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Abstract

Effects of Ca doping, ~alc;nation and sintet'ing teml'cTJlme on the dielectric

propertlcs of BaTiO) b",ed eemmi~ weI e stmhcd in this th~,,,s Convcntional mi"ed oxide

melhod was u,ed to prepare disc shape ,anlp!c. The three dOplllg levels "ere 0.05, 0 08

"nd 0.12 mole fraction of Ca substituting lla. Regardless tll~ stoichiomelry or sllltering

pammeters, lhe fi[';t set of ,amples cxhihited the Curie kmperatlll'G (T,) at 55°C, much

lower th~n 120"C - th~ usual Ic"nsition tempcraturc oj" Ba riO" Inslcad of ,h"rp pcol,

tiley CXhlbited bell :shaped hump at 55"(. Thcse allC>nULlie,W~n; due to 11"Onpickup during

milling: with sled ball, in water media. ror verification, anothcr tWObatche, of ,ample,

were prepared following identic"1 powde, proce,<>ing tcchl1lqne, One boteh "al prepared

using BUET precursor powder and another li'om I\IILC >ource, Thc later One was 1l00mai

BaT,OJ but the other on~ did llot even simeT lo 75'((, of theorGtical den,ily. ']'i02 and

B~COJ u,ed at BUET S~ern 10 COl1lamimpunlies and d~trimel\l,,1 phases,

In general the die1cclric comlant (k') was bellcr for denser samples and so "a,

tangent loss, Density S~elm to be a conjugcate t'C,ult of CJ1clllalion and sintcring

Incomplete calcination, Or lllcomplctc reaCllOl1, leads to the formatl()n 01 ga, or blowhole

during ,intering and most importantly de,ircd properrLC" not l'eah.oed owing; to nOn-

formation (01' pamal fOfmatlOn) of required phas,,{ '1, Due to sluggi,h nature of ,olid-Slate

leaetion, calcinallon at 11OO"Cfot 7 hOllis seem, to bc o~li,factor),

Sinlcring temperature and timing; ShOllld be tuned to achie\'c abO\lt 95% of

theorelical density. Properly c~lcilled un-doped IhTiOJ can be sintered at 1325°C for 4

ilour, to achieve that go,,1. It was oh,erved th"t Ca did un as ~ sintering aId for doping

level of O,O~mole fraction and" bove. Dcnsitic, of doped .,an'pte did folio" a non-lineal'

rciation,hip "ilh doplllg; concetllmlion and the change Ove, wu, ob,ervcd al 0.07 mole

fraction. Th;s effect "a, obseTved ill'csp~~live of&inkring thcmml profile.

Iron inc1u,ion in s~mples turned the eXJl~cted normal ferl'Ociectric ceramic into

relaxor type, with peak k' nearly 4000. In conjunellon with Ca dopmg the Tc was shilled

10 55°C winch: with the increase ofCa dopmg level above 0,08 mole ti~~tlOn ,hined the

T~ to 90'C. The k' also changcd non-tine~rly ,,,ith the Ca concentralion kvel From the

XRD eMmlnatlOn, it wa, seen thntlhe extonl oftellagOllnt distQrtion "ns lh" govctnmg

faclor fixing lho r,. Also observed" prefert"lxl or;elltatlon of i0021 planc at lh~ ~llIfacc of

dllring: ,i ntcring. contl'ibuting to increase k' nCar CtColld beYOl]d,

xv
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Introductio~'''''~'"" i.t 'l>I~/a7/.o.-a~;;
'* *~,~~,.- ,,-fu r:i'\6'8.lrium Titanate - the pioneer electronic ceraml~ . ~

Barium Tit~nal€ i, J fcrrocle~l"c material belonging 10 the sub-cia" of

piczoe lee!1 ic material. Fel1oe!cctricily is a phenomenon d iscovcrcd 1n In I, The name

refers tel cenaill magnelic analogico, though it is somewhat misleading, as it has no

COnn~d]()n ••••.ith iron (femull) al lOlLFerroelectric materials cxhiblt 'I'0nlancou,

polnnzalion (4krromcgnctic Llln(~nal - spin Mienl"l;on) Oil C"Oilllg; below (he Curie

pOlm ('1',), ferrock~l[ic domnLm and J krrodcclric hy,IC[c,i, loop. Pnor to IQ40,

natumlly found crysl"!s were (he ollly source of fe('l'oc1cclric matcrwl Lhat were

avaibblc. W(),k by Thumauel' and Deaderiek II] hrQuaht the exlraOldiLlury electrical

propertico of barium lllanate to lay lhe lounualloll of cicclrollic ccmmic, In t:1Ll,

BaTiD., was the [irsl fenoGlcClTlc commie - electroLlic celatnic m that mallel

synthesi?,-d nnu stitllJSCct widely, The," celanlies are referred '" eleclronic because of

Iheir c"tm ordinary eleclrical properties leading 10 &ib'T1ific~1\luse in elcLlncal

"pplicatlons,

Diclc~tric conslanl of BaTIO) \Va, order or l11i1gmluJe bigher Ihan the bed

matcri~1 (Rutile, tor installce) u,aibblc at Ihat time. A huge ic"p in tile wsearch 011

fenoelectric materials rQllowed llllmediatGiy in the 195(j's,lcadinf\ 10 tbe l'idesplc"d

nse of b"rium IJianate (BnTiO)) based celilmics in c"paell'" "pp1JcalioIlS and

pie7.odeClric tlansducer devices. ~illce then, Inany olher krroelcCILlc eeram[e,

lndlLding, lc~d titamte (I'b 1';0)), lead 7ireom,te lilallal~ (I'/T). lead ialLlh"nutn

z;,conale titanale (I'LZT). and relaxor f~noelecllie, like lead magnc&illm niobnl~

(Pl\lN) have been developed "nd \Itiliz~d for" ""ricly ofapplical;ons, The brgCot lise

ai' relToelectnc ceramiCS have been in Ihe mc", such ~s dielectne ceram", for

capilci(or ~rrlicatiom, ferroelcclnc thin tih", for non ;(lbtile m~m()ries, pLcl.(1e!cclric

matel ials fur medic~1 ulIm.,oulld Imaging ~nd ac tuator" and e!celro-optic m"ler;"ls for

dma 'lorage anu displays,

Among the electronic ceramic nsed ,"orld wide, undoubledly RaTiO, in

poiycry,t"lline form is rankcd highe<l in volume ami V",[Cly or application WISG.To

g~1 " high VOlumelric efficiency (capacitallce p~r ULlilvolume) the diclectl'IC malerial

b~tweel1thc cl~clrodcs ,hould !lave a largc dieleclric cOll,lant, a large mea and a small

thiekn"s~ BaTiO, based ccrJmics Iwvll1g a pCLO\skite type ,Iruetur~ show d,declrie

••
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co",lan! "uliles as hi!;h as 15,000 as compared 1O5 or](} for CummOl1 cc,amic UlKI

polymer maleriak '[ he high d'Ckcl,,~ COLlstan!Fl<lTiO) ba"eJ cCrJll1i, d i ,k ~apaci[Ol s

utC simple 10 make The \'Oluillctric cllicl~I1CYcall he flll'tlier enhallced hy using mull,

loyc] ccram ie (0.1I ,C) C"p"cilol S M [.C 1\0W Gllrl", c.d mOLe Ih"" 80'j{, of the c"l'a~ 11<,,-

mmket ill the yc~r 2002 'lS _,hoWI\in f'ig\ll~ 1-1 ,alucd more lhaLlUS SG.7 billLon in

llaogladcsh Tab [11"twOllld be 40,200 crorc'[2J

CAPAUTO~ M~RKET(2002)
5158,11;00\ units ~ $B.3B billion

Too' "C'P
'''m 2"-"10m"0,'. ,.~

""

me,-
00%

Rei' NIC CDm~On"n!s Corp U'"a

Figure 1-1 : Market share of MLCC in the year 2002 (NICCornponontsCorp USA)

