

quartz forms only glass, hut for some compositions fired at high lemperillures there IS a

IrallSr,nmalion into crislobalile, which starts at the outer surfoce of the qUJltz grain. The

overall stJucture of quartz grams, microfissures, solution rims, feldspar reliels of gJa,;s

and m\ll1ile, and fine muJlile-glass malrices is shown with greal clarity in fig, 2.17.The

changes taking place during firing oee\ll' al a rate dependillg on time, lemperature, and

partIcle size, The slowest process is the quartz solution 127."1. Under nonlJaI finng

conditions equilibrium al lhe firing temperature IS only achieved al temperatures ilbove

1400oC, and lhe slruclure cons isIs of a mixlllre of siliceous liquid and mlJllile. In all cascs

the liquid al (he firing lemperature cool, to form a glass so that the resulting ph,,~cs

prcsent al room lemperature are nOffilaUyglass, lllullite, and quartz in amollllts {kp~ll(ling

on lhe inilial composllion and conditions of firing treatment. Composilions wilh larger

feld,par content form larger amounts of siliceous liquid al lower temperatures and

correspondingly vitrify al lower lemper~lllfes lhan lhe compositions with larger clay

contents.

2.5.1 Phase changes that occu r on h~atil1g l(Holin clays

As clays are the m()~t important parI of the raw ma(erwls of the ccramic products, their

behavior during firing in different rangcs must be discussed, ThiS Will prOVIdea valuahlc

key rule in detennining the firing schedule when the products arc fircd. The method of

differenlial thel1l1al analysis, when applied 10 kaolin rH;nc,."ls and to c1,tY dcposlis

containing princlpally kaolin minerals, shows a prorn;nelll endothcrmic effect in thc

region of 550-700Q C, due to lhe dehydralioll of the mll1eral (the prccise tcmperalurc

dcpends on the particular kaolin mineral), followed by two cxothcrmic reaclions, thc first

.



~(roughly 950- 1000°(; ~nd the second between 1150"C ami 12500C, which cQrre,pond
\\"~L M(0 (lieformal ion of new ~""".--l'llose Ihll", ( ~Ie elefirly&11"".n in fig 2.5

2.5.2 Changes in tile range 600_800oC

II is generally mi51eading to regard the stmclural brcakdo\\'n purely ~s a function of the

temperature. The lime of healing is also imp"rlant and (when the temperalure is variahk)

the rale of hcat-lreating. This applies cllilally 10 the nOlilcllnic procc,scs at higher

temperatures, and for this reason il is difficuH to make precise cOl11l'an~(lnshetween

result, obtained under VCl)' differellc thermal cOI)<litions. Extreme cases are lhosc. 'n

which the mineral is soaked for a long perio(l, e.g. 24 hours, at ~ fixed lemperature, ~nd in

which it is bn>ught ([uickly to give tel11pnaturc and then immcdialely cooled. The "alcr

of constitutIOn rcmaining in the clay aftcr drying is not completely expcll~d below SOIllC

tempcrature hetwcen 4500 and 600°C. Water is slowly givcn lip, however, belo" Ihis

tempcrallJre, and ils Joss is initially acc<Jmpanicd by a ~light eonLrael1<Jn.The contraction

following Ihe rcmoval of moislure on drying In the ail or heaLing at 110°C muSl be

regarded as due 10 shrinkage of the gel lilms on the clay particle; aCeOlllpanYlllgloss of

gel waleI'. Tins fll\dirJg may be regarded a~ I'lirniohing experimcntal support for the view'

Ihal Ihe plastICity of clays depends in part on the exi~tel\ee of swollen gel laycr~

slllrounding the cI~y parlieles. Slowly heatcd c1~Y5show th~1 kaolm ~I\d mosl c1~y

undergo cxpallSiOl1lip 10aboul 500_600oC, folluwed by eontractioll. Walcr of con,tilution

is not expcllcJ from Ihe clay Slibstance uniformly and graJually, hili within a nHrrow

temperature m(erval bctween 4500 and 600~C. This has been dearly demollstrated for

kaolin by Le Chalclier (JII who embedded a Ihennocouple junction in a sample, which

was (hen heated in all electric ovcn, Lhetenlpemture being raiscd slcmlily. As showll In

the Fig, lhere was retardatiun in Ihe temperaturc rise registercd by the therrnocouple at

ahout 550°C and a marked aeceleratlOll at aboul t OOO"e.TIllS IIl!lieat~s absorpl,on of

heal, i e. an clldolhermie reaclion, at aboul 550"C and a strong dcvclopme,;t or'he"t, "c

an exothermic reaction, at about IOOO"C.LeChatelier anJ mallY invesligators 1."'-"1aRcr

him eonfinned this observation with all kinds of c1u)'s, The sil11ll~rity in the changes in



the curves indicates that they are due to matcrial cllanges common to all days. Where the

composition dIffers from AbO).2SiOj.2HjO, the' clay& will have other characteristIc

temperature. Thc late of beating has a pronounced effect on this endothemlie reaction alld

different research workers have given subsequcntly dIfferent deeomposltionlcmperaturc,

for days. At a rate of heating of 1000oClh, decomposition starts al about 550" C but wilh

the slower rate of 2000Cfhr it starts at about 460°e. By heatl;,g in vacuum the lempcratmc

of expulsion of water can be strongly depres,ed, as Meltor and J lolderofb demonstrated.

2.5.3 Changes in the range 800-1400 °c

From a survey of pllblished data it is difficult to arrive at any final conclusion. The

conflicling conclusions of different workcrs, all of whom idellti fied the phases prescnt by

X-ray metbods, may perhaps be partly attribuled to a number of causcs, such as (i) thc

effect of impurities associated WIth the clay mineral, (Ii) lhe variety of healtre"tment,

emptoyed. As an Illustration of (i ij, the following may be quoted: Insley and Ewell heated

specimens of kaolinile and dictite at (,oC per nlinl1tc and tbeo air-'luenched from 925"C

and 985°C, temperallires corresponding to the beginning "nd the maximum of the first

exothcllllic reaction, and also from 1000Ge and t200°e. They also examincd the effccl of

prchcating ~t con~tallt temperature for various temperallLre~ between 840~ ;md 9tO"C.

Hyslop1J eXilmincd one Scollish clay, which was healed for t5 hours at 800"C followed

by 20 hours at t050"C hours at It50oC.

2.5.4 Tile exothermic rc~eti{ln at 9lJO-J 05UoC:

The heating curves of clays depleted in figure exhibit sharp rises at 900 to I OOO~c.Tili,

points to an exothermic reaction. t"king plaec in the material. Two rcactions may be

considered as possible causes of the evolution of be"t conversion of alumina from the y

to the u fon11 and a combil1<lhon ofy alumina and slhc" to form sillllllanite or m"ltitc.

The l"irstlias oDen been studied on heilting curves of pure specimcns. It takes place with

strong evolution of heal but docs not lJ1vilriably OCCUI with all fOnllS of alul1litl~.

Exceptions are, for instance, diaspore, A tj0.1.H10, Jild hydrmgi IIite, II 110).31 1)0. hLJtit i,;

'"
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found with precipitated alumina, bauxile and y alumina. It also observed lhe lines of

alumina in X-ray spectra taken at IO()OfiC. On (he basis of lhese observations, the

formation of silicates from elay must be limited to higher tempcrature regions, The

s~ond reaction is theorelically possihle, since the exolhen11ic charactcr of sillimanik

formation from the oxides has becn proved:

Hc originally gave the temperature of formation as 1100- 1200° C. but it may be assumed

to start several hundred dcgrees lower with thc,intimatc mlxlure of extrcmely ~nc,

molecularly dispersed reactants present inll1ildly calcincd kaolin. In tlus connection thc

statemcnt of Ilyslop amI Rooksbyio that sllhmanlle or mul1ite fonnation slans al 870'C

deserves to be menhoned. Accordingly, we may attribute the exothCI111icrcactlon in this

tcmpcrature range to the convcrsion of y AhO) to ft i\t,O)and to aluminiunl silicatc

fOITI1Ution.The spcClfic surface, S. as dctcrmined by absorption of N2 or 01, remains

almost unchanged after heating to 800')C. H is practIcally uninfluenced hy loss of watcr

or constitution, although the 'holes' Idt in thc latticc by thc waler losl are largc cnough to

~CCOlll1l1odaleH' ions. Nevertheless, the dehytlrated kaolin shriJlks Jilt! Its Ialt;ce is in

disarray. Above 'JOOoC the apparcnt density increases markedly, and S decrease,

2.6 Diclcdric I'r"perties

All dielcclrics placed in an electric ficld willloosc thcir lllsulating prop~rties if the field

exceeds a certalll critical valuc. This phcnomenon 11called dielectric breakdown, and lhe

corresponding electric field is referred to as the dielectric bre~kdo"'11 slrellglh 14<4"1.

Dielectric strcngth. therefore, may bc defincd as thc llul.imHlll pplcnli,,1 gradLclll, to

winch a material can bc subjected WIthout illsulation breakdown. lhat is,

•
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Where DS is the dielectric s(rcngth in kV/tnm, V, the breakdown voltage, and d the

thickness of the sample,

Dielectric Constant is the propelty of a ceramic material lhat detenllincs the relative

speed that an electrical signal will travel in the material. Signal speed lS roughly

inversely proportional to the square mot of the dieicctnc constant. A low dieleLlric

constanl will resu]( in a high signal propagation ,peed and a hIgh dielectl ic constant will

result in a much slo",[er sigrla! propagation speed,

Dielectric constant is not an easy property to measure or to specify, hecause it depends
•not only onJh~ intrinsic properti,es ofthc materia! it~elr, bul ,1Isoon the test metll,ull, the

.','.~, '.;',' ""., ",:,','.~-"
Ie,t rreql.i'ency'and tile conditioning of samples berQre' and during the te,t. Dielcclnc

COllstanttends to shifl with temperature. Related to dielectric constant (ur "permittivity")

is dissipatiQIl factor. This is a measure of the percentage of the total transmitted power

that will be losl as power dissipates into the laminate material. Dielectric eonstilnt and

dissipation factor arc not nomlally considered except in high-tension cerilillic insulalor

Often dielectric propcrties are hard lQ correlate and care must be taken m working with

them, Many commereiallamina(or8 ilnd most board pl"lldueer~donol have this equipment

1l11l0useand depend on olilside lest filcilities to do they're leotillg for them. The dielectric

const~nlls thc latio of the penniHivity ofa substan.'i-cto the penniltivlly of free ,pace It

is illl expression of tbe extent to which a material eoncentrales electne l1ux, alld is the

electrical cquivalent of relatIve magnetic permeabili (y.

As the dielectric constant increases, the electric flux dcnsily increase.>, 1fall ollicr factor,

remain unchanged. This cnables ohject>; of a given SIZC.such as scts of melal platcs_ to

hold tlleir electnc charge for long periods of time, ilild/or to hold large tjUillllltico of

chilrge. Materials WIth high dielectric conslilnts ilre llseful IJ1 the manufaclure of hlgh-

value capacitors, A high dielectric conslant, in and of it, is not necessarily desirable,.

Generally, substances WIth high dielcctrie constallt, brcak down more ca,ily whCII

subjected to intel1sc clectric fields, than do materials with low dielectric constants. for



example, dry air has a low dielectric constant, hut it 111akcson excellent dielectric

material for capacitors used in high-power radio frcqu~ncy (RF) lransllllllers. Even irair

does undergo dielectric breakdown (a condition in which thc dic1ectric ~uddenly begms to

conduct current), thc breakdown is not permanent. When the excessive electric field is

removed, air retums to it~ normal dIelectric stale, Solid dielectric substances such as

polyethylene or glass, howevcr, can sustain pcnnancnt damage_

2.6.1 Different typcs of dielectric brt'akdowll

Dielecllic breakdown occurs in gascs duc to comna diseh'"-g<-'in non-umfonn ficlds or to

piloto ionization and collision of e1cctn:ms with gaseous atoms, leading to further

iooizatioo, increased condllction and dielcctric breakdowll_ In liq"ids. brc<lkJown IS duc

primarily to dielcctric heating and increased iOnization processes. Thi, proccss is greatly

accelerated by thc presence of impuritlcs or high conccntratiOIiS 01-mobile Ions (Na', Li<)

io the Iiqllid. far solids, the main bleakdown mcchanisms can bc Jescribed as intrinsic,

themlal, and ionilation breakdowll. A po,sihlc fourth ll1echamsm, electrochcmical

degradation or breakdown is associatcd with ion ll11gmlwn "nder a (dc) lielJ gradient at

elevated temperatures.

2.6.1.1 Intrinsic Brc3kdown

At high-applied fields electrons may be cjected [rom electrode materials or Inay e\'en bc

generated [rom tile valence band. Thcse c1ectrons <lrclhen accelcrated through tToecrystal

and some undergo electron-phonon interactions, generating hcat and being ahsorbed III

the process, Electrons collide wilToi01l8or atoms in the solid, knocking oul thc electrons

and elevating thcm to the c{]nduc1Jonband. Thesc ncwly gcncralcd eleclrolls are in tum

accelerated by the field generating electrons, resullmg finally in an "avalanche" or

conducting elcctrons over a narrow area and breakdown gencrally through a channel.

Electronic or intrinsic breakdown of this lype can occllr in all solids but is rarely

observed, sincc the very high fields required ('0"_ \0' V/cm) L1,ually tngger olher

breakdown mechanisms. Temperature has a vcry pronounced effect 0]] the elcctron-

"
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phonon interactions and hence on intrinsic breakdown. At very low temperalures «<
2Sflq,phonon interactions are weak, so lhat eleetrOlls g~in more energy from the field

and arc able 10 generate many free electrons. Iknee breakdown voltages are relalively

low. Intrinsic breakdown voltage peaks at room temp.erature, where phonon inleractions

become important, but decreases again above room temperature, since thennal vibrations

can now generate free electrons ~s wcll. In glasses and amorphous materi~ls the irregular

structure makes the mean free path for eleetroll~ rairly llnifonn with temper~tllre. Hence

the decrease in strength with tcmperalure is more gr~du~1and such f~etors as compositIon

pulse duration and field strength become more important. Tntrinsic breakdown is

ehar~cterized by short breakdown limes, ~1O.3 _ 10~' sec, as well liS by illcrc<lscd

conductivity with increase in field strength,

2.6.1.2 Thermal Breakdown

This is the most common dieleeltk fallure II10de in cer~ll]ic InslIl~tors, the dielectric

strengths typically two orders of magnitude lower Ulan intrinSIC breakdowll strengths.

Causes for failure are g~neraJly attributed to local heating or cOHduction losses, which

generate heat a( a faster rale tiJan it can be removed, TiJis incre~ses the local tempcnltllre,

evcn (0 the point or-melting 01' evaporation. Depending all the material and the thermal

gradicnts formed, cracks may develop around the loe~1 110tSpol. The combination of

ionized gas~s and increased condllction cause dieleclm; hreakdowil The energy

gencrated by all (ac) field can be given as:

w = (I)~ok'i'~tan Ii - w V C tall 0

Wherc W (w~tls/cyele) is the energy generated, V Ihe voltage, and C thc capacllance 01'

the sample (farads). The heat dissipated rrom the samplc can bc approximatcd by

"



Where II" represent,; the heat dissipated (watts, eallsec), A the surface alea of the sample

(cm!), h the surface heat transfer coefficient (callsee_OC_cm1),am1 T, an<JTil thc surface

and ambient temjlcratures, respectively. To avoid hcal accumulation and breakdown. the

heat dissipated l11ustequal the heat gencrated. As is evident from the expre8SlOns abo\'e.

hcat generation is dependent on both frequency and voltage and on the material

parameters k' and tan6. These different factors can, therefore, be manipulated to avoid

thermal breakdown, as can the size, shape, and heat-transfer environment of the ceramic

part The latter equalioll, for example, can be used in the de"'gn of di,crete capacitors,

where the hem dissipated is dependent on the size (surface area), temperature gradient,

alld surface heat transfer coefficient (0,0002- 0,002 ~al/sec-C.elll' for low 10 moderate

airllow conditions).