1.2 D{'mcrits and ~hor! falls of BaTiO-,

Uielectric conslant of R~TiO_, ,hJl],iy p""h at T, ,1I1ci10" ehJI'~C1emtie"

1'0110\"the SJme pattern 'nlc,e anomalies of electrical pl"Op~rti", leSll1t m extremc

change or elect, iea I cl '" mcteri,tic, of ~()mponents f'or in,tance, the cHpa~itance of a

capac:itOl wOlllcl increase by unJcr of magnitll,lc at around T, lhan whot WJ, al Lhe

'oom t~l11pemtLLrc.Overall, e1cctric~1 p"rfonnanc~ of Lhe circuit would chang~ to

extr~mity, iftemp~,-alurc rise., to aruu~d 'J,. ThiS ", nut dcsirahk nl alL n., componcnt

ill ek~lrical cirC\l11seldom heo! "P to do,e pl'oximity 01"1,

In lh~ pa,t few d~~JtI~;, many booh and reviews have been wri!Len explaining

the COllCCplSof electronic ~aamic moteri"l; [3,4,5,6,7]. An excellent re,iew On

p,e,o~leetl'ic ccmmic "ith cmpha"" on BaTiO\ 1.<compilcd by I"ftc (HI. H()wevcl'. it

lS rucogn iz~cl that the true value" of propenics 0 ('~ polyci ystallinc ceramic are difticllit

lO lJuole, Almost all ch~l1lical and physical dG\'iation frolll pUnLy has substantial eff~ct

OLlthe plOpelllc,. For inslancc. lLnl\elSally accepted Curi~ puml (I,,) of BaTiO" is

120"(' hut ulna pure BaTiU.\ el}-',wl grown 11sing Remeib's pro~""S exillbil Curie

point at 130"C [')1, CUl'le point of cemmic, al,o depends on partick or grain siLeo
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I-Iennings, "I (11[I OJ h", de,c,; bed sol id ,1" I~ pr~pam(ioll us Illl' ,,11m fine rJW mBlcrw I

ylCldin~ better leSlIlts ,,,'am $"'" j, " maj or belor a r'li:;cting Lhed ,ciCCI' I~propenie" of

IhriO,) cCJ~rnic;, [II]. Oll the other hand, Bani ,alia plays a role determining (he

graill size und den.,ily beside, Smltnllt\ parameters 1121 Seldom do these nenl, QCeLLI'

at the ,"m~ time rill ring ccr~m Le prOCCosingand h~nc~ It ;& d iff,cull (0 I'oiiltc the effect

of" single factor at a time, Some lime a combillalioLl of factor, yield dirr~r"1ll

prorertie, (holl a single f"ctQl would Research folluwcd on for increased

performance, h Igh~r uldectl ic COI"UII,1 (k'), 'l1l()()lh d lCI~dnccklllgC !lenT T" CJse [)f

ll1nnUraClUr~in bulk "nd s~ iOrlh, Doping \\',LoOI1~populal' Jild "J,y option. 0lh~r lha11

Co, many dop~I\IS w~'"used Slrcldllllg from lcar Gar!h mctal 10 CULL1mOl1ones ,n

search oflJcl1n bu'l iO) for vllriou, applicilrions,

1.3 Scope of this study

!'''lces, "anable, wch as >lLllerlllij !~Inlxfllilire. holding time and milling

procedures wne "aried 10 ob,erve rhei, clTcet on dielcchi~ propelli~s ~long ,ide

va •.iatlon "I' en dopin~ level. tin-dop~d B,,'l ill, were ;11"" prepared to c(}mparc the

propntic, for each eombillall(}n of \'ari"t;ons. In the 1;lerallilC f~vicw "hoptcr, (he

balle principles go"~mlllg fcrf(}~k<:lficity ~Ild means to iL"prove the propertic"

cm'cring the "",ious mattr",l, exhibit lhe," ]1lopcnic.; were discu"eci, l';)nicuiar

cmphuoi, w~s givcn on 13i1TiO,and lis diclcc-lnc propCl'tics The general processing or

fefloelcc(ric ceramics with a fcw example, WelCc1GSclibed,5incc processing is" major

faet", offecl,ng the final pwpcrtie, of a CnanlLC. I.;natly. n few iIllpon,ml nppliooliom

of f"fmelec!r;c mmcflab "'0 b['lct1y dL"cu"cd. Ll-l"nufaclLLt'cr', chemicat Imul)',e., ot

power, LL.,od1,,1',,,mple l"'0p"flltiol1 ,,"cre 1I1~1,,,led in Arl'~lld i." 7. I ttl ,-",,[;117.3

S;ntel ing tcmperature was "aried f()l'm 1200"C (0 IJ50"C and hold time form 2

hOlil's (0 4 hOlll'S,C~lcium doping level "as 5, 8 amln '\,,, mole fraction orBa. Their

effect on sintercd body density. dielcctric con,tanl and c1icle~lric loss "'ne meaSlITcd,

EXlent or processing W~Sal.,o <lsscsscd For instan~e, panicle ",.~ w~, ",,,,lY7.ec1for

ball milling clTce!, l"C nnc11'0;1 c:lbnil!LOn XI<D W~re cat'lied Nil to cxamlllC the

ex!em or feaction, Rcoltl!, wct'c ~xplained ill !h~ lig:ht of Jimling of cry,l"l ,lmC1lLrC

(ilWllg:hXRJ) II1vcsllg"t;on, ml~ro5l",ctu,"1 owdy by SI':V1"ml OIlI;e"1microscopy,

•



2 Literature Review

2.1 Electronic Ccramic~ - Classification
Propcrtic,1 of maler",1 h~vc its origin inlhc clysl~1 stl1lC1111~,Having idenlLcal

chemical eompo,ition may yield cl\lirely dLfli:r"L1lp'openies OWllIg lu lh~ dllTe,ellce

in crystol structurc and YJee ver.,a A property 01' CCmnlLe, " diclalcd hy its cl'yslal

slruclure and w il, classiftcallOIl JSbas~d on symmelry elemCIll of cryslal. The ,e,en

cry.tal "y<ICn1C,m be classi tied into 32 po 1111grOLLPaccording to SJmmelry (1\PP~lldi"

7.5). nlC ,hmy-lwo point groups can bc Jilflh~r cb"ified into (oj crys(,li, ha.ing a

ccnler "I' ,ymmetry alld (b) crys(a Is (h"l do not possess a C~lllcr of symmelry, CI)'swls

",ilh a Center of :;ymrnctry mcl11de the II point group, labeled as cCnlrmymm~tflC,

'I hese POilll ~rolLP" do n01 fhow polarily, The remainillg 21 point STOUpSdo not ha\'c a

cell1el' oj s)'l11melry (i,e, nOIl-c'mtro,YLllmerric) posse"es one or Lllore

~ry>l"llognLphicolly Ll""I"~ Jilcctional axcs /\11 non-cclltm'ymlllcl,i,' point ~rolLPS,

show piewc I~cll ie cfteer a long unique d irectiol\ill ~"cs, 'j h~ foliowing CIJ ;,lllcolion,

b,d on the 'ym metr)' 0 I'ny,lab, i" lLsd,,1 in cuLl,idcflng eleCTI'OlLlCc"ramics

2.1.1 Pie7,OelccfricC~rmnic

Clyslais lhm lilCk cCliter 01' 'ymmetry or ion ,iJslrrhlltion an.; eie,lriC<llly

pobrizcd (Le. Ihey develop ,ml'ace ch:ugGs) wh~n [hey ~I'C Illcchanically s(rc"ed

Thi, is Ihc dclil1l[lOn "f piezoclcCln~i(y. '1he most imporlant pic70clcel,,~ ceram iel ,1rC

lhose thJl Mc abo fClJoclccll'ic. Th;; meon, Ih"1 Ihe fCrJoeleuric (ond (holeforc also

pie70dcClric) d"main, witllin 11polyct, ..,tollinco ,ample of matel'ial enn be rCOlien[cd