2.6.1.-' Ionization Breakdown

lonil,ation breakdown occurs ill inhomogeneous dielectric solids mainly through the

mechallism of partial dIscharges resulting from porc~ or cracks belJlg rr~,ent in the

ecramlC. Ionization of gases inside the pores in the ceramic "hen subjc~ted 10 a high

electric field rcsul18 in the local gcneration of heat, which is tran~mllted to the

surrounding ceramic, rcsulting ill a tcrnperat\ll'c gradient, the generation of themlal

stresses, increased dielectric losses, and increased cOllductiotl locally, "]he stresses can

genelale crilcks, leadll1g to further ionization, and hreakdown occurs via a

tiJermoiOllization pmeess similar 10 that described for thermal breakdown. The presence

of porosity in all insulalor is, therefore, deletcnoll~ to higb die1ectflc strengths.

2.6.1.4 Electromechanical Breakdllwn

This is caused usually by ion migration (Na" Ag+, Ol-rj under a contin'JOusly applied dc

field at moderately c1e~ated temremlmes (50- 200nC), This may lead to illtercle~trode

shorting of closely .\pa(ed clectrodes or to ion buildup or deplctiol] at one or the other

electrode, leading to hIgh local fields and eleetrodc corrosion. These condilions ale all

time dependcnt hut canlcad to lhemlal breakdown, aner prolongcd exposurc, To evaluate



electrochemical hreak,Jown, de fields >3000Vlcm at lOO"200~C in dry amhient (N.) lor

periods of 1000hr may he applied to the didectric, wllh rcsuiling current, vollage-time

curves of the type shown in Figure, Fur must cenUl1lCinslilators, especially glasse,<;,an

initial ahsorption current is followeU by a mure gradual appro~ch to equilibrium,

reflecting rapid initial ion migration and subsequenl slowing down by the uneven

potential barriers in the stmcturc, A steady-state condition is then mall1tame<Jfor several

hoUl's, culminating, ifhreakdown occurs, in a gradual to sl'ulkn incrcase Il1current flow.

Thc point of dcparture from steady ~tate can be t"ken as Ihe electrochcmieal breakdown

for the given conditions. Such infllnnalion is frequently important for microelectromc

circuil appliealions such as Ag conducting lines on an AllO] sub~trale, where a potenlial

,Jifrerence may e~i,t between the lines. This situation is aggravalc<J by the prescnce' Qf

high humidity; hence encapsulation of such circul ts is often necessary.

2.7 Fador:s Affecting Dielectric Strength

Factors that may affeet dielectric strength include compositioll, micro-struclural fcalurcs

(porosity, cracks, flaws and second phases), "nd mcasurement paramders such as

e1ectrodc eonfigoration, specimen thickness, tempcrature, time, rrequellcy, humidity, and

he~t transfer conditions. Compositional eFfects relate 10 the amotpli<)u~ or Cl')'stallille

nalurc of the material and to the presencc of mobile ions in the slrtlcl\ll'e, Increased ~Ikali

concenlration, for example, not only leads to higher)lOlk conduclion, hut also rcnders Ihc

surl;1ce 1I1",e hygroscopic. The combined effects of SUIface pomsil y, su,face alkali, alltl

moislll[e may lead to high ~urface currcnls and b,eakdown; hence porcelain hndies

intended for high-voltage applications ~[e lyplcally glazc<J to llllnllJllZC thcsc en'cds.

Mierostructl1r~1 realurcs such as cracks and porosity con lead to iOnJzdtinn of cntrapped

gascs at high field~, particularly unde, hlgh-h\Unidity eOIl<Jilion; Tbis in turn can lem] to

high current flow, local heating, cracking, and thermal breakdown ~, dC5Crlbed. Thc

effcct of grai n size am] seeon<Jph~se~ depends on the detai Is of the ~trlLcl"re, but SIlFlllcr

grains will, 1n general, result in higher dielectric stccngth" reflccting Ihc re<Jucc,J'

conduction ill Ihe solid.
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Dielectric strength is perhaps most sensItive to change:; ltl measurement conditions.

Electrode geometry is espeCIally important since the breakdown ,'ollage tends to dccreasc

with electrode area. Because of the high fields invohed, point contacts can precipilate

breakdown through field lIljcction of electrons into the diclectric. 'To Illinimi7c lhis e rrect

and provide environmental control, measurements arc usually carried out with the sample

immersed in high-dielectric grade (silicone) oiL This csseotially fixes the surface heal

lransfer and humidity conditions. Dielectric slrength valucs Me very ,ensitive to

specimen lhickness, wJueh must be specified if results arc to be mcaningfuL This i,

because naw dcnsily and mierostmetural defects increase wilh lhe thickness (volumc) of

the specimen under test, leading to Jower measured dlelcetrlc slrengths as samplc

lhickness is increased. Dieleclric strength evalualions arc lypically carried out at mom

lemperalure and 60Hl, The measured dielectric strengths are higher lor shorter pulse or

time duration of the apphed voltage, due to the deercasc in conduction and polarizalion

losses in the dielectric al higher frequencies. For particul~r applications, therefore,

dielectric strength evaluations should be carried oul within Ihe tcmperature amJ flequeney

range of intere~l The effect of higher temperatures is to declcasc the die1cetric slrength

due to higher conduclion in tbe solid.

!l is well recognized thaI during service, the properties of an in:;ulaling material beeOl\1e

degraded and eventualily dielectric, breakdown oeclll's at a field below lhal predicted by

experimcnls 011 fre;h Jonns orthe inslilation, Aging is a tel'm ILsedto in-a gcneral scnse,

thc deterioration in the properties ofthe insillation. Aging IhercJorc determines the u:;eful

hfe of lhe insulation, There are many factors that eilher dircctly 01' indircclly ;lITect the

property and pcrf"rmance of an insutator in serVIce, Even in lhe absencc of an electlic

field, lhe insulation will experience physical aging whcrehy ils physical and chemical

propcrlics change considerably, An m:;ulalion thaI is suhieded to lempclalule and

mechanical ~tress variation~ can de\'elop structl'fJI defects as microcracks. ",h'Ch alc

quile damaging 10 the dieleclrie slrength, as menlioned ~bovc, Irradialion by iOlli,ing

radialion such as X-rays, exposurc to ,evcrc ambicnt conditions suell as excessive

humidily, owne and many olher exlemal condition;' through various chemical processcs,

deteriorate the chemical stmcture and propcrties of an insulalor ThiS is gencrally mueli



mOre severe for polymers limn ceramics, but it is not practICal to use a solid ceramic

insulation ill a coaxial power cable.

The chemical aging processes arc generally accelerated with temperature, In service, (he

Insulation also experiences eleclrical aging 31';a resuU of (he cl'fects of (hc ficld on the

propcr(ies of the insulation. ror example, de fields can diSSOClaleand transport various

iOllS ill the structure al]d thereby slowly change the ,tructure and propcltics of lhe,

insulation. Elec(rical trees develop as a resuU of eledrical aging because, in servICe, the

ae field gIves rise to cOI](inual paltwl di8charges in an intcrnal or sllrface miC[()Cav1(Y,

which then erodes lhe region around It and slowly grows like a braneiling tree. In wcll-

manufilctured insulalion systems, electrical treeing has heen subsLanti"lIy reduced or

eliminated fmml1licrovoids. A form ofelecl,-ical aging that is currently 111vogue 15Willer.

treeing, whIch eventually leads to eleclricill treeing,

The surface or the insulation may become cQn(~minated by ambient conditions such ~s

excessive moisture, deposition of pollutants, dirt, dU8(, sail spraying cle. Eventually the

contaminated ~urfaee develops sufficient eonduclal1ce to allow discharge between the

eleclrodes at a field below (he nomlal breakdown strength of the lflsulator. This type of

dieleclrle breakdown over the surface of the insulation is termed a:, s\lr[~jectracking.

11is apparent lliat there arc a number of dielectric mechanisms ,1llJ the one thilt cau,~s

evcntual brcakdown d"pend~ not only 011the propel1ies and qu"llty of thc llwterial h'll

also on (he operilting conditions, environmenlal factors bemg no less llnporlanL It is

apparent that it is not possible to clearly Idenllfy iI ,pe~ific {llckctric breakJown

mechanism for a givcn matcria!. PolycrysLalline dielectncs contain the ery~talline as well

as amorphous phase. The inhomogenelly of the cer~rnle body depends on its eomposit 1011

and on (he fonning and filling process, llehind (he low dielectric ,(rengtli porosity is one

of Lhecause
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The fOlTIlationof dosed pores dcpcnds on the finng prOCESS,Form and size of the pores

dcpend chiefly on the properlies or the viLI-eousphase, lhus, for inslance, high vohilge

porcelain insulators conlain, if propcrly Iired, sphcrical pores of about 15 ;1m,

The inhomogencity of lhe dieleclric callscs lhc iOllof the elednc field. From the poinl of

view of Iheir influence of the eleclric field lhe gas"filled voids are of pa11icular inlerest.

At firsl approximation there are lwo cases: non.ionized voids and, ionized voids. The

breakdown field of a lhin air gap increases 'considenlbly Wi~l dccrcasing lhickness. The

ionized sphcrical void induces in its vicinity iI strong inhomogcncous ficld w11ha higher

field slress in lhe dircction of lhe cxlcrnal field. ThiS may accollnt for lhe lowcr

breakdown vollage of inhomogeneous dielectrics with highcr dieleclric c0nslant~,

The lhickness used in cOlTIpulinglhe dielectric slrcnglh shall be the avcragc lhicknc,>s of

the specimen mcasured as spccilicu in the lest method fOi thc matcrial involvcd, For a

description of lesl specimens of malerials and their preparation, refcrencc shall be made

to lhe ASTM mcthods (D3755) applicahl~ to lhe materials to bc tcsteu. Sheets and plales

less than 3 Jllm thick arc used as standard lhickness, The thickness is kcpt below 3mm 10

reduce thc probability or remaining cracks, porositics and olher microstl1lctural flaws,

which will lead 10 the low dielectric strength, This is be~~use SQIllCconductive medium

like air and water may prC5cnl and this will comlllcl cUITcnLin a highcr ralc lhall solid

porcelain.

In lhe preparalion of lcst specimen from solid malerial care sh')llid be laken thai the

surface in conlacl with the electrodes are parallel and as planc and slllooLh as the material

pcnnits, The dieleclric strength of solid commerci,lI electrical insulating material i,

greal1y dependenl upon the specimcn thickness, Expencllcc has .silowil Lhal ror solid and

senll sohd malcrials, lbe dielcdric strength varies inversely as a fractional powcr of lhe

specimen lhlckness and there is a ~uh~tantial amount of el'idcllce lhal for rclalively

homogenolls solids, lhe dicleclric 51rength varies approximalcly as Ihc reciprocal or lhc

~quare roo! orlhe thicf;ncss.



Sometimes the oxide pmiicles, non-metallic inclusIOn or other fom] of Impurities ale

prcscnt on the surface of the specimen. So the applied voltage find a eonduetivc path on

the surface and passed through the surface instead of through the entifl:' insulalor. This is

known as flash over. Uecallse of flash over U'e dielednc ~Irength bee<;Jl11e5lower The

breakdown of thick solid materials is generally so high that the specimcn mllst bc

immcrscd in insulating f1l1ld to prevent flash over illld to minllni;-;e partial di;charge.

Transformcr oil was used ill the experiment to preveilt fl",h ovcr.

The relative humidity influences the dielectric strength to tlie extent lhal mOl;ture

absorbed by. or on the surf"ce of. she m"terial under tesl affeds Ihe dielectric "no SUrr,lCC

condllctivity. Hence its importance will depend to a large extent upon lhe n"ture of the

material being tcsted. However even materials that absorbed liulc or no moisture may be

afTected bec,lUse of greatly incre""ed chemical effects of (hsch"rge in Ihe presence of

moisture, The combined errect of surface porosity amI mOisture Illay lead to IJlgh surfacc

curren! and breakdown.

Test result is influenced hy the rate of voltage applicatioll. in general. the background

voltage will lend to increa,e with increasing rate of voltage "ppiicatloll, 'liJis is to be

expected because the thermal breakdown llleciJanism is timc depcmJcnl, although in some

cases the later mechanlSI11 ]]l~y rapid fmlure by prodUCing crilically high local lIeld

inlensifies.

The surrollnding mcdium can cffect the resilits of' dielectnc strcl1glh. Because it anccts

(he he"t transfer rale. extemal discharges, the field uniformity. thereby grcally

inflllencing the test resulb. Results in olle medium CJnnot be com(lalcd wllh tllO.\e in a

difTerent medium,

2.8 Fador.~ affecting mechanical.~trength

The mcrhanical strength measures lhe ability of the ceramic material to withstand the

thermal and mechanical strcsses to which it might be sllbjecteJ dllring usc, ]t is also



relaled to lhe composition and stmeture orthe material, but micro strudural fealules such

;ISpores, cracks, flaws, second phases, grain Size, and grain bound",)' stresses arc usually

dominant These factors are rarely quantIfiable, and lherefore sealter in measured data

lends to be large. As with lhermal eondudion, dense single-phase tend to ha\'e lugh

rupture moduli, possibly for the same reasons, whereas complex mixed oxitlcs and

gla8ses have moderatc to low values. The praclical rallge of values for ceramic insulalors

is 40-800 MPa, but higher values e~n be achieved with speci,t1 processing, The propel11es

discussed ah,,,e ollen mle,act, especially where u~e co",lilion reslill in Jevelopmcnl or

thennal stresses, due to the exislence of themlal or expansion gradients in tlte ce,alllic.

Such condilions may oeClir where localized hot spots develop on a sllhslr~tc dllc 10dired

heating or 10 dissipalion of heal from a resistor (lr active deyice. A comhinalion of high

spcei[ic heat and high thermal eondudivlly would thus serve to 1ll11ll1ll1Zethe rise in

lemperature and the accompanying thermal stresses, If 1I0t reheved, such sll'csscS can

result ill mechanical and dielectl ic degradali<J11of tbe system. Silll iI~r considerations arise

where there is thennal expansion mismatch across inlerfaces, as ill Ihc use of enamcl or

gl~zc eoalmgs and passivation layers on metal or cCrilmic sllbslr~les. For ccramle

inslll~tors, possible destmctive erreets Oil heatmg arc conlrolled hy thc Ihemlul

dirrm;i\'ily, expansion eocrfieiellt, elaslie modulus, alld Icnsile strenglh or lhe maleri~1.

The8c propClties may he conveniently grouped as components of the thermal slmck

resislanee, defined as the Ilu,imum quenching or heating rale 10 which the m~terial can

be subjcctcd wiIhoul undergoing ph)f!iieal d"magc or rupture A practical measure of thiS

q\lanlity is lhe l1laxim\Jm tempcrature 10 which the ceramic can be healEd and then

quenched in waler ~I 2500 C without causing phys,caJ damage,

The mechanical slrenglh dependH strongly on size and shape (5) of the lest specimens as

well as on tran,ienl faClors such ~s themlal diffllsivity, which may be difliellillo define

precisely under lest conditions. Thermal shock resistance io, nonetheless, all imporl,mt

design parameter in ehoosiJlg ceramic illoulalors for applicaliollS, where temperalure

changes may be severe, such as for healer and re."lstor core and thick-film substrale

applications. or the properlies contribuling to lhe Ihermal shock re~isl,lllce, the modulus

ration and the IhellJ1al diITusivily le11d10 vary only OvCr llaiTOWlangcs. The Ihelmal

•



di ITusivity range for most ceramic insulators is O.I-O.3cm'/scc. This is generally true also

for the lensile slrength and elastic modulus, which are closely related to chemical

bonding and structure inllie different solids. The elastic modldi for ceramic insulalors fall

in the narrow range of 34-414 GPa, reOeetmg Ule ';ery slrong Ionic or covalent bonding.

Tensile strcngths for ccramic insulalors arc considerably lower and more vanable, since

they arc dcpendent 011processing, tcsl condilions, anu naws 111the CerallllC.Even so, high

elastic moduli can usually be correlaled wIth hlgh lenslie strengths. so Ihat variabilily in

the ratio of the two is small.

Ceramic insulator does absorb a certain amoullt or waleI', InSllI~lor with low water

absorption is far more resistanl 10 frosl. Also with lower waler ahsorplion bcndlng

slrenglh of inSlllator w!ll increase. Watci absorption is mcasureu m percenlage of liquid

absorhed by insulator comp"rcd 10~ dry insulator.

Ceralnies insulator shows brittle failure, In ceramic insulator, due to Ihe combined ionic

and eovalenl bonding mechanism, the particles e~nnol shift easily, The ceramic insulalor

breaks when too much force is applied, and the work done III breaking the bonds crcates

new smfaces upon cracking. Britlle fraetme oeelilS by thc IOnl1ation and lapld

propagalion of cracks, In crystalline sohds, cracks grow through the gr~in (r~nsgranular

and alOllg de~v~ge planes in the cryslaL The resulting brokcn surface may have a grainy

01' rOllgh lextllre. Amorphous materi~ls do not contain grains ~nd rcgular crystallinc

planes, so Ihe blOken surraee is more likely to he smooth in appcarance,

Any n"w. such as a pore, crack, or illduSlOn, results ill slress eoncenlratloll, which

amplifies the applied slress. Pores also reduce the eross-sedionaI area over which a load

is applied. Thus, denser, less POrollS malerial, are generally otronger, Simibily, Ihc

smaller the grain size Ihe hetler (he mcehanieal propertie" In fact, ceramic-insulating

materials are the slrongesl known mOl1ohlhic materials, and Ihey lypieally mamtain a

signi ficalll fractl on of Iheir strength al elevated kmperalures.



Bending strength is important in ceramic insulator used in power tlansmis,i()ll The

bending strength ofa ceramic is usu~lIy much greater thall theIr tensile strength. To make

up for this, ceramic insulators are somelimes prestressed in a compressed state, Thus,

when a ceramic insulator is subjected to a tensile force, the applied load has to overcome

the compressive stresses (within the object) before additional tensile stresscs can incre~se

and hrcak the objec!. Ceramic ins"htors are generally yuile inclastic and do not bend like

metals. Rigidity varies with the composition and structure. The ability to dcroml

reversibly is me~sured by the c1as(ic modulus, Materials wilh strong bonding re'luire

large forces to incre~sc space between particlcs and hove high valucs for (he modulus 01',
elasticity. In amorphous materials, however, there is more free space Ii" the atom." to

shift to under an applied 10"d. As a result, amorphous materials sllch as glass are morc

ea.,iIy flexed than crystall ine materials ,uch as alumi"'l or alumina-silica purcelain,



EXPERIMENTAL

3.1. Introduction

The study was lliulcriakell 10 identify different phase., in the 1l1icroslluctlll'G and 10

detellll ;ne properties 0 r the ceralTIlCins" lators, To per limll the ,Iud)' a ,",mely of S<llllples

were prepalcd. Tile samples were prepared conforming to tbe ~<L111Ccher11lcal composition

us"d in Bangladesh Inslilalor and Sanitary ware F~clory LlJ. (13151') alld v"'"ying the

proportion of the raw matcriab used ill 1J1SF body and lilei,- properlies were studied

Allhough the BIS r ledmo logy (fig. 3, I) for the C()I1lIllCIci al Ill<ltlllr:'Ldurc (l r-C~nlllll(

;n5uI<1I0l"product 'vas (lli{)wed 10 plcparc lhe samples, certain sleps III Ihe procc", \Va,

altered. After processing, [he structural charaClen/,allQll "'os c~lTicd "lit hy X-f,1}'

d,ffr;lclioll lcchni'lue, the e1cctric pmperty hke d,e1cctric strength was meilsured by high

"oll"ge dielectric t~,ter_ to develop mieroslnlctllral de,e1oplllerlt the ,pecimens were

prcpared by cer~mographie tcclmiqHe followcu hy (lplicai ,llld Scanning Electron

microscopy, Chcmical analysis was done by tr'''.hllOnal gr""imelrie alwly"'. FDA X

analy,is and X-ray J1uol'cscence (XRF). Somc physical and mechJnical properly I c.,

density, hardness, bending strength, were also llleJsur~u to cslahli8h Ihe "d"plJbility of

the ]lrotiuel, al hIgh tension.

3.2. Ceramic in.,ulator body Preparation

3.2.1. Ra" makrial selection

The ra•••.' materials uscd \0 prepare B1sr hody snlllpics ~re listed helow:

I, Chinn Clay

2, China Clay (Rajmahal)

3. Ball Clay (White)

4, Bejoypur Clay (Grade I)

JJ



). ''',,"shed Bejoypur Clay

(), Ball Clay (Black)

7. Fcld~par

8 Quarlz

Tablc 3.1 and 3.2 show tbe grain sile dlstribl1tloll and the chcmic"l analysis of cach raw

maltri,,1 respcdi~ely, The detaded descnption about thcsc law materials is available in

[he Technologlcal Report on 'Evaluation of Raw Matcrial~ jj'Olli Ballglade,h 9W The

pClcelltage of raw materials added 10 prep"re Ihe B1Sl' body is shown II] (he TJblc 3..,.

~mJ Ibe resliitani final HISI' body composition is sbown in thc Tahle 34. Number of

samp les werc prcpared LI~ingdi ITerent firing lel1lper~tures <llldthe chcmlcal cOinposition

is shown ill tilhlc 3.5

3.2.2 Chcmicnl annlysis

The basic rcquiremcnl of Ihe quality produel IS 10 lise high. grade raw matel'lals and l'lr

this I1:Json chemical an"lysis of the raw malerials is mantlat",}' in e\'cry balch The

anal ysis 0 f Ihc raw material was done by eonvenliollal VOhll]lClrl(method and XRF,

Agam the ehenHcal analysis was also Jone 10 find out the cOllstituClI1s or Ihe filial

producls. Here l1l~H1lythe weight pereentagc of 5iO" AJ,O.\, F~.O!,K,O, Na/J, MgO,

CaO "nil TiO) in the raw materials and thc filial product we", me"Sllred.

3.2..1 Crushing

M"'l}' r••" lI1al~n~ls n~ed 10 h"ve the size of their IUl11p" aggregalcs, pallicics, ete,.

reduced before they can he used in ceramic tll<]nllfueime, [n genelal. cruslllllg refer, 10

reduc[iotl of large lumps to a convenient size [or s~omjHl'Y I'eductlon, Actually in Ihe

processing of ceramic insulator materials the raw matcrials IIsed were clays, feldspar and

qUJrll., The componenls to be cl'llsheJ are f~ld$par Jild qLlaI1(, The jaw crusli~l'; were

used 10 perform this operation. AileI' thai secondary crusher alld glilldcr like ball mill or

atll'llion mill wcre used 10reduee the sileo

•



3.2.4 Ball millillg Ill"pot milling

Clays,-fcldspol" on<.lljuartl wi(]] different perccHtU!;CSwcr~ mixeu mlhe )1otI11l11and lhe

mills were rolatcd al a speed at which lhc pebbles (01'grimlLllg halls), elc., arc carried lip

the side and then roll over each other to lhe hottoill. The gl'lnding is thcreforc crfccled hy

impact and rubblllg. Waler waS added lu the clays wilh the ratio of I: I "" thaI a propcr

consistency of the mixmg was h~ppel\ed. The duration 0 r IlliIIiIlg. O'K "f the dekrmi IliIlg

fadors of the particle Sile of the raw ma1clialswas 16 to 18 holLl'S,The fi"al particle size

aftcl' milling was abollt 50 to 60 ,LI11.

3.2.5 Mngllclic particle separaCioll

C~rtain minerals can he purif,cd by magnclic mdliods ,dlhougll Ihey are Ilot

fenomagnetlc- The susceplibility to inlensc Inagndic flelus 01 slich feehly maglletic

malenals i~ insufficient 10 attwel them "gainsl the force of glavity, as I~ dOllc ill Ihc

rellloval of strongly magnetic mater;al But by "pplYlng v~ry high magnctic field

intcnsity h",i?ontally lo a falling ,lrcam thc morc s\l>ccplihle partlelcs can be dcnected

surliciclltly lo clrcet a separatioll. Thc raw ma!erials were uushcd and ground to " sizc

wher~ lhe Illillcrais 10 be separated were 1\0 longer I11cchallically hound togdher. Thc

parlidc si?e was Icss than 6011111,The magncllc scp\ll'alioll w'" umied O<lthy applying

stlong magnetic field when lhe malaial is in thc wct coml1lll)l\, '1he r.'W male,i"ls wcrc

passed Ihrough thc fi~ltl and the '~ramtioll wa., CCllTicdout

3.2.& Reservoir

Aller glinciing and milling, many matcrials arc storcd for .ll1ort or long period, Clay

slips. Imxed body shp~ may be stored 111I~nks winch are kept <lgitatcd jusl cnough to

prevcnl sepor<11ionThey opCl'ate much like blungers. hut less vigorously. In th~ prcsent

research, the need or reservoir was limiled. Actually th,' slip I'as P1'l1J\lC~Jand tb~
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malerial was cast directly, as lhe amount oflhe mHlerial was SI,wll RUIfor !hc large .Icak

production (ilc I'cscrvoir is must.

3.2.7 Filter press or casting ill piaster of paris mould

In (he I~rge scale production the day 81urries and slips uscu for purifying and mixing can

be dewalered by a nUlllber of ways, The tomtl\otlcst mcthod is rilici pressing. Actually

riller clo(he8 are used with applying pressure mcchanically inille dewatering Thi81'focess

is rapid and economical. In thc present research wok, no nller press was used As (he

Hlllount ofmnlcrial rcquired !o prodllce samples was 8mall. ihc ,lip wa" Gist Jir~clly into

lh~ plasler 0 r paris mould, The slurl y was plOce8sed (0 lower down lh~ lllois(UIe Lon(CIIt

to 18-20% in lhe plaster of paris 1ll00i1d,The dry plasier Illould will su~k lhe water down

lo 18-20% The slurry was kcpt in the mould for SUffiClClltlime to lower (he nlOi,lure

COlllent.

3.2.11 I'ug milling

The funclioll of p\lgmill i~ 10 improve tile uniformity 01 ~ pl~stcr clay body giving II

gre"ler work"hl1ily becaw,e of thc propcr coating of clay particle, wI(h w~(el'. The

vacuum m~chine (!Jal IS fixed wllh ihe pug m1l1doe~ (hi; more (horoughly ~s they also

reillove any ai,- bubble.,. The malerlals ul\ucr ~(udy wer~ pugl!~J with 1I1Cpug mill ond

IOd (ype samples of 10 mm in diameter and 135 Inm lL1lenglh "as preparcd,

.1.2.9 /)r~ing

The' hllll,idilY \";1, fj"SI.inenoascd '(0 '60 '10 70% Sll lhal !Ile' inil ial urYlllg Iale \Vas.low

while allhe same (ime (he temperallll'e was raised. The hun,idily was kept high to cOnlrol

drYlllg dl,ring ihe crilicol' period of drymg shrlll~<lge. Slibseq lien:!y the later slag~" \\,ere

I'<lpid,This ;J1lo,~~~1ii;~'process l() be canied out rapidly WltllOlii causing dcrcc!s ill the

'''lie. Drying (empdalUI'C5 in the tunnel dryers ,,'a~ kepi al 120-130"( and Ihe duratIon of

drying \\'~lS24 hour"



3.2. I0 Firing

F",ng w,,~ fired in tunnel kilns. In tlllillel kilns, I_arc pa,,"cd through th~ klln Ihc

lemperature dislribuliOll illong the klin w"s kept constant Air fot combustion was healed

by the cooling warc. and thc combustion gases passed over the killl and lieated all llie

wore entering. ]n this way the heal eontent ol"the eombusti"n prote,s was uldi/cd wLlb

great efficiency. The firing curves fOi the pmductiol1 of the samples is showil in fig

3.2(a}, The de'flation of this curve can be eOIlLpar~dwith the .,tambni liring cycle curvc

111fig 3.2(b). An Ilregulanty in the filing insulators at the BISTi is clearly Ilo(ieeable. The

cool Lng 100 fast to lntroducc ,clious rcsidual s(n:-sses in Ihe I,red prodLlct 1\1,0, thc

bealing cycle was nol L1nifom] ilnd may callse warpage 01 CIack ill thc product

J,J Ph)'sicnl Properties Measurement~

3.3.1 !Jensity Measurements

Average Ih'ckneS5 and diameter of cach sample was mcasured (0 c"IcLllale the averagc,
volume (V) of c"ell sample, The weight (W) "l"the oalllpic w," lakell and Ihe dell:;ily of

lhe sample W;15 calculated \Ising thc formula

o ",
3.3.2 11ardne" Mc"~"remellts

Vickers nllcrohardncss test lI'as applied to (he specimen fircd at dinere'li lemperatLlres,

The I'I"ce wno <:hll:;~1] so lhat the POlilt or indent"ti,,,, does"'1 1,,11,)1] Ihe pores .Ih~

Vickers hardness lest uses a p}'Tamidal dianlOl1dwith an dllgle 01'136'1 iJelwecn faces. The

Vickcls hardness mnnber of a material IS defined a~ Ihe load applied dlvidcd by Ihe

contacl arca ortllc indentor. For the slandmd Vi(;ker~ indentor (1m rcduce.1 10

I.R5441'



The Vickers microhardness lest applied lhe load or 2(0);111 Tilc ~1~ll<lardor tli~ Vickcr~

nllcroh,lIdne~s, which was followed, can bc round 011A$TM 1:-,~4.