("poled") "nrlcl' tile inJ1u~nce of Oil ~xkmal clecuic licld. nnd the rcoriCnl"lion i,

pcnnnllcnt '1hus, polycry'lall ine piezoc1ccll ie lmn,ducers carl b~ produced, Olle very

impOllan( ~pplic"lions of piezoLieclrLc ccr"lHies tmmdlLcelS for tllc com-ersioll of

cl~clrical enGrgy mIn mecll"niclli \'lbmtion, as in lLllr""\l1ic clcaner>. ullrasound

generators (imaging dC"'C~', detecTion dcvlc~,,) and fOI lile c:ome"ion of mcchanical

vibmt;on illto c1cctTLcalsigllals, ~s lLlullmsollic sensors,

2.1.2 l'yro~l~ctrjcC~r"mic

Some of er}'<I~ls lh"l lack cent",. of symmetry of ion tii,lrill"!lo'1- (i,~,

piez"eleelricj Can "1'0 spontal\eously J~\'elop elecr,-ic dlpole< (Jlola"z~), wilh the

degree of ]lolal inllnn depcndenl on lCmpel'iltlltC, Thi, ", CJlied thc pyroelectric enecl,

which was liJ>l &,co\'ercd in loul1naline by Tcoplll''''( in Jl4 B.C and so Il~mcd by
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Br~w,ler Ln 1824 [SI The 'p"Lll"nwu, polar;I."!'OLl1S gi\'en hy the value of the dipole

moment pcr unit \'OIUtllC 01'by tlw vallie ol-the char~c per "TIll "r~a OLl the ,,,,[,,ee

pcrpcmhclilar 10 (he "xi, 01- 'polltane()U' ]l"lmintion. ihe a~is of spontnncO\ls

rolari~alLon IS \Isuolly Jlong " ~i\'m cry,l"l axlS. Although a cry"tnl with polo1' axes

(20 non-ccrt1rosymtnClfLC poom b'TOllp,) ,how> the pie~oelectric dtect, It IS nOl

ncccso,u)' 10, il (0 hav~ a 'ponlallcou, p"iarmllion vectOl". [1 CQuid be due 10 (he

canceling of tile c1ectric mOIllCI1L\ along [he Jdl"rcLll I'lll", axcs to give ~ zero net

POlllrJZJlion. OLlly cry,lal, wLth J unique polar ox i~(10 011\0 r 21 JlOn.c~nlro"ymll1elfiC

poim group,) sho" " sponlaneous polari7.ation 1\ vectol' "long ,ill, a,lS and it, ,alue

dcpmds on Ihe lemperature Tile ryrQck~tric cflcct "un b~ Jncrihed in term, of lhe

ryrock('trJ~ "OdLL~iellt 7r A small chang" III tiLe temperalure II '1', ill a cry"t,,]. LLl"

gradual mallll"'. lead, to" ~h"ll~e in the sl'0n1ancou, pulUriZatlOLl"eclor .!lI" givGIl

".-
,
o
" nOe) ", 1M Ill)

ill

Figure 2-1 : Tho temperature dependence of sponlsneous polarization Ps for BaTIO,
ferroelectric crystsl [13J

f'igllr~ 2-1 ,how, the v~['i"liuL1uf Ihe 1\ ".itil lelllpCnllurc for ~ Il~TiO_\

fCfToelec!ric cryst~l. All lLlCl~a,e in lhe lelllpem1111e lead, to a dcc"e~sc LLlIh~

,p()nlan~ous poiMizatioLl 8nTiO) ha., a negative pymcleclnc coefficient.

-Ih~ polJ] "'",ILOIL",ddcll1y falb to 7Cl'OOil lie"tlllg the Cl)"I"1 ~b"vc '( [I J I

,
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2.1.3 Ferroelectric ceramic~

A. ,,,bgrl'up of PYI'OCledr;cs In, an lLtHISlIJI propel1}' "r" SPUL1l<lllCOUSallgrllll~lli

of the elec!,ie rllp0lcs within dom~ll1s(-ll'm) "lid the poiJ,i7alion <iirecl;on con

change under tile influence (If" 11clCCln~ fie Id This is the dell" ilion of rem)eie,!r;c ily,

Th~ ,ponWncou, Jiignmcnt oj eleclric dipoles (lll a pyroc1ectric matelial) by thell-

mUl",,1 lllteractiOIl rcsulls in ihe high dicicclm: constililt and p_ Fe hysteresis Illop_ A II

fcrroelcctrics ,lee pyrocicclrics and picmdeclric, hm IlOl ,.ice verso, por n"mplc,

tOlllmalinc Ill!)"" pyroelectrlC;ly bul i, nol k,-rucicciric Tile "hglllllcnt or clCdfl~

d'l'ob, is oppos~d I>ylh~rm"l \'lb,al;o".' and al (Jll' Curle l~ll1pc,-altlre"l', lh~ alignmcill

,hsappea,,_ rQr T > T ,CLLrjc-W~I" Ll" hold",

p ,
p--=--I=A"-1

(e.E) /

1,1'. ,
(T - 'l)

A represent lhe electrical smeepllbility, P lepre,ollts pol~rLZ"I;()n, L C1CdTLC

lield, I' "rid c" p~,millivlly of mater;al llml ,,"cuum t'Cspcdlvely ,nd k' repre,cnlS

d;cleCll'ICWll,lant.

The 01"",,- exampte of" rerroeleCll'c cnmn;c i, RaTiO" A relatlvdy smalt

Ti4+ ion is located in a large octahedral "Ie, with some room f(\r !r~~ l1l(wcmcnt. The

ralliing Ti hypOlhesis sugge,l., Ihat the,e "'" minimum energy position, f(\1'Ti ofr

eCLlI",. by less thaLl0,01 111ll,l'i"LLlg"n clcClTLedipole in each unit ccll.

Becau ,e of sponlaneous ~ti~nlllellt of lhe dipole" lhe dickelric comlaL]\ (k'-

,.i[;o) lor b"r;um lit~IlJIC cAceed., 2000 al room l~rnp~ralllle The lar~",l die1C-ClrJ~

con'lallt i, achieved ",hell nilicai {ernt'~lnl"'" is "ppro"ch~d, 01T = Tc ~ t2S"C. k' ~

12J)00 I.lowe"",, SlI'UC1",,1Imodificallons or lhe cta",c 13,,'ti03 "'G required if

va,iati(\ns LLldLelectl ic COLlSI"nlv, tempemllire and pola[ ,~ali()n vollagc are of coneelll

2.1.3.1 Ferroelectric I)omaills

Ferroeleclrlc 'lystall po"ess l<:gLOllSwilh umform polaL'lzalion c~lI"J

ferroc1cctnc doma;IlS, \VLlhlll a dom~in, all lhe eleclric dipole, or lhe polar ,\xL<

llalls!o,mal;oll ocell!, ~nd .,poll1al)culIS pobrintiOIi lakc., pbce, The elecllic,,1 siray

field ~llcrgy cau\cd by lhe n(\n-colllpcmalcd potaLwllioll ell"r~c, i, ,edLLced by lile

f(\nnallOll of ferroclcclnc dOlllains :" shown ill f ;gure 2-2, rhe con figllral;o~ of the
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Figure 2-2 : Reduction of electrical energy by dom~ln formation (03)

domains follows J head-lo-l"il condition III ordel" to avoid dis~Olllilluitks In the

pobnzatiOIl Jl1h~ domain boundary

III C\lblC ~rystaL, the pulmization lll~Y b~ orientated in any of the six p.,eud"

cubi~ "001> directLOns, Therefore, the polar aXlS may he allgllcd onhogoniJl1y (<}()"

domain,) ann antL-para lie I (J 80" domains) with [c'pee! to c~ch other (F i~urc 2-J)

l!npolod S.",.d PolM S'.10 E

~

Figure 2-3 ' Domain pola"z~t,on direction chGng"d by poling [03]

A single domain CJIl b~ ()blJin~d by dOllloin wall motion Inade possible bylht

pro~e" called polmg An appropriate clCCl"~ fielrl is apphed tll (he ,ample at a

tempcr~tur" ,lightly below the Te, Overall pertor,mlllce of the krroelectric m"terini

greatly inf1ucn~ed by the nature of domam and its tl1o\'~ment Man} research are on

going (0 Ch3rac[cri~" the domain and its ~ctlvJlles The 180" dOtll"lllS are eo"l)'