J.J.J Bcndiug Slrcnglh Measurement:

H1gh denl<1IlJs are Ill~de on cOll1l1lerci<liceramic illsul,llor in rcspccl or Illcchamcal

slrcnglh. For this reason it is te~leil ror benJing ~trel1gth. all bending" ",d [h~ lower

layero are slressed '" compreSS;(lll, lhe upp~r in len"()llS. For ceramic prnduct crn.,"

brcaking strenglh is usually more i11lportanlillat cntshing or Il'II~ilc slrcnglli, hul hodies

wilh lhc highest crushing strellglh lISWllIy ,1150h"ve thc hlghesl :,trellglh, lJendlllg

slrcnglh mCJSlItCIHClltsWGlecarried oul ror the ",mlple.' prepared. The machine lhal wa;

cmploycd ror b~ll(ill1g lesl mea8uremellls is called Bellding slrellglh Icslcr. Herc " S[,1tlC

load w~s employcd at lhc cCHler01' the specimen. ThE sp~Lilll~11\".1, held by supporl, 'II

Ihe bolh ends, A scale Iccordcd tbc lo~d cmploycd, which was llotlllc dircct tc~(ililg. This

reading thell eonvencd in[o aclllJ! rcadlng (Kg/cm'), A IOl'llllllJ was cmploycd 10convcrt

lhe machine read'llg, which ISpresented below:
•

FII",I
4A1

where

F" - Breakillg loud 111N (Scale value)

L, =Widlh belween sLlppor[sm mm

M ~ Momcnl of re"islance in ",,"3 ([)epel1denl Oil lhc ern,.' SCLiI()ll,Iml'c of thc

<;pccimcn)

ml'

wbcre d ISthe di,lllleteroflhe sample

croll= U11imale hrcaki ng end bending slress (N/mill')



3.4 Microstructural Characlc,-ilatioll

Ceramic malenals are finding increasel! applicatloll in mallY arc"s of Icchnology and thc

ITIlCrosln',tural analysis of ceramic Ilwtc"ai>; l~ Ihere fOle more becoming common in

materials lesting lahoratory. IImong olhers lighl alld cleel,on Illicroseopy pl~y an

important Like mdallie malerial Ihe prepared speCllnell8 ,1re plekrably examined with

reDeeled hght or scanllmg electron microscope Thc mcthods for mcl;diogral'hic sample

prcparatlon can, with some n,o<!ilicalions, al50 be Ilsed for ccr,lIllic l11alcri~ls. The

IlltCl"Ostfllctumlexami nation 0 r cero.mic maleriab is kllown ,IS'.c~,mnog' allhy."

3.4.1 Optical Cl'l"amography

Ceramic materials are exlremely hard m,llerials retillirilig tlilkrclli Ilrocel!u,es Ihan thosc

used for 'Heloi" Allhough some samples "ere $edioned w1lil spcn,,1 ;,br<JSI''Cwhecl".

howevcr. di~l1lond wheels are prdclTed in olhcl C,ISGS, GlIlldin!, ",ith emery Ol silic')Il

ca,bide paper was nol used because very lillie malerlal would be ,emoved before Ihe

paper wears oul. Di",nonl! pastes ,~ere used, allllost e~dusivdy, for 011 :;wges of

prC[l<ltalion.

.,.4.1.1 Sample PrcparalioR for ccramography

Sam)JIing is dOlle almost exclusively by seel; 011mg wil h lllotorl ~ed clllolT l1l~dlilles \ISing

watc, emilisions as lubricants and coolants. Low specd (1000 '1,m) wa, "I'plied whLeh "

s\1LI~blefor ceramic insulator. As ii, rndallography, llIcciJalllcai grinding and poli,ilillg

melhods a,e also most common in ecramogt'~pby, wh~l'~ Illale]i,,]; arc successively

,emoved from the surface by lile glindlllg and pol1.'ihi"g mc::dia,Hand grinding is a vcry

liring chore; automatic devices are definitely preferred. Sel'eral procedllres were used 10

hold thc diamond abr8~ives during rough and fi~e grinding. slich 'ISdiamontl 011cast-iron

or cerad wheels, rosewood rods, and reSlll 01'metal bouded diillllOlld 18p>,The ~ample~

were prer~red by the diamond eerad whecls in the labol'atory. Dependil1g on lhe

Sl1100llmessof Ihe cut, preparation commel1eed wilh 60-. 45- or 30-f-1nldiamond disc5,

J9
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Wilh automatic devices, relatively high pressures 3m! short limc; (I lo 2 I11l11)"ere used

with" wheel spced of ahoul 300l'prn and copious wntc,--co"lillg ('oarser gnts were

rcyuired 10gnnd all "s-sinlered surface, Rough polishing wa, cU'luuclcd using (,- or I-,Llll

diamond paste on nylo<l, Texmel, or Pel lOll clolhs. l'olishlllg tllllCSof I to 2 min were

used wllh very high presslll'c and low (150 rpm) wheel speed" Final polishing Wa,

pcrformed using 1/41l111diamond paslc on a low nap or napb; CIOlhwith iJigh prcssurc

for about I min. These procedures arc necessary 10 millimizc slrcs> relief in ccramic

Tlwleria1s.

3,4.1.2 Etching

•

It is good practice [0 examine a ceramIc specimen III it" as-poli.,hcd co",lillOIl ullder lhe

microscope be 1'0'C ~tcl)1ng, This permits the evalualioll or lhc alllount 0 r porcs and IhcII'

dLstrihulioTl Hnd posslb[y lhe eVLdellCCof b,e<lkolltS, [nelusions, cont"minations alld

crack.; obould be "n"[yzed first on the llllClChcdspecilll~ll, rh~y will have 10 bc clclwd.

l!lough, 10 rcvcal thc grain bOllndarics, piJascs and lhc otlicl' mic['()~\rLLclUralr~aturLs. Thc.'

etching wcrc perfo'1lIcd by immcr$ing the ~alllpies in I % hydrofluo,-ic dcid for 10 to [5

minulc, Anolher elehing tcchnigue, werc Followed whErC c[chlllg "'d.' perrorlllcd hy

iIll11l~r~ing(hc sample i'l 4% liydroJ1\ioric ,Kid l1l"inl"illcd ,It 0" C 1'0' 11)-15 "'co"d,

Af\cr clching Ihc ~all1ple.,>w~re observed undcr opticalmicroscoJlC at high mag'lIficallon

(x[[)O 'illd ,400) and micrographs wcrc lakcll ,lS nc~c""ry Oplical COIlII';I'lillg

lechniques such as darkficld, polarizcd light. and phasc COlllraSlpl"y \"II}' Hmillor role ill

thc cxami llation or miem,tructures ill adv@llcedcer"'lllC5 1''-101'10 etchl "g They arc 111(\rC

Sl,cces"ruliy 'Ipphed III combinalion with etching, This IS rd<Jtcd 10 the fact lhat

chemicilily elched ceramic .\pCCllnCIlS,examillcd undc, Ihe IllICI"{)SCopewith IcJkctll'e

brighlficld illlJrnill,llioll, produce a low Cllnlnlsl @ndwhiti.,1l image Cer,ll1lic,>pcrlllit lhe

lighl ray to penclrate lhe surface, resulting in scaltering and internal ,cl1ecliolls of [hc

lighl, rendering it difficull to obtain a tl1'C image of the stll'face. To eliminatc liglll

scattering and 10 improve Ihc reflectIVIty. IllS I'CCOl11ll1enderilhatthc specullcn surface be

coated with a renective layer. Such a I~yer should be belwec'l 5 Hild IlIllm thick and c<ln
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he ."putler co~led wilh cithcr Au 01'AI. Thi~ w~y Ihe dd~i Is 0 r'tbl' slruclurc' S lop"gmph}

are truly rcvcaled.

3.4,2 Sralllling Elertroll Mitro~co[1Y

The Scanning Eleclron Microscope (SEM) i8 one of the mosl vcrsatlle alld willcly u,cd

10015of modem scicncc as it allow.'>the ~t\ldy of bolh morphology amI composilion of

biological and physical mnterial8. By scanning on electron probc acros> a 'l'cLimcll, hlgh-

resolutloll Images of the morphology Or lopogmphy of a specimcn, wilh grcJ[ dcpth of

field, Jt VCI)'low or vcry high magnifications can bc obtaincd. Composition;]l 'Hmly,i, or'

a Ill;][cl'lai may al~o bc oblained by 111011ltOl'lllgsccolld,L!".\'X-lays produccd hy the

eleclron-specimcn illlcmctioll. Thus detailed maps of elelt1Clllal tI,~lnbuli()n call be

pl'Uduced from mlllli-ph~se m~tcrials like mil' ccramic malcrials. ChJIJcteril~tiull of rille

pal'lieu1<J1cmaLler 111lelms of sizc, shapc, and di,;ln!)llLIOll ,lSwell ,ISSialislleal ana Iyscs 0 I'

thesc paramclcls, Illay be perrormed. 1'01 ccramlc ill~lllat{)r IIw ~~;II111illgelccllon

Illlcroscopy lS a Illusl bccause it will reve~1 very fillC IllICIOnSill' U'Jd.1 Wilhill lh" ph;lScs
•

and will also show the c!mraC[enSIICSof diffclcnt phascs, thcil OrL"l1la[i,," and "lhcl

tupogrJphical effecl ovcr thc surfacc. The si/e "f LhepOlosl1y and Ihe miclOcracks call bc

greatly analyzcd by SFM and HSporosily and cracks illnUCllte tilt mcthanical ~Ir~llgth

~nd dielecilic strcnglh, wc can make e01l1111cllt5on didcctl'lC alld IlICChall ieal bch""iol by

obsclving thc SEM images.

~.4.2.2 Spedmen Pre(Jaratiun

Th, ce requl rerncn[s for prCIlJl'ing ccralll ie .1"1"1'1c~10<" rcglll",- 5Uvl <11~

1) Rcmovc all watcr, solvenls, or o(hcr malcrials lhal could V.ljlOrl7.Cwllilc in [Ilc

vacuulll.

2) Fil'mly mount all tbe samples .

.J) Ceralnics should be coated 50 Lhcyarc clcctl ically COlldliClivc.

•



The preparaliOiI 0 r salnpk usual IYfollows the same as eel alllOgraphy. A lieI' elchlllg If the

sample produces gm)d Images under rnicro~collc thell il wiil be prepared for SEM, Firs( i(

is c1caned ullrasonicaily (0 remove all (ile loosc parllclcs. walcl', ~Iching re~gel11sor othcr

matcrials Ihat arc hillll1ful ill "aellum, Then the specilllcn is lIlounkd In SEM 51~nd ,llld

Icady for coaling,

3.4.2.3 Coaling

Co~lillg used In SI:M analysis is aimcd mainly at the Ii)ilowillg:

I. Prcvenling ,the ch"rge-lJp on tbe spccimcn surl'Lcc hy Lo\"Cring il wilh a

condllcllve lilatcrial.

2, Incrcasing sccondary c1cdr(J1lemiSSion by covel ing a speci mcn 0 flow sccondary

elecLJ'ollcmissiPlI wilh a metal of hIgh second~ry eleclron Yield,

For COalLng.lhe op"llen ng method is genel ~lIy used, Wilh lhe iIHpl0 I'ed Ieso Iulion 0 f Ih~

SEM, coaling techniques for 111gbm~gllificiltion arc still undel' sllldy. Howcvcr, VdUOU,'

subslanccs are being used i.e, C, AU, AU~Pd, and Pt. which Illust bc selccted dcpcntlilll;

on thc purposc and magnificalion. For our c()nvenienc~ "'~ ha"e co,llcd ",ilh carbon. It is

ne~essary 10 ,elcct a coatlllg suilablc for thc obscrvaliOll maglllfie"llOIl, Ir Ihe coaling is

too thick, its piullClcs bccome vlslhle whilc <Itthc sallie tim~ Ih~ slr"Ullre, oj"lI1tercst arc

llIay b~ obSeIJr~d.

3.4.2.4 Sputtering
.

Thi~ device i, most \\ildcly used for observillg ,PCClIIKIl OIIr[,l("elllolpllOlogy, Whcn

coating polymer materials that are easily tiamugd by ion imltiialioll and dectron

m'adlution. the tnodc.typc magnetron-spultcrillg devie~ is recommendcd 0\'Cr the diodc

spullcring. As me(~ls, AU and AU.pd ~re generally m;cd because thcy ~rc easily oblalilcd

and gencrate secondary eiec(rolls "etl. Recenlly, however, hi£IHllcltm£ rn~tal, stich as PI



and \1/ have heen used for high magllification observation, bCl,llIsc 01' lhcir high

granu1<Jrity

In our I~boralory wc havc used the Agar SEM Carboll e()~ler

A givcn substance always produces a ehanlclensllC diffrilclLol) paliclll, whethcl lh"t

substancc is pres~nl in the pure s!ale ()r as ()Ile con5l1luellt or a 1l11xlmeQf substmcc5,

Thi, facl15the b"SlS fQr the dlrfr<lClionmclhod ofchcmic,li <lllaIysls, i,e" phasc ,III.lIysis,

Qualilalivc analysis for a particular substance i, ,lccnl1lpani~d by idcllliJic,lli()n or the

pallem Qf thaI substancc, Thc particuim a,Jv"nlilg~ of ,hffraet'oll iln,lIysls lS (h"t II

disclose, the prcsencc ofa Subsl,Jl]ee as Ihal sllbsl,lIlcC aClually e~ls(s ill lhe samp1c, am!

Ilol In (erms Qf its eonslituenl ehcmical e1cmellls, For ~xampl(" 11-" salllple cQlllaillS lhc

CQllll'OlilldA,D" lhe diffraeliol) mdhoJ will Jisc-Iosc !I,e 1"-c,ellC~ 01 /1,81 'lS such.

whereas ortli""ry ~hell1ieal "l]alYS1Swould show only Ihe I'lcscnce of elemeilis A Jnd [-I,

Fur[hellllOle, If Ihe saillple cOlllained bolh A,By and A,B,), both of lhese eompollnd"

would be di~c1o.,ed hy the difTnlciion melhod, bill chem"al ;lllaIYSISwould again Indicalc

only Ihe p,esence of A am! 13,Anolher ralhcr obviom; applicJtIGIl of dilTraelion analysis

IS In dislingulshlng bclwecil differenl allotropic 1lI0diCil<lli')I\.\01 !I,e ,all1~ substancc

,olitl silica, for exal11plc, cxisls ,n olle amorphous and "iA cryslalllllL <ll()dific<lllOIlS,illll!

th~ Ji ITmcliolJp"Ucm, of lhc,e seven forms arc all dilTcl'cllI

The powdcl pallcrn ofa substance is ehamclcrislic orillal subslallt~ and fon1l'. a sort "I'

finger"rinl hy which the silbstallce may be Id~1l1ified_If we h"d "n h,md a collec[lon ,,[

dim-action palterns for a greal many ~ub&l"n~cs, il couIJ bc id~l1lifietl an unknowil by

preparing ils diffraction pattern and thcn localing In Ibc ficld 0 I'inlerCSlof knoll'll patterns

one whieh matched the pattcrn of the ~Iiknown exaclly, The coll~etioll of knoll'll pal1ems

has to be fairly large, ifil is to be at aJ1useful, ~l1dthcll paltern by paU,m comparison in

order 10 filld a matchlllg one bccome, oul of the queslioll. Wilal], nceded is a syslcm of

cl~s5lfying Ihe known ]J~t1ems so Ihat Ihe Olle, whi,h 111alrheoIh~ llnknmvn, can b~



10catcJ (jUickIy. Hanawalt devised such a system in 1936, A set 0 r Iinc positions 20 and d

set ofcharacteri7C allY one powcr relative linc illten~itie~ L lllltlh~ ""gular pOl>ition5of

the lines depelll.l on the wavelength used, and a mom li.mdalllcnial quality is the ,pacing d

of the lattiec plallcs forming each line. Hall~walt tlicrelo,.~ decided 10 descrihe each

pollcl'n by lisling the d and 1 value 01' its dilTt'aclion lincs, a"d 10 ""Iange the known

patlcl'1ls in decrcasing valuc of d for Ihc strongest line in Ihe pal1eJ'l\,This ~rmngemcnt

made possihle a search procedure, which would (]tHc:klyloeak the de'lred pallcnJ.

Phi";e ~mlly~i5 by X-r~y difTraction "'"s carried oul aceorJlllg 10 l-iall'lw,llllllelhod, 2 to 3

gm of the powrkied samples of fircd hody (fired <ll 1250"(;. I275"C, IJOO"c, l325"c.

lJ50"c. lJ750C and 1400"C) were put ill a slid~ and pr~s,cd so tllat IIl~se were auaelled

wilh lhe SUIface oflhe slot of tile slide. Then x-ray paHerm wele recorded. The powder

was charactel'lzed by a set of hne positiolls 20 and a set of rclative lille Illtensitles 1. The

allgular positions oflhe lines depemJcd "II tile wavckngth ,,"cd, 'L1ld" Jl101'eli,,,,lcliliciltai

'1",Lillywa, lbc spacing d oflbe lattice plancs fOrtlling each lillc. '11Hlsby listing lhe d <lnit

1 values of its diffraction hncs, and 10arrange the known paUelns In decreasing values of

d for Uw stll)ngest hlle in the pallen]. Thi5 process Idenlified thc I'hil~CSpr~o~nl in lh~

samples. All the samples were examined according to the follOWingspecifications.

3.6 Chemical Properties Mea.lurement:

J.6.1 GlaS5}' l'ha5e Determination

I'Of determining the glassy phase a spcClal technique Il<lsbeen 1:lkell, ]Jere first lhe fired

;peeimen 11,,;b~CIlgrounded very fllle and scr~cned those powlkr5 Illlo JOO-mcsh screcn.

The particlcs that pass the screen are taken for e.\peril11cllts,Theil lhosc particles are dried

10 become moisture free condition and (hell a sample w~lght Ofl\.125 gl1l is lak~1l [n the

1\l~3tllime I% hydrofluoric acid solution is prepared and 100 ee solution IStakell for tile

operation to proeectl. In a plastic put we "llowed the p"rtieics 10 rCclclwith Ihe solulion

for Iwo hours Then tile solution was filtered through pulp, ContillllouS \\'Jter wasil would

give us Ihe beHer result and (hcll the resid\le plus the pulp I, dried anu tired al 800" C •



Thc weight of rcsidue is the weight of cryst~lhlle body and the pan of the powder lost III

solutiol1 ISthe weight of glassy phase which has been corroded by II,~ hydrollllmic ~cid.

So the weight loss will give us Ihe pcrecntagc of glassy phasc inlhe ,lructurc

The operallon "'oS I'U11011a nllmber of ,ample like fil'cd body at 1250",1275", 1300°,

1325",1350",1375" and 1400Q,

3.6.2 EDAX Analysis:

Scallning ElcclrOIl Miclosc0PY (SEM) in conjunction with Encigy Dispcrsivc X-Ray

Analysis (EDAX) allows detailed ~haraLl~,-i%aliOIi01' Porcdalll c~ralllic l[1slll"lor,

l:lcclron MIcroscopy allows dctailcd magni l,caliOIl or up to x50000 while FDA X allow;

qualitativc and sCllli-'l"alllilalive elemen(al analysis SEM coml""Ed "Ilh FDAX is a

very powerful (001 and fimls wide "",I varied lise from "II lype of mduslries. Sro1
•

analyzed has b~~ll l~kClI in SEM lmages. 4 spol ""aly",, was lak~1l by Fi)AX """ly/cr

and whcre Ihe qualilalivc alld scmi qLl~lItilaliv~IT~lIll, w~n: galll~lul

3.6.2 X-ra~' Fluorescence

When a primary ~-ray excilalion sOllree frolll a x-ray lube or a I~Jio~ctive ~ourCe slrike,

","""p1c, (he \-I'ay call eilher b~ ab,orhed hy Ille ,Itom 01'SC:llkl'~d lhl()II~1illi~ 11",l~n"l,

Thc PI'OCCSSin which a \-ray is absorhed by the "Iolll by 11'.IIISl\:ll'll1g.111"I' ils tIIerg)' 10 .

~Il 1I11lermosielectron is called the "pholoelectrie dfeel." DUrlIlg Ihis process, if Ihe

plilll,lry x-ray had ,ufficicnt energy. eleclrolls arc eJecled frOlll Ihe II1llCIshells, C1'c"ling

,"cancies. Thesc vacancies prcsenl "" IJllslable condllioll f61' lh~ alOI1l, As the atom

letul'llS 10 ils stable conditioll, eleclrons flOm thc oulcr >;h~11sa,-~ I'-on~len~d 10 Ihe inllcr

sheils and in (he proccss give off a ciJuraclcri,li<: x-ray \\<hll~e~IWrg.l'is the Jil'kren,'c

hetween Ibe two binding energies of thc cOITc<;pondillgshells B~~,lIlS~each clcmenl has

a unique sct ofcnet'gy lcvcls, cach demEnt produccs x-rays al a ullique <;elofCllcrgics,



,
allowing one to nOIl-cie5tructiveiy IllCilSHrCthe elemental comp"SJlLOl1of a sillllpk. The

process of Cl1llSSlOl1Sof characteristic x-r~ys l~ called "X-r,LYFluOI'escel]cc," or XRF,

Analysis using x-ray nuorcscence is calkJ "X-ray fluorescellce SpcctIOSCOPY."

In this pIOle,[ chemical i1l1aIY5i~15 ,,150done by X-ray Sl'c~([O!,C()py to check the exact

chemical analYSIS lor nil raw materials nm.! also Ihe fued hody ot" [he ~Ilill pr()(JLI{\.Til,"

raw materials inchldc ball clay, feldspar (IoG11,1l1d Illlporled), chi"" day ( bouy ,1I1d

plastic), bljoypur clay (washed and unw<lshed). Sylbe! clay "ml the fired body orlile final

product

XRF is a very imporlam tool in casc of ceramic ll1~lcrials because in lra<!ili()l1i1i chemical

analysis illakes so mllch (im~ ilnd "bll Ih~ r~~ult i, Ilol alw"y.' accmJte, Th;lt's why XRF

1~~hl1l'lue;s april ~d for higber accuraC} 0 r the allalysis I'csult. 'I he XI{I' Illclhoo Is wid~1y

\lsed 10mcasurc Ihe elemental composi Iion 0 I'~er;llllic malcri ai, Sincc th ISmcthod is fJsI

and llon-,kslrudivc 10 Ihe sample, it is Ihe method of chOice for f,eld ilpplicatlOlls ami

iIldusll'i'II prod lIetiOIlror control 0 r malcllal s,

3.7 1':lectricaJ Propertirs Measurcmcnt

3,7.l I)irkctric Sirengih Measurement

Dieleclric strength of an insulating body ISmeasurcod by p,lIlillg high vl1ll~gc IhmLlgh "

certain thiekncss of the body. Thc specimcn thickllcss must he limilcd 10 ~ I1IIll to

minimize the probahilily ofhav;llg cracks and other dcf~cts "hlch mill' 11Iw~1'thc reSlIlC

thus "'e mmle the ~pcciEllen with Ihicknc,.s varying 1'•.0111(1,5 Illlll to "bOHI 2 8 mm A

stalllJJrd SP~CIIllCIlis shown ill lig .3.4,1, Th~ stalldard Ic,t pmccdure follows <15AS I'M

methods 1D3755) TIll!'; thc dielcclric strcngth is m~asllred ;10.

•
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• But \'cry lhin specimen preparation is troublesome ~.I it turriS jlll() wary Shill'\' <.luring

firing. ThaI's why the whole body i~Illilde of several 111111lhjc~nc"',;:; and Uq'lcS"OIl 01-

around 7111111 was made. Through tbi, depressed point higil 'milage l~ ]1,IS,CUllllill fraclu rc

spmk (JCcur~_The S<lmples prep"red ,1Ild fired 111MME dcp<lI"IIllCIl!Ccr;mllC lJbolJlOry arc

also tested. 1 he applied breakdown voUag\' """ measured as [,}Ilows

The breakdown \'oltage of a sp"rk gap between 1"'0 melil! '1'1,e,-cs 'Il"')' he Hoed "l> il

measure of voltages up to [he highest encountered ill high voltage lestillg Tlie noml"]

arr~ngcmenl consists 0[111'0equal Sized, polished JIUllliniulll spheres scpdralcd by an air

gap The spheres arc liwall y llluunled ver1lc,lIiy on "bove Ihe 01her, wi Ih Ihe lowcr sphere

carlhed. The voltagc betwccn thc spllcl"Csi.1rai,cd till a '1"L1k pw,sn hdwccll Iilc two

sphcres thc vallie of vollage requircd 10 spark OI'CI (I1rc"kd()wllj dcp~nds Ilpon Ihe

diclcdrie SlrCllglh ofolr, lhe size ofsphclCS, thc dlstanc~ betwccn thc spb~rcs and many

Ihe factor, A Iypical die1cctric strength lesler is shown 111fig.J.4.

•



RESULTS AND DISCUSSIONS

4.1 Introductioll

In order to find Oul the relation hetwecn the struclurc and properties of ceramic insulator

the phySical, mechanical and electrical properties of ceramic insulator WCICmeasured and

the properties measured in each test were comparcu with the optical micrograph or SEM

micrography. The mechanical strength incllldes bending strength and hunln"s~ of ~amrles

fired in different firing condition and chemical cOIllJlosition measurement also describes

the chemkal proportion of each raw material and the fired body 10 show the illl)lmily

content. The dielectric strength was also measured in [ugh vollagc testel,

4.2 Ornsit)' Data

Table 4.1 shows the density ~nriatiol1 with lemper~lllre. Here the dcnsll y of sample fired

at different temperatures was measured. This indicates the increil;e 111the percentage of

mullite phase increases the density, Density data can be relatcd wilh thc microstructurc in

such ;I W;ly thai where the glassy ph;lse incre;lse5 the {knsily decreases and again the

mullite increase the dellsily increases Now with incrc,j~ing temperature IIle "mount of

glassy phasc as wcll a5 lhe l11ul1itepcrcerllage also incrcases, Now ill tlJes~CllCllmslanccs

a lemperature has to be set where the optimum dcnsity can be «)und for samples fired al

different temperature. Looking at the data for dellsity measurement it i" found [hal lhe

density is maximum al 13500 C. Actually the density data shows quite a ,imilar result for

samples fired from 1325 to 1350GC. This is because in these tempcralurcs the amount of

glassy phase de\'e1oped from the quartz particlcs and thc amounl or rllllllilc fonllnl

during firing balance each other.



4.3 Hardness

The hardness of samples fire{) at different firing condition was also measured. The

hardness was found to be varied with different tempemtures, The Vickers microharJncss

result shows lower hardness in 1250~C, 1275~C and 13000C but increases whcn

temperatures increases and found to be maximum at 1350°C. The hardness profiles also

show slight decrease in hardness when the temperature drops from I350°C to 1375"C and

the decreases more with fllrther drop in temperature. Table 4.2 shows the hardness profile

data and figure 4.2 shows the variation graphically.

This IS because the amollnt of phases present and the ,11110l'nlof glassy phasc present in

the Slrlletllre. In general it is known that the telllperat~re has a marked dfect on structure,

The quartz content decreases and the illullite contcnt and thc gla<,sy phHse content

incrcase with tcmpcraturc increases, QllartL: and mulhtc contrihutc to thc Illcehanicill

strength of the insulator and glassy phase contcnt only incrcases the volume but do not

have any strengtil illcreasing effect. The erred of these is quite clear on the results or tile

hardness profile.

At 1250° C and 12750 C, the hardncss is almost 6429 ,mo 6773 kg/mm' and wlien the

temperature increases to 13251'C there IS a rbe in hardness ((N60 kg/mm'). Allhough Ihe

quartl content decreases, thc mullite eontenl increJses with temperature and that's why

the hardness increases. Again the adverse effect is the increase of tho amount of glm,s}'

phase content But the increase ofmul1ite phase ofrset those (hsadvantages.

Again when the temperature increases from 13250 C to 1350~C tbe hardness increa,c

continues from 6%0 to 7153 kg/minI mamly due to the increasc in ll1ullite content, Tile

maxima were found at 13500C and again the hardncss deerea.<,cwith tell1poratlll'e, 'j hc

highcst bending strength was also fOllnd at Ihls tel11pCratlue.Tbe rcaSUl\bchind thiS is tlie

maximum offset power of mullite to thc increasing glassy ph<Jseand deeleasing quarly.

content At temperatures above 135()~C, although the Ilwllile contcnt in~reasc, lhe



increased amount of glassy phase along witli lower undissolvcd quartz content , dccrcase~

tlie hardness,

4.4 Bending strength

The t~ble 4.3 shows the bending strength for difTcrcnt types of samples fircd in ,llfferent

firing conditions. The data shows that at tlie higher tempcrature~, with the mncase in

temperatu,e lhe beliding strength decreases shghtly but at lower lemperatures (from 1250

to 1350QC) the strength increases' with temperatures, Although there is some slighl

variations hill the result almost eharaeterizeslhe above principle, The reason hchind Ihis

the amount o[gl~ssy phase contents. With the lllerease in gt~s~y phase Increase Ihe liquid

viscosity and helps to maintain lhe shapc during firing. Onlbc othcr h<lnd Illullite, which

is a crystalline phase, have a vital role on mechanical strength. As the mat,ix of the

ceramic sample is either undissolved clay matrix or the ghlSSYphase the needle shape

nJullilc maintain the stress level m a higher order as just in a composite matrix, Allhough

the mullite fonns above I 100°C the mullitc needles becomc promment above 1300I'C.

Blit with increasing the lemperature lhe p~rllal dissolution of quartz phase llCC\lrSwhich

starts at 1200°C. Increased glassy phase content tend, to decreasc the bendi ng strcngth 0 r

the porcelain ceramic insulator. The bending strength data shows that the highest !lending

strength was found in Ihe samples fired at 13500 C.

4.5 Dclermination of glassy phase content

The amount or glussy phase was measllred by gravimetric analysis, The dalil in lable 4 4

shows that the amount of glaS8y phase increases With the temperature, The gn'l'hical

representation was also shown in fig 4.4, As the temperature increases lile glassy phase

increases with the dissoluti"n or quartz. Thc partial ,hssollition or quarll starts at 1200('C,

which can also be seen as a rim around the quartz parliele. With increasing lemperaillre

the <lreaof glass rim inerea,es and the particles beeomc smaller. Those effects Call also be

seen on the microstructure of the samples. Jt WilSfound that a( lower temperatllrc like

1250~Cthe quartz particle was larger (microstructure of X I00 magni ficalion,) and "'lIh

,.



increasing tempcrallirc the parlicles become smaller and lhe glass rim area becomes

larger, Tbe maximum conlcnt of glassy phase was found III the samples lireJ at higher

temperalufCs likc lJ750C and 1400° C. The glassy plmse conlcnt;~ 7.34% al12500C and,

increases with lemperature ;nereases to 28,89% at 1400~C.

4.6 X-rn}' Fluorescence

X-r~y fluorescence result shown in fig 4.21 shows higher amounl of sliic~ conlcnt in lhe

local clay SllChas 63.90% in Sylhel clay, 83.84 % in unwashcd bejoypllr clay, 73,92% in

washed bijoYPl,r clay. As lhe insulator body contains conslderahle amounl of blJoYJlur

elay thc body producc sllmcient amounl of glassy pbases in the higher temperature.