,-~m()ved by p(}lling a, ill"'ll"tcd "' rip"" 2-]. The ~{)" <I"",,,in" al~ d,frinil( t"

retllO'~ becausc the ,,,,face strain generated during c""ling ~nJ Lhecr'yotcll fabricatJon

rc,ll'ict tile IHOllOnof tile domain. MechilJ1L~alforce i, \ls~d by mil"} r14J to pok 90"

domain and r~~enll} ChCLl rl51 de,crib~d a new tcchl1lque. -nl~r" m~} be \11",'1'

domains ill a cry,lal "epal'alcd by intcrtllccs ~alled domain ".alls. Thc,e WJlls hav~ a

thi~kl1e,s of only 100l111lor le." [16]. Muller [17] dc,crib~d a Il~\\' la,er technology

that provides ini'lrInJtioll about dOl1luinstnlctUle. lheil' IHldeaIH)ll, "wi their dynJLl1leS



Atomic force micro,copy [IB] "nd TEM [191 wa., llsed to Ch~"'Cleli,e dom:lILl, A

vet)' 811'Qngt1dd ~o"ld lead to ihe E'c\c,",,1 of the polo, i?"liun lJl Ihc domain. known ll,

domain switching [20]. DomaiLlS can be ob,",,'ed under Ihc upllca] microscope ~nd III

Sl'M .flcr the polished 'ample being etched wl1n concclllrJtcd HCl [221 The

relJ!ionship, betv,een etch p~Htm and the dQm~jjl orJ~L1lJtion in B~Tl03 cryslJl ill

tellRgoll~1 stale had been describGd by H"'Jl(lJl [211, DU['llll; elchlng processing lhe

po,i live ends uf lhe electric dipoles etch cupidly. form ing ~ rough sLLrfac~,the negative

ends et~n slowly, 1'0<'1111");,mooth 'LLrfacearid Ih~ side, (dil'oks p"ra]le] 10 tile SlIrl;lce)

den at an intertlledi~tc rate, fOlming ~ ,~mi ,moolll surl~ee,

The bmlt-LLpof domalLl w,,]I, elastic sues, fidd, as .,.,ell as fr~~ Gnar~e caniers

eo"nleru~ts lhe proecs8 or domain fOl'1nallOn, ]n addition, ~n infl"ence of v"ca~"ie,.

dislocalions ~nd dop"nts exits [23].

2.1.3.2 Ferr"dcctric Hystcre,is I",OP

The maill difference between pyroeleclric 'llld ferl'Oelcelril' maleri"I, is lila!

L
II ---

I
I~ r',

_____ 1 I

Figure 2-4: A Polarization vs Electnc Field (P-E) hysteresIs loop for a typical
ferroelectric crystal [9J

tile direction of the 'ponta"cou, polarizalion ill Icrrocl~ctric" call be ,witcl1ed by ~ll

apph~tl elec!ric t1eH The polari7aILOILrc\er,al can be oiJ,~rved by 'nca,mnng the

ferrock~tri~ hysteresis (analogou, 10 ferromagn~tlc behavior) J, ,hm"n in fig. 2.4. As

the electric tield .,trelll;th is in~rea,ed, the domains ,tart to ~li~n in the positivc

dlrectiOll giving me to J lnpid increa,e III the pQI"riz~ti()n. At Vel)' high lield levels.

lhe poilmzallOn reaches ~ saluralion value (P",), Th~ poiari7,alion tlo~., nol 1',,11to ~cro

when lh~ ~xtcm"1 field i, removed. At zelCleXkrn,lI LLeld.sOllle ol'the domains rem"lll

aligned in tlw positive directlOl1. hence the Cl'y';I,lIwill ,how a remnanl polarizalion !',.
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'Ihe cryS1Jl emlllot be completely depobrLLtJ uLllil " licltl of magnit\lde " applied ill

Ihe negative d'rectLoLl, The C,\t~rnal t"Leldnccded to reduce th~ po1nrizotion to zero is

cullcd the coerCIV~ tleld .,1Iength EO' Ij"tbe field i, inclcnse<lIO" mOle nc!>uli\c value,

lhe direction of polarintlOn flip, and benee a hy.,tel csis loop is ohm Ined, 'I he yuille of

the spOntmleou, pol"rwtlloll Ps i5 Obl"llled by cXlrapolating th~ curve onto the

polarizatiQn "xes,

The ferroeleclric hystclcsi, originales from the exislence of il revcr,;ble

po1nri~"tion proecs,e, by pobrillllion ['c\'~r,,,lo of a sioglc rcrroeleCITL" lattice cell.

However, the exact interplay betw~ell thi, fundamentJI proec,", dotn~Ln walls> ctcli::C(S

and the ovurall appea,~ne" ot-tile ferroelectric hy,krcsi, is ,[,]1"01 p,ccisdy knuwn

The ,epaml,un of Lhe 10lal polari7alioo ILlio re\'e"ihk und irre\'crSLL,le conlr;b"(LoLlS

m i~ht L'e iInale the understand ing of Icno" 1ceLricP" iJI'lZ,lt]()n mechanism ,_ EspeeL" IIy_

llie Irrc\'e"iblc processe, would b~ impotU'll I,)r fCllOeicctrJ~ I"emory devLces, sint~

the lcvcr."ble p,ocGs;,e, eannOi be ",cd to slorc ml,"m~tion. For fenoclcctric8. mainl}

IWOpo.,,,ble Il1ccnamsms 1'01'irre,ersiblc proee,,", exist. Fir"l, lattice defect:; which

inle1aCl wnn " dom,1in 1'<,,11and hinder II fr(lIll rctllmlllg inro n, Lnili"1 po,nion after

removin~ the clcclne field llint LLlLliatedthe dumain w~ll muliun ("r'''"Ln~''J- ~ecolld,

tbe Ilucleation and lIrc'wlh of new domains lliol do not dlsappcar aller the lleld IS

relll0vcd. In ferroc leelric "'Oler", I" lhe milller lS furlher cump Iie'l1ed by dcfect d l]Joles

~nd flee charge, that eontnbule to the "'c"sured pol,H;~aljon :lIld Can also imerael witll

dorn~1l\wall, [17J,

Rnc",ble ICl'roc:ledlics ~"G the b",ic rC'lUlsile of <I;cleclrie mntcrlills for

appl,calioll ouch '" e"l'"ei\o". I(e\'ersihle eOlltrihutiono in ferroe1celllcs al'c due 10

ionic "nd dcctronic di,piaeemcrLh and (0 clmlluin wall 111olions wltil " small

mnplillltk. .1hese mcch~l1lsm, al e vcr} f"st The reorientation uj" dipoles a"tl/or de teet

or free charge, al '0 conlribule, 10 tll~ total poiaJ izalLoLl 'I h~se mec hani 'mS art uSllally

much slower, bullhey alsu mighl he lC\'nSLille (rclnxatlOll)

Remanent poiJrization and coercive \(,It"g~ ~,.cof nilical lInport,1l1CCtu Lhe

d~:;ign 01"eXLelll"1circuits of FcRi\M, m DR_'\M~

2,1.3.3 Curie I'oint and Ph",,, TrnmitiOlls

All fel'rodcetrie matcl'La!>l1ave a (rallwionlempcmtme called th~ Curie pnlllt

(Tel AI ,11emperalure 1"> Tc the crystal due, not e\liibn lerrocleelrielly. bel("" To il



is Jenudectric, On decrc<loiLl;;li,e lemrera!llle Ihl0\ll~h the Curie point," f~rroclc"tnG