ThaI's why lhe dieleelric strenglh drops aller 1350~C. So it can be slaled that Hiler

1350"C the glassy phase no longer fill up lhe pores and cracks and ~tarls decreasing thc

slrength both mcchanical and dielectric, China clay shows lower silica contenl (55.80%

and 53.17%) and higher Hlumina contcnt, (39.74%): That's why if thc body preparcd

wilh china clay will shows higher mechanical and dielectric strength, Tbe fired bociy also

shows 70% silica and 22.64% alumina in sample fircd at B1SF at 1325°C. Stoichiometric

formula ofmullitc show~ th<ltlhere has to be 2.55 times alumina than silica. So (he results

shows very low llluilile has (imned in the fired hody, Fro]]] 111ISil can he coocluded that

alumina contenl if high, will be desirable for mullite nucleation. Highel amonl1( of silica

in firw body will result for larger amounl of gl~&sy phase, which in lurn rcduce the

properties of ceramic insulator.

4.7 Optical Metallography:

The heterogeneous nature of the ceramic insulalor prollllcl WilSobsclvcll ill the fig 4.5 to

fig 4,11 where Ihe 11llerostructure oftlle fired body was shown ill X100 magnificatlOl1s,

The microslruclure shows the quartz grains sllJl'OlllJdedby a ",lulion of rim of high sihca

glass, which can bc secn in X400 magnification is also showl] in lig 4.12, The outlines or

glass mullitc arcas COlTeSpOlldillgto thc original fe.ldspat' graills ,md Ihc nmcsolvcd

malnx corresponding to lhe nriginal clay can be clearly dislinguished [)ark spols are a1.,o

•



seen to be present, which may be explained as the pull out of lhe pUJ1iclesduring grinding

and polishing. Allbough mulhte is the crystalline phase in hoth the original feldspar

grains and in the e1ay matrix, the crystal siz,e and development arc quite differenl. Here

lhe dark matrix shows the presence ofmullite, though Il i., not vi~ihle as separale mullile

needle in the lower (XIOO) magnificalions bul can be realiled in lhe higher magnifiealion

SEM images. From lhe mierostruc!ure.<;, the quartz particles are the only phase to he cam]

about The particle SIze, shapes ;ire also to be eon~idercd, A quartz particle and Ihe

surrounding solution rim of high sijica gla8S me 5hown ill lhe microstructures. Usually

Ihe 'luar!;; forms onty the glassy phase, hul for ~ome compositions fired at high

temperature, Ihere is a lransformalion inlo el)'stoballile or Irydimile, whieh sturls al the

outer surFace of lhe quarlz purticle, The craeks were e<l\15edby Ihe grealer eOlllraclion of

lhe 'luurlz grains eomp~red to that oftbe 5Ilrrounding matrix

The miet<)struetures fired at 1250"C show large number of qLJilrt:{,grams and a1s() somc

dark spots and the nm around the quartl gruin are ncgligihle. Thc small area of hlack

matrix is mullite crystal.

The mieroslmc!ures fired al 12750C also show almosl the same re~lures as the s~mll!cs

fired at 1250"C. The figure shows slightly increased amollnt of black matrix, As the

sample was fired at h(~h lempnaturc for almost 24 hours (in the firing zone) lhe tllullile

crystals become more prominenl than the samples !irC\l at lower IClTlperallire.The gla,sy

rim armmd Ihe 'luarll grain has no change The dark 'Il()ts are abll llbser\'erl in the

stmclmc,

The microstructures fircd at 13000C_show \1ll(llssotved 'luartl, a Slgllifieanl area of gla,.'

rim around lhe quartz panicle and the mullile cryslal incre"siJJg a bIt. The only

disti nguishcd feature 1Sthe development of glassy phase arom\!] thc quanz grain, Here the

dark spots or pores are in targe si/.e, The reason for this is c!carly explain earlier..

Thc mlcrostruclures fired al J325~Cshow lower quartz content than tlie samples fired at

lower thaJJ 13250 C. The mullite inneases significantly, As glassy ph~se increases in a

•



higher order. Although the pereentage area of mullitc crystal {]ecreases, thc amount of

mullite microslructures increases than before.

The microstmcture {ired at 13500C is quile similar tQ that of the sample fired at 1325"C.

The significiUlt feature is the si"e of thc qumtz grain, which seems to he smaller and

smaller. The rim area increases significanlly as well as the mullitc crystal lOne Thc

micrDslructure at 13500C show~ :arge number of very small qllartl grain~ with mullile

crystals in the highest amount. This signifies that there would be a considerable number

of large si~e quartz grains. But as the temperature incrcases Ihe qll;Lrtz di,solves an{]

becomes smaller or' fully converleu to the glassy phase. That's why 13rge number of

small-undissolved quartl particle was found.

The mierostmetllre at 137S"C shows few oumber of qllartl gr~ilJ. which ~till nol

dissolved yet. The microstructure in higher magnification (X400) shows larger area of

glassy phase and l1lullite crystal growing in length.

Thc microstructun;s at 1400"C show fewer numbers of quartz L~r;lIn;l1ldglassy phase in

the malrix ofunresolve{] clay matrix. The mullite cf)'still is also present and considerable

amount of pores was also present. The temperature is so high (hut therc is a chance or

bum out ofpar(ieles, whieh makes pores in5ide (ile body.

4.8 SEM Image Analysis

Fig 4.13 to fig 4.18 shows the SEM images of porcelain ceramic inslliCl!or. Due !o

inconveniency of working 31high voHage ill the Scatll1ing Eleclron Microscope or SUET

tile test was c"ITied out to only one lype of samples. The sample, whieh is fired at

13250C, was examined in SEM, All the structure contains undissolved quarlz parli~le,

mullitc needle, a rim or glass around UOdlssolveu quart7 palticle an{] a background of

unresolved matrix corresponding to the original fel{]spar, Cracks are also secn III the day

matrix nearly where the mullite percentage is less or where the undissolved 'iuar!/,



particle sits on the glassy phase. The imporlant features of SEM linages are described

below,

The quartz particles are observed ill Ihe SEM images. AI Ihe boumlary of quartz small

rim of glassy phase is observed which is due to the partialmelling of quart;.. The partides

observed arc in the size of I micron to 5 mIcro]] or even 1O~Jl1icronqUilrtz parllclcs can

be seen, Undissolved qllat1l, parlicle is not coherent with the \J1lr~M)lv~dclay matrix.

SEM images of the poreclain show mullite ncedles and EDAX analysis otlthat ncedles

support the exact chemical composition of the mullite. Images illdieate muIlile's

pref crenlial orienlaliol] on the sllrface of clay or kaolinitc matrix. Probably the IIIulli Ie in

the clay matrix is the seed for the crystallization of thc tl1ullite needles. Those mullite

needles observed in the clay matrix is generally tcnncd as primary mullitc, The

morphology of Ihe mullile needle is hke acicular crystal. The llIulIite needles seem 10be

interlocked, which actually act as the strength incrca;;~r. Whcn mulilic crystal forms rrom

the clay matrix it in~reases the volume by 10%, The inclease in volume heals LipallY

cavily or porosity or any cracks fonned due to sbrinkagc and olher thermal c~pJll!,ion

The SEM image clearly describes this naturc. Where there is a low mullite content or no

mullitc the cracks become more prominent.

Tbe matrix surrounding Ihe quartz pal1iclc and bencatililic lllllilitc nccdl~s is supposed 10

be Ihe unresolved clay matrix. TI]Cglas> rim arollnd the quat1~ particle is shown as the

partial dissolution of quartz.

The glass rim is ob3erved surroundlllg the quartz particle. Th~se he~,l\Jse the tempcratut'e

causes Ihe qllartz partIcle fused and thc result i.1 tile gIa"s. There are some important

fcatures of glassy phasc, which can he deserihed. !\[ r,rst Ihe gbssy phase helps thc

property by filling the pore around the quartl parlicle. 11 helps both mechallical and.

electrical strength to increase. So at lower tcmperature (bclow I350°C), the strcngth

decreasing effecl was not so observed. But aftcr 1350~Cil oilly illcr~;is~s the volull1c alld

tbcn it decreases the strcngth and other properlies.



Cracks arc observed in the images. The cracks arc obser;'cti ll1aioly ncnr Ihc '1unrl7.~

particle and those regions where the crystalline phase or mullite phnse is less or abseil!.

The cracks are peripheral around Ule guarll !'7uin, Allhe crack lip some expall510n cracks

are also to be observed. Cracks are elongated to the clay matrix, Almost all the cracks arc

interrclated. The reasons for crack development arc described below,

Cracks can be occulTed for various reasons. Cooling throllgh the quartz inversion (573~C)

results in a quartz particle volume decrease of 2% which can produce sufficient stralll 10

cause cracking of the gl"5sy matrix and cven in a rare case quartz ilsclf. The cr;lcking

severity largcly depcnds on cooling rute Slow cooling rate throllr;h lhe transformalion

zone will produce small strai n.

The nature of cracks in porcelain body is depcndent on the cxpansion eoeflieienl of the
,

matrix and the parliele. If the particlcs contrael more than the matrix resulting in

clrcumferenhal cHleking arollnd the parlicles. This is truc for quartz pat1iele in the

fcldspalhie glass of the porc.elain body matrix. The stress generation and associated

cracking due to the presence of quartz particles tend 10 he severe bcc,lUse of r<lpid

displ~ci ve ph~5e transfonnation of quartz during eooli ng Again i r the matrix CO.nlracts

more than lhe particle resulting III the residual cracks em~llalillg from the p~rtlcle" 111

figure 4.15 the large quartz parlicle exhibits conlinuous peripheral fracture at or ncm tile

grain boundaries and interconnected malrix fracture. An eFfecl lh~l call lead 10artifacts In

microstructural evolution is Ihe release of induc~-d slresses during specimen pleparalioll

like grindil1g and polishing of samples mighl lead to SOllIeobserved cracks on the surf~ec

because of slress rclc<lse. Crack size call be seen III lhe SEM images which is sbown III

4.14, [he crack width is very small seems 10 be 0, I micron or Icss which is not vlslble in

lhe oplical microscope. This type of micro crach smely delerior;ltc the propCrllCS of

ceramic insulalor
•
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Another important reason IS the incoherence of undissolved quartl to the matrix,

Undissolved qualiz paliicle is not coherent with the unresolved d"y nlililix. That is why

the cr~cks formed due to changes in composition, phase a11dthennal expan~ion.

Mullite is a crystalline phase. With the neliclealion ofmullite phase from the clay matrix

lhe volume expands slightly a~ much as 10% [3]. But ill are~ where no mullite crystal

[OnTIS, the cracks arc observed in the malrix dlle 10 shrmkage As the tempelature cools

down from ~ very high sintering tempcraturc (say around l32SQ C), lhere 1Sa different)ill

thermal conlraclion occurring III lhc matrix, which causc in cracks. The region where

thcrc is sufficicnl mullite cryslal, lbe cracks wcre hcab,l lip by the vollime inclcasc by

mullitc. But in areas of no mullilc or little l11ullitc the cHIcks cannot be healed up, So

lhose cracks wne oh8erved in lhe matrix.

4,9 Dielectric Strength Data

In general, lhe dielectric strength will increase with mcreasmg lemperature. Experimcntill

silldies convinced that !he dielectric strcngth oC the ccralTI)C Insulalors is mainly

dependent on the firing lemperalure, Bccause the ~mounl ofcl)'stallinc phases prescnt ~t

different temperalurcs are largcly responsible for the unprovemenl of the dielectric

strength. The crystalline phase, mullite contriblltes most to the strcngth oCthe insul"[llJg

materials. This phase is increased with increasing telllPClallirC lhus incrcascs llic

dieleelrie strength wilh increasing tcmperature. Mullite IS a phase of AI)O] and S[O)

[Al&Si)OIJ], which le5ult from a peritectic reaction. The incre~sc of lcmpcr<l[ure ",ill

increase Ihe glassy phase. Increasing amounl of glassy phase is responsible for the

strength decreasing effect. FirM the glassy phase conlen! fI!lup lhe p(Jrc8, Wh1Chhelps In

increased slrength but aner thai the slrength decreases with gla.'>8Yphase as II only

inereases the volume. On the olhe, nalld, the st,englh can be greatly 1ncre~ses by

undissolved quartz. If it is possible 10 rclain lhe umhssolved qll~11zwilh higher amount 0 r

mullile then the slrength would be greatly increased. Undis~olvcd qLJ,111zhas a higher

slrength increasing effecl than dissolved qualiz. If the firing temperalurc is ~xlrel1lcly

high, lhe dielectric strength will drop bec~lIsc of the dissolulion of quarll gr~ins, So the

•



firing temperature should be selected at an optimlll1l range, which ISsuitable to obtain the

desired dieleclric strength. fior this purpose the (!ieicctric strength of malerials fired at

differenltcmpcratures was sludied,

From the experimental res lilts it is observed thaI, the dielectric slrenglh of the insulating

materials fired at temperatures between 1250" to 1300"C is found to he 20-25 kVlmm and

for the specimen fired at 1325" to 1350Gvaries from,24-29 kVll1lm Further increase in

temperature creates a major fall in dielectric strength. The maXImum dieleelrie strength is

observed at 1350~C. The variatIOn is shown in fig 4,1Y. rhe reason behind this type of

dielectric behavior with temperature in Ihe lighl or Optical and SEM mierography i~

described below.

From the optical micrography it is well understood that with inereasing temperalure Ihc

mullitc conlcnt muJ the glassy phase content increases and the partial dissolution or

quartz to glassy phase m~kes lower quartz content in the 5lructur~. Again cracks and,

pores are also seen in SEM and optical micrograph)', which al~o has somc adverse effect

on diclecbie strength. Dark SPOt5ami cracks if contain within the 5lructure will contain

air.

Al first when tbc tempcratures rises from 12S0QC to 12751'C or 1300" C glassy phase

(lilln't increasc greatly but afler Ih,,1sharp increase in glas5)' phase w"s observed, In tl1i~

course the glns,y phase's conlribution is only to fill thc POICand hColup Ihc crocks, Aloo

mul1itc phasc increases wilh this lemperature increJ~e, I'or this the d,cleclric slrength IS

observed to be increa5ed. AI still higher lemperalure likc 132SoC or 1350°e, the mullite

phase sti)1 ha.<,the incrcasing effect on dielectriC strength above the decrcasing c!lcc[ on

dielectric strength due 10 the decrcasing Jmounl of qu~rLz i~ not much to offset the

advantage. As the tempcrature lllerease5 the probability of cracks and por051ly to retain 111

Ihe specimen i, quitc highcr and as the glas5Y phase content also increases, pore fIlhng

and crack heal up by glassy phase is still be possible, Aller that, from figille of\'ariatloll

or glassy phase eonlenl with temperature, the glassy phase 51111increases and there <lrc

very sm"l1 pores to be filled out or unable lo be lilled oul. ThaI's thc dccrea511lg fatc of

dielectric strength was obscrved although Ihere 15;nerea,e n f lllull ite phasc. AflCf 1350"C •



increase in mullile phase cannot alone iJlcrease tbe <.heIectric 81reng(h, but the combined

effect of higher amounl of glassy phase and lower amount of quarlz content become the

dominant factor. This is the main reason thaI after 13Sd'C the dielectnc strenglh drops

sharply and at 1400~Clhe strength is very lower ami cannot be describe those fired

samples in high lension ceramic insulator. There are several other reasons, whieh

contrihute to the decrease ill dielectric strength, which is descnbed below .
•

The properties of an insulating material become degraded and eventuality dlClectnc,

breakdown occurs al a field below that prcrhcted experiment, ",I fr~.<,hlyfonned samples

if lhe ceramic insulator IS fired ill higher temperatllfes like 13750C and 1400°C. Aging

therefore delemlines the usefut life of the insulalion.