~ry,I"1 undergoes a phase tmnsilion liOl1\" Llon-l!;lloeicclric phnse to a lerroelectlic

phase.lfther," ~re more than onc ferroelectric ph"ses. the temp~ratLLre"1 which the
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Figure 2,5: Variation of dle!ectric cons!an!s (Il and c axis) Wllh temperature for
BaTiO,. [121

ery,tal tl"llo!onns Ii-om onc fClTl,dectric phase to an\llhcr is ealkd the trJnsit;on

telllperatUl'e,

thc plw>c lransilion III 8ali(), is 01 lir,! older, and",,, leSLlI!. there is a

,-b,eomillllity "' the poimi7a\IOll, laltice corl,lanL alld mall" uthel pf(>r~rll~'. a,

become, ckar in Figure 2_(>, II is al,o cleo", in the tig.lt•.c Ih,,( Ibcr~ at'~ !hr~e pha,c

lran<i\1011S lL1 barium titanale !laving th~ follm,'ing SC4"Cllce upon heating'

rhombohedlal, ol1hol'homb,~. tetragonal amI cubic. Thcrc I'" small thermal hysteresis

or lhe tranSlllOll lelllperatlll'c. whlch depends 0" mallY paramCl~n ,uch ;15the mte of

lemperature change, mcc1WJlLCalslreoSCS01 cry,talllnpe,kction,.

hom a cry,;tal chemical ,iew, ~he Ila-O framework evok~, an intersti\ial for

th~ ~~n(ral Ti" 101)whLch i, IJI'g.a Ib"n Ihe .Ictual .'l/e urthe rJ'" tun, A, a le.'LLII.the

,erte, ot phase lran,;loml~\IOliS ('Ihe, place (0 ,.~d,,('c the 1'i c~vlly >lze Cel1a;nly, (he

,udL; "fthe 10m ;nvolved impact th~ propensity lor funlling fenocleocLnc phases; thus

bOlh PbTiO.; ulld 13,,1'iO) hnvc t\;rroelec!t'ic plu"~" while C~Tl03 and SI'TiO.\do llot

[24] 1-,,,rly l'c,c~r"h works on 1'cJT(,eieetlic tlJmition, I"",~ been sLLmmMizeci by

NcttlclOn l25, 261, I'lgm~ 2,6 shows thc v~natlon of the rd~ti\'e pcrmLttiv;ty c, with

t~ll1perJt\lIC as 118"T,03 cryswl " ~()()Ied from its l'arJciectric cubic phase to the



"
icrmcieclric tctrngoll" I. orthorhombic, tillt! I l\olllh()I1,,,lrai ph"5C,<,l\' "~l LheCllric poinl

or tmmlll()n tClllpcmlure" IhclillOd)'LluL11icprope,l;c" includLng dielectric, eb,lic,

\
Figure 2.6: Various proportles of BallO, as function of phase lransforma!lon

oplicaL al\d Ih~lmal cot\ol~nb ,how a" anomaio", b~h""ior_n,;" i,due to a d,,'ortion

lJ1 the CI)'SI',) "S the phJs~ ,tructut'c changes. Th~ l~mpe'-al\lr~ dependence of the

dieicn"c const~111above the Curw point (T > T,l in ferroc1ectric crystal, is govcmcd

by llw CUrle-Weis> law mell1lOned in section 2 I -'

2.1.3..1 Type 01'F~rr()clectric maleria!,

refloclcclnc lllaterLub C<lllhe i\lOllpCtl accord,ng 10 Iheir '('''Gillie. imo fOllr

main type' The," are the corner shoring oxygen octahedra, COlllpOlllldscQnl~ining

hydrogen 1>oll,kd radicals, or);,,,,ic polY'lIcL"'and ceram,~ polymer compo,ites, Cornel

,haring oc1ahedra c~n Ix da"ijicd 11110l'elovski1c.; (ABO)). lung'tell bronze type

compounds (K, WO \, x< I. slich "' PhNh,(\), Buml'til oXide layer Slmc lured (slich '"

13iJT,.'O"j ~nd LLUlllllll NioiJate & Tanmblc. Hydrogen bonded Ic,-['()~leclJic lIs""lly

"'aler wlublc made ill singk cl)'stal. Rochelle :;all (Nal<C41-140,,, 41-110) IS one



eX~lllplc or(lm lypc 001<11ili.,"'''' (hc IiI<I l"rL"OeI"~I"Cmnl~"al d;sC()w,-~d_TIi~,c are

now gr'ldually rer1:l~ed hy C~raLll'Cl"noele"l,-ic" illlercsl;llg lil'C ot- t"'-roel~ct,,~

Lll"t~Ji"1"'c OJgol1icpolymcrs for llIcd",al "pplic"lio[)s, These p,~zo-I'olyme,s have

SOme properties, which make Ihcm hd(e, ,ullrd I,,, "'~ in Il,cdical im"ging

appiicill;on,_ rhe dem;ly of lhese polymers is very close to tilal of wal~r and lhe

human bod} l"slIes. Ilellce there 's no ~cou,lic impedallce m;sllMtch "';tll the hody,

f'olyvinyl;denc nuoridc (PVDI'. (C1I1-CF,)"j ilLld copolymcrs of PVDF "';111

lrillllomClliylelle ~P(\'IlF-TrFE)l h~\'c found "pplicali"", m. p;e~oclcclric alld

pymetec!t ie m"let'inb. 't he <I,-;"etor p,~Z()eleel' I~ ~om['''bile, .'lCll" IIom lh~ fael lb,,(

desi,"blc propc[lin could nol hc oblained nom o,ng:le I'ha,e m.H~ri"ls ,etch '"

r'~LoceraLlll~S 01' r'~LopolYl1l~r; Ple2odect,,~ compo"l"' are ",,,de up of"n aClive

cemlllic ph",e clll1Jcdded 111a p"s,i,c [1oIYlHU_rile propel'(I~, 01 (he COllll'Osite

dcpentl 011lh~ ~ollnCCli\'lly 01 ihe ph"sc" ,,)Illille P"ICCIll01' ecmmic. ,lIlcilhe sp.Hial

distlibullon oj the aCl,vc ph"s~ in tile compO,llc_ 'l'hc concepl of connectivity

developed hy Newnham Cl"I. [27 J de,c, ib~s lhe orl',lllgelllClli0 f lhc componcnl phose,

"ilhm a COIL'PO';IC,

2.1.3.5 Corncr Shnring: Orl" !ledrn "nd l'cro",kit~

A large cia" of Icrroelccll'l~ cry,td, ale Jlwd~ up 0rl11i~cd m-.ides CQnlaiom~

COme, ,harmg oct.lhedra of 0'- ions ,ch~"Wl'l'ally shown in F;glLl'~2-1 Inside ~ach

oCIJhcdrol1 is a c"lion B~' wherc 'b' v~,ic, from 3 to 6. The spaces bCl"een (he

oClaliedra ore occLLpicdhy A'- LOll';where 'J' \'~rie, from I to ], III p,ololype fonm.

llw seOmClrlc CCIllCrsofll1c /\">. B'+ "nd 0'- ions coinclde. gt\,illg ris~ In a llOn-pol,lr

lattice, When pOlar;7C(1.the A Jnd Il ion, are di,placed I'rom lhc]]- geomClrlc cen\Crs

""lh rc'pccl to the 0'- iOllo•(0 gJVC" nel 1',,1"';ly 10 [h~ Iatllc~, rilC'C d;'plac~ll1enrs

OCCUrduc to the cilal\g~, in the 1'1I1iee'tnlvl",e wh~n phaw lransilions lake pbc~ a,

(he lempcralUlc is changcd. The fO[m"l;on oj dipoks bj lile displacclllcnt of iorr.s",ill

nol leoti to spolllHneous poiari,,"ILOlli(a compenS~l,on IXlllcm ot ,jipoles ~rC formGd

",l1ich ~i\'e 7Cro llel dipole 1ll0lHCnL

1'~lo\',kllt is n I"lllil)' m,,"~ of a group 01'm~tCI'l1LI,"tid lhc miLlel'"1nome of

uLiciLlIllIltlllatc (( ,,"tiO,) h""in~ " ,111lCl"rc01 1I,~ lypc ABO, /\ widc nlnely 01

cal;ons ULLlhe ineorpomkt1 into pcrovskilc structure "s long J" (hey obcy lh~
,clU(lonsilip:

. ",~
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Figure 2-7 (a) A cubic ABO, (BaTiO,) perovsklte.type unil cell and (b) three
dimensional network of corner sharing octahedra of 0,- Ions [12j.