During firing the insulator samples was probably subjeeled 10 higher temperature for

longer times, whIch can develop slructural deieels as microcracks, which arc qllite

damaging 10 the dielectric strength, as mentioned above

Firing for longer time at higher temperalure ~lso experiences eleelrieal aging as a reslilt

of the effects of the field on the propeltles of the insulatioo. For example, de field~ can

dissoei~te and transport various ions in the struetll~{; and thereby slowly change the

slructure and properlie~ of the, insulation.

The diclectric strength resllits sbow velY scattered reslllts. Some ICSlllts are still o\ll of

range. There are vnriOllS reasons for these sealtered results. The reasoll may be any or

lhose listed below.

I. The surface contamination hy furnace conditions slleh as excesSive moisture,

deposition of pollutants, dirt. dust elc

2, The inhomogeneity of the ceramic body depends Oll its composition and on the

fonning ~nd filling process, Impropcr filhng of the pores will c"lIse air 10 rclain

witllin the stnlcture, which will conduct electricily and decrcase the strellgth,



J. The formation of closed pores depends on thc firing tcmpcraturc. At higber'

temperature spherical porcs arc obscrvcd which if not fillcd by tilc glassy phasc

will dctcriorate the strength.

4. The inhoinogcneity of the dielectric causes rele~tion of airg"ps in the porcelain

structure.

5. Sometimes the oxide particles, nOll-metallic inclusion or othcr form of impuritics

arc present on the surface of the specimen as the temperature increases. So tbe

applied vQHage find a conductive path on the s\ll'face and passed through tbe

surface instead of through the entIre insulatol'.

6, The rclative ,hunlld ity influences the dielectric strength to the ex lent Ihat moisture

absorbed by, or 011 the surface of, the malerial under tesl affects the dieleclrlc and

surface conductivity.

7. The surrounding medium (the transformer oil) can effect the rcsults of diclectric

strength. Because it affects the heat transfer rate, external discharges, the ficld

uniformity, therehy greatly influencing the test results,

•

4.10 Phas~ Analysis by X-ray diffraction

X-ray diffraction teclmique (Henawalt method) was carried Ollt on the samples prepared

for this study, TIle XRD techniquc was also applicd to the samples of !ired body !ired at

different firing condition, 'lhe phase observed and theIr corresponding plancs and

arbitrary intcnsities were rccorded. The data thus obtained wer~ prcscrlled graphically

from fig 4.20 to fig 4,26, Thc data recordC<1are also shown in table 4.4 to 4, IO.

The XRD patlem e1e~r1y idcntifies mulIite in all the SUlllPIcs fircd at differcnt

tempcrntures. The intensities of ITIllllitepeak increases with tcmperalure indicale that witb



incrcasi ng temperature the amount of mil\lite phase inereascs. 1 he max imum intenSIty of.
mullite among the samples tested was found in the samples fired at 1400"C in<.1icatcsthat

mul1ite's percentage can still be increased if the firing temperature exceeds 1400~C. XRD

pattern for lower temperature samples show quartz particle and clay matriA. But with

increasing temperatllre glassy phase arises, which also increases with increasing

temperature,

With increasing temperature the intensity of quartz peak become weaker and snmc peaks

even diminishes notifies the decreasing of quar1z particle from thc structure of higher

temperature, The clay matrix is eventually same in all the patterns. Allhollgh the intcnsity

beeomc slightly weaker, il1(Ticatingthe formation of more primary n1ullik cryst,,1 Ii-olll

clay particle, the strength of those clay peaks do nol ch<ll1gemuch, The analysis ofXRD

result supports (he results already achieved hy opllcalmicrogwphy, bcnding strength tes!

and dIelectric strength test.

4.11 EDAX Analysis

The EDAX spot analysis results are shown in fig. 4.27 ta Jig 4.30. The spots wcre choscn

in four different rcgions in SEM microgr~phs. The fig 4.27 was chasen on lhe needle

shape arc. The anal ysi, shows aluminium content aIl110stthree tl rnes of Silicon, Mlllilic IS

crys(~lIille phase Ihe chemical [oGUllla or which is ~AI10J.2Si(h From this formula, it

can be shown !hatthe weight ofaluminiul11 is exactly 2.89 limcs grcater than the silicon

in a molecular fonu of mul1ile, The figure also shows the sarne bchavior. which

dctermines that those needles ue mullite.

Fig 4.28 shows very high amOllnt of silicon and a vcry 10\\ amount of alurniniurn and

considerable amount ofNa and K, This is clearly indicated (0 (he glassy phasc. This spot

is chosen in (he area surroundi ng the largc particlc. Clear! y this ISthc glassy phase gone,

Fig 4,29 shows high silicon and almost h~lf of It IS "lllminiulll ami N", K, Fe aml Ti is

also detected. Oxygen content is also very high and it SeemS to he a Illixturc of all oxides,

•.



This notifies the presence of clay. The spot was taken in the matrix zone and the resull

came as clay. $0 from this analysis it can he stated that the matrix is a clay matrix.

Fig 4.30 is a spol analysis result in the region of large pmtlclc. The results show vel')'

high amount of sdieon and minor amounts of AI, K and Fe with .onslderable amount of

oxygen. It ;8 the ljuartz particle, wluch is composed of Si02.

The spot analysis thus clearly describes the presence 0 r mullitc, glassy phase, clay malri x

and quar[1..

•



CONCLUSION

In this project we tned to corrc1ate the s[melurc willi the properties. Fir~l lhe structure

was identified and then the properties were measured for d,fferclll Ill''''> of sample.

Among the rcsuhs the following features can be gathered.

I. The densily is highest at 1350~Cindicates that ,mlcring and pore filing by glassy

phase is lhe best among the samples fired at different ten'pcralurn,

2, The glassy phase increases with incrcasing temperature, The reason bcilmd thiS IS

the dissolution of quartz panicle into glass.

J. The bending strength is highest for samples fired at J 350°C. As the qU<Jrlzparticle

and mulli!e contributes much for the mechanical strength of porcelain and as

quartz particle dC'Crcascs with increasing temperature, bending slrength dccrcosc5

after J 350"C.

4. Dic1crtric strength increases with increasing temperature, reaches lllaXllnUlll at

1350~Cthen drops again with fUither inereascin temperature. AI glas~y pl1a,c has

a deerea~il1g effect on diclectric strength and as the gbssy ph~se contcnt lIlcreases

with incre,lsing temperature, the dielectric strcngth drops altcr 13'iO~C.

From these findings, it can be concluded 10 thc lact that, 1350"C is the optimum

tcmperalure where maximum dielectric stlcnglh ofporcclain hody can be achieved.



SUGGESTED FUTURE WORKS

TIle project had a target lo reach the dielectric strength of30kV/mm. Although the target

could no! be rcached but gone very close to It and the pn)jecl was able (0 specify a

temperature (IJ50°C) ill which maximum dielectric strength Can be achieved than other

temperature if other variables arc closely controlled. Another impnrl;m( point IS that

I1llcru,tJucturai features arc clearly identIfied,

Allhe end of this project il is suggested 10the researcher of coming age who will wurk ill

this field is to augmenllhc :ctrcngth cOlltributlllg phase thai i~crys("lIillc phase. I[it can

be done then the dielectric slrcllgth will be further improved.

The impuritlc5 mainly come from ball clay. Now iftbis ball clay is replaced by henlomle

clay then a significant change will occur due to elimination of impurities as far the

project suggests, It is also Ilkely 10 use the b"joypur elay aner treatJllg it and lowering its

impurity content. If that huge amount of hejoypur clay is uoed then large amount of

fOreign exchange can be savcd

'.
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TABLES



Table ].1 Grain si7.edistribution of clay raw materials used in insulator body

Fraction Yield, Wt%,m
China Clay China Clay Ball Bejoypur Bej(;ypur Ball Clay
(Imported) (Rajmahal) Clay Clay Clay (Black)

(,~hi:e\ Grade I (Wash!Q) ..
>63 0.8 1.2 0.2 46,(; 8.4 2.0

.
211-63 0.0 4.0 0.0 7.5 11,9 12.7

10-20 9.9 14.8 5.0 9.1 18.3 214

5.10 20.8 11.9 13.5 7.5 Ig.J 17.s

2.5 288 20.7 28,9 7.5 17.4 12,7

12 9.9 10.9 10.0 4,3 11.0 10.7

<1 29.8 36.5 42.4 17,5 147 21.4

Tallie 3.2 Chemical Analysis (%) of the raw materials u.lcd to prepare sampks.

China China Ball Bejoypur Rcjoypur Ball Fclds
,~Cla~~, f;I~~., CIO;~, Clay Clay CIa\, P"
Plastic Rod\' hite fJ,ocalL (W;lshcd) I IlJlo;kl.._-- .__ ._.

SiOI 50.18 51.86 54.43 72.09 59.46 61,27 74.n

TiOl .014 0.50 1 84 1.02 085 1.41 0,08

AIzOJ 33.34 34.72 30.97 18,69 26,64 24.85 14,37

FclOJ 1.88 0.57 1.37 1.01 0.86 0.17 0.83
.

MgO 1.05 0.07 0.34 0.14 0.24 026 0.08

CaO 0,94 0.07 0,17 0.10 . 0,25 0.65 068

NUlO 0.81 0.041 0,17 0.11 0,23 0.25 3.54

K,O 2.58 0.18 0,81 O.GI 0.S4 0.44 4.91
.



Table 3.3 Typical hody Composition of Ceramic Insulator

Sd Bejoypur Ball Feldspar China China Qnar(l BejOYPllr Totalor Clay Clay Clay Clay Clay %Samnles (Body) Plastic' (Washed)
I 32 8 2J 8 11 20 . 100
2 . 10 2j 15 25 2j . 100, 10 2j . . 25 40 100

TaMe 3.4 Chemical Analysis of the tlnal products

Sct 1 Set 2 Sri 3
, SiOz 67.50 63.4 71.4

._.
TiOz 0.53 0.48 (J.6R

AlzO.1 20.81 30.34 22.56

FC20J 0.93 0.74 I ,{)-';

M,O 0,25 0.36 0.45
C,O 0.47 0.45 0,56

NazO 1.64 1.75 1.35
K,O 2.90 2.48 1.95

Total % 100 100 100



Table 3.5 Samples Prepared for Testing

Sample No Specification

I Nomlul BlSF Body IireJ at 1250n C (Sell of table 3.3)

2 Normal B1SF Body fired at 12750 C(Sc! 1 "f(al1le 3.3)

3 Normal B1SF Body fired at 1300 J C(Set I of table 3.3)

4 Normal BISF Body fired at 1325 C{Set I ortablc D)

5 Normal BISF Body lired at 1350 C(Set I of table 3.3)

6 Nonnal SIS!' Body fired all375 C(Set 1 of table 3.3}

7 Normal BlSF Body fired at 1400 C(Sell or table 3.3)

8 Sct 2 of table 3.3 Fired at 1](,0 C

9 Sel3 of table 3,3 Fired at 136(1) C

•

•



Table 4. t Density of the ceramic insulator materials

Sample No Specification Anrage density, gm/cc

01 Fired al1250 C 2.25

02 Fired al 1275 C 2.27

03 Fired at 1300 C 2,31

0' Fireda! 1325 C 2,30

07 Fired at 1350 C 2.39

08 Fired at 1375 C 2.37

09 Fired all400 C 2.31

Table 4.2 Hardness profiles of the ceramic insulator materials

Sample No Specification Vickers Hardness kg/mm
•

01 Fired al J 250 C 6421

02 Fired at 1275 C 6773

03 Fired al 1300 C 6421

04 Fired a! 1325 C 6960

05 Fired at 1350 C 7154

06 Fired al 1375 C 69G0

07 Fired ~lI400"C 6773



Table 4.3 Bending strengtli Data

Sample Firing Load Diameter Bending MeanN, Temperature reading (em) Strength Bending
(Newton) (kg/em') Strength

K"'cm'1 295 1.027 707
2 278 1.026 668

3 12S0DC 285 1,032 673 663.4

4 275 1.027 ' 659

5 277 1.037 610
6 305 1.03 I 723
7 292 1,028 698

8 127SoC 285 1,028 681 711.8

9 310 l.029 7J9
10 ]02 1.03 718
II 310 IJ.026 745
12 275 l.OJ 093
1] 1300~C 285 1,024 689 720.6

14 292 1.025 704
15 ]I1 1.016 770

16 324 1.02 79]

17 325 1.015 807
18 132S"C ]11 l.0l7 768 762.2•
19 285 1.018 701
20 302 1.019 741
21 307 1.021 749
22 3Jj 1.0l 844
2] 13S0QC ]21 l.024 776 791.3

24 ]41 1.025 822
I 25 313 1.02 766,

•



30 299 1.031 708
37 297 1.024 718
38 137SoC 265 1.025 639 680.8
39 278 1,026 668
40 280 1.027 671
41 285 1.028 681
42 282 1.029 672
43 1400"C 265 1.02 [ 646 663.4
44 27S 1,024 672
4S 265 1.021 646-

Table 4.4 Determination of GJa~~yphase

Sample No Specification Glassy phase contcnt
%

1 Fired at 1250 C 7,34

2 Fired a! 1275 C 7.97
3 Fired al !JOO C 14.45
4 Fired al 132S(JC 18,72

-5 Fired al 1350 C 27 .45
6 Fired at 1375 C 28.78
7 Fired at 1400 C 28.89

•



Tahle 4.5 NormallllSF hody Fired M 1250" C

-
Diffr~c(~~~l d spacing 1fJ~ Diffraction Pliases
An"le 2fl Planes, Ilkl -----'present

10.2 3,99 ]0
_

200 mullite----_._-- ----lUi 3.51 00 210 Illllilitc
---14.5 2.111 20 001 Illuililc

15,5 2.G3 20 220 Illullilc
-- -----18 2_27 15 20 1 Illulille

Table 4.(J NormallJlSF hod}' Fired at 127SD C

I'hasc\
prcsent-- --
Mlillit~
----
MuIIIlL'
.-
M,lliitc

--------
i\ll1l1ile_.- - ----- -----
Mullite

..