F()] an idcal p~rov,kitc Slrudure t = I, and R", RIJand 1'0 tilc lOllle "dills or

large cation, small caliOL!and oxygclI [281 The stillel"," lake, cubic fmlll with lhe t

, vahle bel ween 0,95 10 I 0: tOWeTllll< "Iighll)' d"'()lled cubic b"t not knoelectric bul

,lightly ilbo\'e 1.0 tCl1ds10 be I"rmckcllic 12~J.

M""y pie7.0ckclr;c (includll1~ fcrroeIeCI,-i,'} Ge,amics o""h as llo,i"m r;lana(~,

(lJa TiO)), Lead TitJnaLe (l'bTiOJ), Lead ZitCOllale 'I it~l1~lC(I' !.l'j, Lead l.antil,lIll1m

/,ircOI1<ltc Tllanale (PLZTj, Lead 'Magnesium Niobate (PMNL Potassium NiobJ1c

(K"-JbO.\). PUla,siUIll Sodium Niobal~ (IZ,Na'.,NbO,'), and Polassium Tal1t~latc

",'",bale (K(T".l\'b,.,)O.\l have a paovskllC type ,lructule,

2.2 Electrical Prop~rtics
('emmie, me mO,lly co,alently uonded m~tcTial hence ~kdrieally nOLl-

cOllducti"e or i",uialOf, Impol1Joce ufparticuloi ]Jlopcrty d~JlClld, on the ~pplication

derna",], ror instance, dielectric strength is an important IXlnLmelel fot' apphcmion QI'

CCramLCos iaslIl"lor, used 111p,mer Irilllsmi,,,,,n lille. load bearing !;c'neral insul"lon,

in ilou,e hold ~Jlplian~c" ele, III th;, ~iml 0(' ~prlicatinns wller~ frcgucllcy do nOI

e.\eeeJ Ikl I~, the breakd()\\, 11streLlgth, me,lSlll'Gd III kIi /elll. ~lld mechaLlical slrenglh

are prim~ impol1Jnt lacloL, Tile (lidec!ric CO"'1-1111(k') ()' Ill\> faclor (k") do~, nol

m~nct much On the olher hond, lor capacitol an,1 elect,oni" "pphcations JlISI lhe

opposite '~'lLlir"d, rile values ol'k' and k"",,, ofprillle imporlallce, 110tonly lhe;, 100m

icmperCL11lrcvailles hut ,1lso as functiOLL0(' tempet~tllr~ and frC'lLl~llcy. Thcs~ are



intrilisic properties "r"'''ic,ia!. C"1lk m"dified by d()l',n~, micm <lruelll,",LI\'af'dli"n,

cl~, 8a I iO,\ is L1,~J ~xlensiwl)' a,< " I'rill~'1),d ill~rcdielll lor mu[li I:lyer ~c",mic

capneLl'" (MLCC) nUlIlufaC(urcd commerci"lly III biliion", III the followiLlg ,c"l;ons

bJsic concepl ""d factors go,eming dielectric const<lI1l,dldectric loss~, arc disCLI,,"ci.

MaleriJ Is arc lrc~ted as polycry,<lJlline and IJnear dielectric.

2.2.1 Dielectric cotl~ta~f

'110" overall D,dcetric COII"ll<nt(k') of 0" ill,,,I,,tOl mOI"i,,1 I"~given bJ lhe

rdmioll'

[2J

[) r~pl'eselll, the eleclric dIsplacement. E (he declric lield III the dieleclric, k'

[he dielectric COml"llt ~Ild '<' permil!iviry 0[' vacuum. The e!ccll'i" dHpl"c~lllcnl

dcs~ribes the C~lCnl to which the eiecnic tield ha" beell ~Ii"rcd hy \h~ pL~,ellce 01 the

d ieleclI ic In~lcrJal. "[he ,iLckelnc cons"",( k' " "n inll111"" propell y of" mater;" I nllJ "

l11e"Sur~urthe abilily uftbe l11<11ni,,1to "I,)I'e ckclric char!>" rd"ti\'e (0 Val'""m. It 1\

. rnca>lLred ;ndirCClly from the e~pJcitallce of u ,'upac;tor;n which the Jlla(er;al is i1s~d

"s electrodc ,~par~tol' 01' dielectric, from ~'l P: "Lld the capaci!l"" ~ell illuSlm(ed III

hgllrc 2-3 Ihe dieknn~ cOllstanl k', lol"1 Cliillgc Q (~ouloL1lh,) alld Cap"ellanee C

(rarad.,) en" be' d~velopcd u" rolloW5:

Tkr~fOle.

~l1J

~"=~_ QiA
1.£ "Vic!o '0

c c'
1('=_0_

( ".

: 3 J

Here, A ,-cp,e,ellts the ",eel ,,{the ClLplLclli\'ecell, d ils lhickn~" (or gap
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Figure 2-8 Equivalent circUit diagrams a) Capacitive cell, b) Charging and loss
current c) loss tangent

bclv"een lh~ electrodes), Co and C (he respCdlve capacItance 01 the capaCllor ",ith ~lr

and matelial, V the volm~~ across the cell 311d( (he mJ1Cflai peltllililvity ([',1m). 'J hllS

k' represent, [he ratio of lhe pcnflllllvity or ch"'ge slomg" capaclly rebt;,," to air Or

V~CU""l <IS<.li"icClflC.It i,ckilr 1'l'Omcq, 15: lilm 1<,,-,I givell .,izc cdl'"cilol' anu applied

vollage (ile high~1 the k' Ih~ higher lila cJpa~itall"c orlile ,"pac-ito]". This i, Lhe oilly
va, iable ldl with the matcnal ,cient;ol (0 incre~s~ (he CapacIlance pn unit volume

value of capacitor for modern c1cctronics applJcations.

2.2.2 Dielectric Loss

An ideal dlckctric would all",,, no now of eieclroo;e chorge, only 0

di,'rlac~ment of charge \,ia POi"rJ7"lion, If a plate of'LLch ideal material were placed

between tile eapacllive ceIl.,hown in Figure 2-9 (a) and ~ dt volt~gc \\'a, applied, lhe

current thlough the circuit "outd decay exponentially to zero with time, But (h"

would not be ca.,e ihn ~Ilefllating (sme \\'JVG) electric fLeld \\'as applied. In thi, case

thee(l, ~4) nJoybe\\'rittcl\a3

Thcrdore,

here,] represents the current Jl,m 011discharge of the c~pJeitor III tinJe t FQI

real diclednc material. thc cLLrrenLIlw; tl\'O vector component,;, real II! and imaginary

Ie, The condition of a 10"1' (not so good) diclcclnc illustrated in Figcure 1-9 (e) a, an

•••



cqui\'alenl circuit analo~oll" ai'" r~';],tatlcc LILplallcl wllh th~ r"paciIOI', The CUl'l~"t

f, represenl, a (wan Ie,,) capac,ti"e currenl proportional to the eha'gc ,tored in lIw

capaciloL It lS frc~uel1cy dcp"ndcLl1 ond Ic"ds U" "ulwge by 90", On the Olhcr hand

the current I" is all"~ conducliull CUlrell1in pha"e wnh Lhevoh"g~ V, wh,ch ,epJ'eo~nl'

Ihe ~ne,l',. 10>' or power di'''p"t~<1 in the (hcl~ctllC, The reslITWLlIall!\Tcbnw~~tl the

CUrlent and the volmge is </J ,omewh~t less than 90"' Tdeol d,electriC under thiS

eircumstnncc would not absorb <lnypower and Lhec'lpacllor would have z~ro 10~0,'J he

current would lead (h~ voltage ~xactly 90', The Cllrrent In r~nl ""pacitor bg_ ,lightly

hdund what 11would be m"n ideal capaC'itQl Th~ angle 01' I"i? i, dcJined a, (j and the

amOunt of lag becomes tall (j or loss ta"g~nt

Fq, 19} ,all be wriltell Jorre"T and II"ugina,y pari,

By definition,

= l(ulJ .•" V -'-w(" ,S h'''V,. " "

, I , ,,"tano =..!- ,,-
Ie h"

{ I 0 :

: I l}

Dlckclric Ino' often oll"b"led to ion miglallon, iOI\ vlbmtin[] 8.: deform"tioLl

"nd dectmni" polat'i?"ll(}n. Ion migratio" i, pal'li~uTarly in'porton1 and ,tmllgly

"ffeu"d by temperature and frequency, 1 he lo",-,s due 10 Ion migl'iIllon inCI'Cll,e at low

fJeqLl~ncy and the telllpC'"tUl~ innea,eo,

1.1.3 Material Aspect

Intrinsic propcnLC> ,uch llS k' and k" can h~ cxplaincd ill ICllllS of chemiClll

cmnpo,ilion and slructure, Matcri"l behaviOr' III " dieTcCITLcfi~ld I, " dircci res"lt 01'

three VC~tor qU~lltiti", a) d,dectric Ji,placcm~nl Tl. h) dl'cnic Jield E. llnd c)

polarintiOll p,

j)=~'"~"r;"I;,,E+P :1.1:

Aflc~1 of dielectric in capacitor jlluSlmtcd 111F iglll'c 2-9, TIiG COllt,ibuLlon of I'acuum

is the term [of: and i, the electrica I polaril.JtiQIl cOL1lributiOlLof tile dielectric,

Therefore,



It i, de"r Irom cq. : I ~ Jnd : 14} pO!oliz"ilOll i, Illc key foclor "I(lihu(i"g 10 the

dLckclric pl 0r~rly oj" mal~[ '" I. I'm "~T,'IIIic maIer", t, pob Ij,ntl011 call h~ Ii"tiler

Figure 2-9: Parallel plale capacitor: (a) without dlclectric (b) with dieloctric E constant
(c) with dielectric with D constant

described in lcnm of" v"lume charge denlll} related (0 [he con"C111ratlon or dipole

per unil ",)Ium~ N and the lo~al tidd E' in the dlClccl,-ic:

P =aNF' : j 5 ~

and

".here. ClreprCS~l\b the pol~flzability. ~ri'lllg from diffel~tll pOIJTilOlion meclJani,;m or

Ihe mat,,!",,,!. : I 7:
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Figure 2-10: Freqtlency dispersion b~ha"ior of d,elecll'ic malenal as function 01
frequency
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~IWTgC pobJizalioll, ,,~sp"~li\'ely_ ~kLh""I_,m of pol,L['mlL"", dusnjh~<1 in Iho

following _,"clion

for cubic ,tl"lLcillrcs<lmili,,- induced d'iJoin (Iollie and ~k"t,-oL1i" polarj~"liOl1),

(he cnlclilallon re,~als <1relation between 11l~~loml~ pob,-iz~bilLly Ci ""d the

macloscopic p"n11llll,ity E ~ (<lC,which lS rdCllcd to lh~ ClalLsi\lS_:-'JO,'()1l1eqU~liOIl

130]'

'",,-iVa

In flgme 2-10, lh~ frequency dependence afk' ~nd ,,",oeiated po!"nzmiml

mechanism Jre illuSlTaleci. Affect of diITerent poimizalion mccilani,m io the overall

dLclcdric COIlStillll is rebl~d to the colllpo&itioll. ti'cqucncy and Il'll1per~tllrC of Lhe

dicicel",' maleliai, In gen","I, n;..Inerea,", ".jth ion concelltmtiOJl. ion ,i7.e and lOll

polari,ability, h~nce ;0"" likG B}', I'b'~, La ,+ 3rc used in order 10 achieve a higher

dieiccl"c "()]"lan/ and rclhlctivc index, JLlIOLlicsoll,l, ('LLcha, MgO ... \I,OJ) 0:, LSIhe

pred()minanl polarizalion mcch'mi'lll, whe,c lOn ,ize ol\d 'cp"mlion hll\c the

,i 1'nitlC~III cff oct For eel am ic lllolcnn b wnh mobile lUll, Lhe()]ielll" Ilullal po lar'izalioLl

enn be" faclOI, n,i, call he J1lribliled to iOlljllmp polari7al;On C>i"where

anJ (c:d)'
(I.''''~

p ~ eul, ,eprcs~l1l' the dipole moment alSQCIJICd with the jump of an i01\ 01'

cilarg~ C~Lhrough n dl,lance d The rd"""lion limc T~mllhe numbn (jf"LLccc,sfllllOn

jump& per ,ccolld ore gi'~n ill A,henlll" form

1'= t e"",1,- and :20}

here, It " lhe acti\'i\lwn energy, A Boll~mall crlllSl,ml ""d T Jb,oilLle

lell1pcmlllr~. In other word. r", ceramLC T decreJses wnh l"IllPCI~l\II\;. [he relaxatIOn

move [0 higher tempcrul"'~ with illcre,uing frequcncy and II increale, ,,,ith lhc

leml'cl'~l",-C. H~llce it is nonnally obse"vcd lh"l al a given li-cquellcy k' "ln~a,es witll

lhe tempe,a[lJT~ and al a gLVCl1l~mpcmture k' dccn;",cs a" frcyucncy increased,



i (J

2.2.4 l\1cciLnoi,m ofPo1:lI"i"l.aliOIl

In general, there ale live difl"rem mc~h",mms of POb,il.ation which can

contribule to lhe dielectric re'ronse l:J I],

• Electronic polmi~ation eXlSl, in ,II dieleclrics. II i, based on the displacement

of the negalively charged electron shell a~a;ll,t the po,ilivcly e1lJlged core. ntC

e1ectron;c polarwtbtl tly u..," approximalely rropOl'tion" I 10 the voll,me 01"thc cledron

shell. Thus, m g~nnal u.., i, lempelnture-indepcndent, and la'ge atOll" h~vc " large

elcct, oLliepo I""~,, h,h l)',

• 10llLepol", in,t,oLl i, "bser,ed in ionic cry.,t"l, ami !lewl iue" th~ d "pbcemenl

of the positi\'e and []CgUllV~slIhlalllce" undel an applied electric ficici,

• Orientation pol~rilalion describe, the alignmenl of p"l"m~l\cnt dir0les "'t

'll1lbient tcmpCl'Utlll'CS,usually all dipole moment, ha\'c stntistical diwiblillOll orthell'

directions. An clect,ic lIcld gcn~1'Utn a prefened direction for the t1;poks, whLle tbe

th~r!llal movement of lbe alom, perturbs tlie ~1;g'Hocnt. The avelage degree ot

or;~nl;LllOll" glvcn by the Langev;n liln':I;,)'1 <"0> ~ //(3k 1') where Ie denotes Ihe

lJo1t,.m""" constant ~Jld T (he ab,olu!e lempem!ure .