Mullite
-

QlIarlJ.
-----

QUJI17

Q,wrt/,

lCti()l~
~, hid _
10

,:-~l
20
01

Di.~~~~,C,~~I\1 d spacing 1/10 lIirfr:
An Ie 20 Pl"nc

! 1(),2 3 99 ]0 21
._._- ---

I 1.4 3.57 35 12
----

" R 3,09 00 "--- ._- -------
13,2 2,gl 25 01

-- -'----'"14.5 2_63 20 2---_.
15,5 2.27 20 2

- .._--------- -
_
" ....- ....., , ..•.... -- '-

2(J.5 1.55 IS 21
-- ----

27.'! 1.47 20 21
----

29,2 1.40 20 20

•



Table 4.7 Normal BISF body Fired al 1-'00° C

-
I'hases
Present
Mullilc

- - M,lIlilc
-

CI~y

Mullilc
---

Mullitc

Mullilc
-- _. --

Quarll
-

QUHm

Quall7.

i'"'9'hid

---

-
Diffraction d spaciog I11G lJiffl'ac
An Ie '20' +_!,lane~"

11.2 3.57 3j 120
------11,8 3.09 65 21n

-------- - ----1--- -13 -'.02 30 1l(JI
-

13,5 2.81 25 112
--

14.5 2.27 20 001

" 1.86 20 2111
---_.-

2(, 147 20 211
------27,9 1.40 20 212

-- -----2'1,2 1.35 25 2(1~
-

Table 4.8 Normal BISF hod~' Firetl "I LUS" C

Illirrz.acii'g" Ph,,~c~I
1'I,llH'I. hid llre~ent.-----1.1'.- ..-' -. -.- -l'j~y--

- ---_ .._~-~-_._-----

- ---~.~~-- ---1---~~:~:~~c--
____ ._. ----l _

III i Clay
---1'12---1 Clay

-- _.-- .--' --,--- -------
2211 Mullitc

-
Diffraction d ~pacing 1110
-~g~llQ)---------- -10 407 411

109 3,88 40
11,8 3.45 70

-
12.R 3.23 30

I) 3.1} 25
--

14.9 2.74 25
--

158 2.58 25
---------- 1---- ._---- -

18.2 2.24 25
-

26.5 1.55 20
.._--

28 \.46 20
-----



Table 4.9 NormallJlSF body Fi,-cd "I I35()" C

.---oiffraetion d spacing 1/10 Dif";~"~-tPhases
Anele UO) Planes.llkl prcscnl

10,3 3,95 30 200 Mullile
f-----.ll 8 -_._--------

3,45 70 210 Mullitc
--1--------

136 I 3,001 20 112 C1,IY
1---

14.8 L 2,75 20 no MlIllilc
---

17,5 2,33 20 102 Quar!1

IU 2.24 20 040 CI"y
--- -

22.2 1,84 15 m MLllli!~

26,3 1.56 15 ZII Qua,-!!.
-29 1.42 10 2S0 MlIlIil~

- -

Table4.10 Normal BISFhody I'ired '11137<;"(:

--
(liffl-action d spacing Ill" f
Angle (21l) - -'10.3 3.95 31l

" X 3.45 70
------- --

13,6 3,001 20 -814,8 275 20
17,5 2.33 20

---- --_._-, ---
IH,Z 2.24 20 f--- - --

1__ 22.2 1.84 15

I Z(d 1,56 15 I1-________.____ ----- ---- -- -- -~-iii=.l___L_ 20 1,42

•



Table 4.11 Normal FlISF body fiirrd at 14UO"C

,\l"llitc

MLlllilC

Qual1l

Mtlilitc

- ---._------

2 ('I,,)
___ -----.0 __
(I Clay

Ii

diOJl Phases
s, hid ,relcnt
(I Mullitt

I Diffraction d spacing 1/1" Iliff,-"
Angl£..@) Plane.

10.3 3.95 .10 20
11.1; 3.45 80 21

C-- 15 272 25 02
-

IIU 2.24 20 04
-- ----222 l.H4 15 JI

-- -
26.3 I .')(, 10 21

- ----278 1.47 10 24

•

-



Table 4.12 Dielectric Strength of insulating materials fired at 1250~C
,

Specimen Applied Voltage pecimen Thickness Dielectric Strength AverageN, ' "V) (mm) (kVlmm) (kV!mm)
1 42 2,89 1626

2 51 2.42 21.07
) 48 3.02 16.00
4 47 2.56 1835

5 46 2.93 15.69

6 39 2.46 15.85
18.3J

7 52 2.35 22, J2

B 56 2.56 21.85

9 50 2.69 18.58

10 45 2.65 17
11 47 2.54 18.5
12 46 2.69 17.1

1J 45 2.36 [9,06

14 55 2.89 1'un

•



4.13 Dielectric Strength of lusllialing materials I1red at 1275° C

Specimen No Applied Voltage Specimen Thickness Dielectric Strength AVerage<" (mm) (kV/mm) I (kVlm~l)
1 49 2,74 17.88

2 55 3.31 10.62

3 75 3.28 22.87

4 39 1.99 19.5Y•5 74 2.85 26.01

6 65 3.07 21,14
20.8(,

7 57 3.06 18.03

8 60 2.27 26.43

9 70 3.00 23,33

10 50 281 17.77
11 OS 3.38 I'J.23
12 58 2.39 24,27
13 70 3.28 21.34
14 50 2.95 16, ')'i

•



Table4.14 Dielectric Strcngtb of insulating material., fired at 13000 C

Specimen No Appli~~f)Voltage Speci~ne~~hickness Die:~ctric n~;rCngth AYera~e\
(" mm kVlmm "V!mm

I 55 2.(j5 20,75

2 58 2,G2 22, I3

3 59 2,54 23,22

4 48 2.7 17.77

5 61 2.45 24.8')

6 58 2,3G 24.57

7 55 2.8') 19.03

8 G2 2.65 23.39
20.94

9 63 2.54 24.80

10 51 2.45 2() 8 i

II 4S 2.65 lG.n
12 49 2.54 19.29

13 45 2.58 17.44

14 42 2.32 j 8, I0

•



Table 4.15 Dielectric Strengtb of insulating materials fired at 13250 C

Specimen No Applied Voltage Specimen Tbickness Dielectric Strengtb Average
(kV) (mm) (kVfmml (kV/mm)1 49 2.84 23.99

2 57 3.01 18,97
] 68 3,05 22.33
4 68 2.99 22.70
5 64 249 25,75

6 57 2.88 19.77

7 62 2.68 23,13

8 46 1.99 nl7 22.75

9 55 2.64 2().~--

10 65 2,98 21.85
11 75 3.0! 24.92

--12 72 3.04 23.68
1] 70 2.85 24,60
14 6] 2.76 22.83



•

Table 4.16 Dielect,-ic Strength of insuJatiDIl materials [ired at 1350" C

Specimen No Applied Voltage Specimen Thickness Didectric Strength Average
(kV) (mm) ----.i~y/n~ (kV/rn~l

1 R5 2.46 34,55
.2 70 2.54 27.55

3 75 2.39 3 I .38
4 70 2,74 2554
5 75 2.8(, 26.22
6 62 2.97 27.45
7 71 2.41 29.46 28.36
8 70 2.65 26.41

9 1,5 2.49 26.1
10 82 2,82 n,n

-II 73 2.28 32,01
12 70 2.6 26.n
13 75 2,94 25,51
14 76 2.61 29.11

•



Table 4.17 Dielectric Streogth of insulating materials fired at 1J750 C

Specimen Nil Appl:~~Voltage Speci'7:nm~hickness Dielectric l~~rcngth Ayera~l
(l,V/nllll (kV/mm

1 32 2.84 17.268

2 28 1.27 22.04

3 31 1.9 • 18.32

4 22 1.97 Il.loS

5 24 1.02 23.52
-, 25 1.42 17.(, [

19.40
7 34 1.86 18.28

8 J5 1.5 23,33

9 ]2 1.73 18.49
10 ]3 1.38 23.91

11 29 1.45 20,0

12 ]] 1.36 24.36
-

I] 29 1.89 15.34

14 ]2 1.78 17,97

•



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

Specimen No APP1;~~;oltage Speei7:11:~~'hicknessDielectric l~~rcngth Averagc
mm (kY!mm (kYlmm)

I 45 2,42 18.59
"

2 42 2,96 14.\:,1

3 53 2.78 1:,1.06

4 39 2.99 13.04
j 49 2.67 111.35

6 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

10 46 2.72 16,91

II 45 2.14 20.09

12 54 2.39 , 22.59
13 45 2.46 11\.29

14 35 2.90 12 (1GB

•
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Table 4.18: XRF results of various raw materials and the fired body

Samples SiOl no! AhO, Fe,03 MoO MgO C.O Na,O K,O P,Os SOMME LOI
Ball Clay 55,59 0.65 40.48 1.00 om 0.33 0.21 0.01 0.86 0.D3 99.16 14.92
Feldspar 65,75 0,05 18.89 0.17 0.01 002 0.07 2.10 12.97 0.03 100,06 0.32
muorted)
Feldsp<lr 76.29 0.09 13.86 1.00 0.03 0.12 0.72 3.38 4.89 0.02 100.41 0.75
(Local)

Sylhet Clay 63.90 1.12 27.21 3.69 0.01 0.65 0.23 om 2.38 0.06 99.27 11.21';::1Clay 73.92 1.51 2l.95 0.88 O.O! 0.14 0.09 0.01 0.92 0.05 99.59 7.92
ashed)

Local Clay 83.84 0.94 1J.7) 0,58 O.O! 0.10 0.06 0.01 0.55 0.03 99.87 5.25,Unwashed~~:~a}'55,SO 0.03 39.74 0.40 0.04 0.41 0.Q3 0.01 2.75 0.02 99,23 13.19.d,
C~ina Clay 53.17 0.'l2 39.67 2.99 om 0,74 075 0.01 1,75 0,01 99.32 14,08
Plastic)
BISF 70.03 0.81 22.64 1.38 0,01 OJ' 0.54 '" 2,77 0,04 99.73 0.05
Bumed
Bodv

,



•

FIGURES



Emply
band

Energy
g p

Filled
band

t
Energy required 10
ral'llllclronalnlo
conduction band

I
•

HI:: 2.1: Schematic of the energ)' band in an insulator showing the larger encrgy gap hetween
tile Iilled hand and next available empty ham!'



Fuld.p.r, 100'.

K.ull", 100%
•

Sil iCR, 1007.

Fig 2.2: Properties of porcelain as fUllction or a mixtu re composil ion
I-high heat resistance; 2-high electrical sh-elll:I!l; j-high llleclwnkal
strength ,~
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Figure 2.3; The tcrnary Kaolin-feld~par-quarlz system
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Fig 2.4: Form~tionof porcelain; I - kaol iuite; 2- '1Uaruj 3- fcldspa r; 4- amorp hOll~
silica; 5- primary ""dlite in kaolinite rc~jduc; 6- o"tiine uf k""linitc ahH1ginteraction
boundaries with feldspar; 7,8-fcldspar melt; 9- silica "lid fcldspar melt wlthiu kaolinite
residue; 10- fused edge of qua rtz; II-residue qua rtzj 12- mulli! e within rcld~par melt
(diffusion); I-V - phases of process.
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Fig 2.14: 1\1u lIite cry.ltals ill silica nJatri x formed hy tl('"t ing kaolin itf
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Fig 2.1fi: Partir d i~~ol\"~dq IIRrl1.grRln In ~krlrkal in~ula Illr 1101T~lain.



Fig 2.17; Ell-ctron micfllgr311h of d"ctric;] I insulator porn'l" in
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Fil::4.5: Micro\lrlldllre nfporcclain ceramic imulat"r fired "I 1250" C;"
lllllX nmgll ifiea Ii,," .\h"win g '1" artz l::ralll (bri;::ht Il'l r(icie) a IItl d a, m" Iri \

(wh it<'bac kgrou nd) nud mullik el ",(al hi ad, an'a ,.

Fig 4.6: 1\licrOS(I"UCIUI"C!If poreci~in [l'ramic ilL'lIlulur firfd ~I 127."\.
in IllU),. magll ification showi II~ '1u ;\rl"( l:;-,dII (IJri~h I )I'" ri{'it') un d d a)

malri, (whilf b~t.kgl'lIund) :lnd mlillil, Cl')'SI:,1ill hlack :lITas.



Fig 4.7: 1\1icrostru ctu re of porce],) in ccnlJlI ie ill~ul:ll <lr fircu "I IJOO" C i II"
IOOXmag" ificati"l1 .,h"" iug 'Iu arb grai n (hrigh t P'" tide) "" d d a\' "'" I,-i\

(white hal'kg"ound) and l1lullite CI')'stal hlllc1, an'a\.

Fig 4,8: l\'1icrostru ctu re of porrrJaill nra Inie in \ul :ltOI' 11red al IJ 25" {' ill IOil\.
magnification ~howil1g quartz graill (bright pHlicle) and clay matri, (whilc'

background) and mullite cr:l'\tal hlack arl'a~.



fig 4.9: LVIic'-'lS(ruc!u.-.' of I'm-cd ai" ,.el":Imi,' ;" \ lila I01"Iin'd all -';;1)" (' ill ll)() X
Ill:l~llir;cntion sbowing quartz gl"aill (hr;gh! pnl'lidel nnd dal' 1Il:lll"i, (whitt"

hnckground)

fig 4.1 0: M iC1"mt ru ctu re of pO)rceb in n' ra IIIic in~lll:o IOJ' fi,-ed :II t -' i5" ( i" 1on;'\
magn ificHlion ; h o\) ing {Ilin I"lz gl n ill (brigh I particle) Hn d d <1-"Ill:l t ri~ (wh iIe

bHcl..ground) mn! IlIUJli!C crysllil black an',,~.



Fig 4.1 I: l\1icrm Irlldure of pon~l~ ill cHalUic iuSIIInlo,,'firell :0 I I.•()(J~(";" I011\.
"'''gn Ifie"l ion .\how;ng qunrtl gr~ill (b righ I pari ide) a" d d n)' ",,,I rl ~ (" h;Ie

h""kgroundl :Iud t11UllitcCl'yslal in hl:l,.k "rca,.

Fig 4 12: 1\1icro.ltructur~ 01 I'orcelaill (:eramic In.lulator ,h,,\\ illg III<'
glasl)' rim ~t 4UUXnmgllifjc~tion gJ~S.l)'rim (hlack aI','~sj

.Iurn,unding the Inigl11 'l"",-t7 p:orlieic.



Fig 4.1.': oSEt>I imnl:e of poreeln in rrramir i"'" b 1'"' ,I>""'i,, ~ '1'''' rl ~ t:I'ai" ••
rl'a,'~,. mullile needlr.,an,l rln)' !1mlrl~(Mil!:"ifi,';]ll"" SOIlO:":).
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l'il: 4.14:SEM im~l:~(If por~dai" rrrn lIlir ilt~1I1"lIlt" ~h"" inl: " '1":11 I~ l:,'ai" :11111"
1:1""y rim ,urn>lIl1r!cu h~'mino crack, hntl ",,,IUle IIfflllc\ In :, dar
nmld.\ (l\1nl:"lfknlion ISOOOX).
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Fig 4. 15: Sb\l illmge of porn lain ceramic in,ulator ,ho"-ing nciculal' _'hapcs "f
lllullifc ncedles and ,omc ill(crcollllCC!cdcnwl" in dny matrix.



I'il: 4. I Ii: S ~:1\1i mng~ "f flor celni 11cern ",Jc ill' II1,,10'- _,I"", illl: wid,- n'l:iUIl ~
or IIItlllilr cr~.~lnh ;n a mal ri\ IIr rlay (0\1al:lI ilie,,1 ;011 IOOOOX)
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Fil: 4.17: ,'1nl:" ifkd im~i:r or lllU lIilr nccdlc~ (Ill "I:nlfir~llnn 25(}OOXI

"-'~
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Fig 4.18: 1\iagnified image of cracks sh"'.1 iug tlH'i I ill I(TeOIl" eci ed "" (Llre
(M:lgnificalioll 25000X)
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Fie 4.29: EDAX anD Iph or da)" matrix showln!: Ih~ I'rtliloriioll nl~ nmOlln I of slllell Dnt!
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