• SP",L chalge poiorint;on could ~.\I,( ;n d,e1cclnc maleri"l, which show

'1'"(,,,1 ;nbomogeneities of Lllarg~ CamCr dcn,lll"', Space charg.e pol~!Lzatlon dfeLl'

~rc llot only or llnrOrl"IlCe in :;cmicunductor licld-el'fect devices. tiley ~l,o occur m

CCTamlc, wltb el"clrica lIy conducting g' ~lJ\S~nd ll1~ubt;ng gm i11bOUllcl"r;cs (;o-called

~l"xwell- \,"a~ller pc'b, L?.arlO"),

• Uomain "'all polarjz"t;on plays" clcc,,;vc rule in ferroclecuic "'"tenah ,mJ

c<ll1trib"lco 10 the overall d,clcClrlC TC&POll<G,The motion of " domain wnll thm

separale, regions of clifferent OTic[]t~dp(jlari~"tion takes place hy the fact Lhat ,"vored

oriented dom,,;m, ",,;th rtspeel to the ~pplicd field lends to grow
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2.3 Procc~singof 1l.1riulll Tit:lIIalc ccralllk
l'roperty or lhe tinal producl dep~nd, 011[he ]l'occ,,"'g liom raw l11al~,-i"1lO

lhe linal ,inlerillg_ he1) slep in tlie pl'Ocess c!Lain h", Us own influence OLllhc

Raw:\fnte.-iah / "~ Bait Calci" 1~~11Weight + Mix -"" Milling / " .'lilllllg

1

-1 r- Shaping I
Fini,hLng ... Sinlcring Forming I
In'pccllon ,I I'alt"tizing
Ch","ctelizatLon

Figure 2-11 : Flow chart of Mixed Oxide route

;,,~ccs>ive step and the ~n,d product. Many method, arc lI<~d to 'ynthese" BaTtO!. a)

conventionaimi"cd oxide, b) sol-gel, C) chcLnical pr~cipilation, d) hydrolhnmal and e)

comb\lstion reactLon, Choice of ,outc depend, On lhe application N~L1opowder, are

prepared using the eleclroph~lectic (EPD) mcthod for making f,lin" E,en lhin film

was pr~p~red from hulk single cryslal u,ing; lOll ,I iClllg method [31l !illl a fille 11aTiO-,

powdcr oblall1~d by com hu,tion rCaC'llOnare u,ed 10 make bulk malc, ial was describcd

3, rdatl\,e1y efficient tllelhod [32] fly far tile firST"",lhod i, widely in The illdlL,tli"1

appliCa[HJll L" well a.< at bbol'alnrie>, Howe\'cr. powder Obl"'llcd 10 other loutc" "

SUP~flOT111l~m" of l1olllogenc II} ,md fiL1~LWS5rhi, method" 1"0 kllOW11as ",lld-SiOIC

method, was "s~d Iv prep"re sJmple in Thl\ <hldy.

Processing JOUle of Ih,S melhod illustra(ed in 1'1glllC 2-11 In the following

,;cction$ important steps ~l'C disclLs>cd hnefiy \\,ith their influence on dielectric

property of BLlTiO) CCramlC'_ The raw lllatel'i~ls B~CO_; and TiD, (rutile or LtnM"se)

arc ti1'1'1w~i~h~d accord ing to the 'I01~hlOm"ll ic fonnula The raw maluri" Is ,hould be

of high pm ity_

2.3.1 Bnll1\liIlillg

The wcighkd powder, are mixed mech~lllc"lly by either b~lI [lllllmg or

"1(1i(ion mi IIillg, ;Vllllmg i, "all-ied QUIto rcducc Ihe parlLcie "ze 0 r the powtk" 10 the

micron range 1.)1'the elISe ofwlid ph~se reaet111l1S10 ocelli by atomic d,Jf\lSion,

•
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Figure 2-12 , Schematic of a Ball Mill

-Ihc scncm,)\ic ofa ball mill 1" illustrated ill Figllrt' 2.12, Size and dlslributioll

of the ball" nn lmj10n factor dn~nninlllg the produCl quality_ PilllLCk ,,,e lS 'educed

by lhc "cl;on ofimj1iJcl and friction Qi'bnll> "ith lhe powrl~r. Thumb I'ule", "n"llel'

Ihe size or haiL, lill~r the palliclc hLiI it lake longeI' l;",~ 10 break down big panicle"

hence IlS~m;x or di ffetCIlI siz~ balls MOTionof bull" controlled by the rotaTion speed

oflhG mill At higher speed b"lls cling at [he mllel side Oflh~ mill dlle to ccntnfugal

fOl'ce. 100 low speed would ,el the b~lb "Imost ,!alion~ry allhe bOllolll, In bOll1 case

ill:;uJJicj~L1tfriction bdv,ten bal15 ~nd parltde "'mild not b,eak down tlte p"rlide,

OpllmlLm opeed is achieved wllell balls are in circular IHOlLonand roll Lack lo bottom

from about (h,ee quarter way to lh~ top a" ,how" III FLgure ~-12_

Media i" another LLnport",,1COl\.,;,knl\ion for two [,COi-on" It mu,l nUl r~"n

Wilh {hc ball, lh~ cOlltainel', or Lhepowder. Second Iy, ml',l ,,,'oid dc~rc" sc (jf colloidal

SLabilily For IllSltlncC, mi IIiL1gof BtlTiD, in watel' mcdi~ od (jf trillOChC1l1lCaireaction

The 1eactioll form, .,trollgly illkalme Ba(OI Ij, \\,hich upsd the I'll balance, decre"si Ill;

lhe colioldal stability oj' lhe sll,pensiolll]]I, F1ther non-polar ILqU1dS11Chas acel(jllC,

alcohol, lS used or polyel"clrolyl~ stabilizer, ar~ u,cd \\,itil W~ln l]<,ualIy the Same ,et

up IS used for milling thc calcined POWrl~I', [,incr parti~l~ ~"n lower the sintcring

temperdt",e and tlr;ng lmw ,igllitlc~IlTty, EXlcnl ofballll\1lling lS usually ",sc"ed by

pilrt1de "ize analysis,

2.3.2 Calcination

Chemically as well as ceramic point or,i"", lhi, is "11imporlant >;lep,DcoLr"J

compound eire formed Jild neceoo!HY rc~ctions are Jccl)tnplished Du,ing lhe



calcination ,lel' tile L1llxcd i""'licL i, ""rosd III hi~1l tcmperatmc al " <recil,cd

<1Im()'pbcr~ a lid tim~ 'f he PllfPO,~S of cdicm"t ions ~''''

~) To remove residual mcd,« [omlmillill~ process

b) 'I[) rem<),,~ water III hydration, carbon dioxide forming oxide, and "ny

VOI,111ieimpu'1Ii"

c) To elfcct ,,,lid phasc l~aCLi()nbel""cn tile COn\tiluel1l< gl\'illg lhe desired

ph~,c Or _,olid SOIUll()ll

d) The r""clion would 'educe the "ohlnlc shnnkage in the fin~l sinlCnng.

rile ('~kin"tion 01 BaTiO,1, starlmg '"w malerial, I'JCO, and riO, ale mixed

E:l"CO,

B"O +

co,

in thc l\1ol~r ,atio of 1: I, ban milled, thcn calcmed in ~mbienl "ir at IOOO"Cto obto in

the pcrovsklte ph~so thrOllgh Lhe diftilSlUll controlled re~CllOJI [.\4J, Degree of

c~ldnatiuLl_' can be il.«e"cd by weight Ill'" of CO, "s " IIILl~tlOn 01 t]]ne ilild

temperalur" using TCA, Undcr IwtllCrm"1 condition. the ,~,1ctlUn obey> " r~IJbolir

tinl~ I"" "~"'nhaLl1 r24J ha, det"iIc,l Ihe n",del of killCII~ of solid &I"k re""lion

between spherical I'JrI;cks Ac"ordm~ to him. the reaction ,atc " illvcr,dy

proporlional '0 tile 'quare of the I,,"'llcic J~(],Ll,. Impol1on('c "I' milling bctol'c

calcinatiom is reolizcd and '0 1\ the litl~llc", orth~ pOWdl'l.

2.3.2.1 Formatio" of ph",es ami Phase Diagram

B:1T,O,1 [ormed dliliLlg IcacilOll abl1\c IhlOllgh fonllatioLl nllmbCI o[

Inlcmled iate phdse" TCll1pktoll [35J <lclccten the 1L,lcnneni'liC steond phll'CS Ba,Ti04,

Ba'i i,O, ~nd B" ri,\O" The 1i1l~1conversion I" 111onopha," lloTiO, detennincd by

dccompo>ilion ofth~ ;lltermcrl"JI~ phn.,e.', ie, lhe dilf;,slOn exch~,,~~ between B" and

T, lich region in lhe powder Thc calcination, IcmperoiLll'c and the "mounl ,,[

ill1cmwd"lle pli:l>C, critic~ Ih depends OILlhe morpilulogy "wI <legrec of 1\1ixm~ of lhe

IHw l1lat~ri~1. During ball milling lhi, L<~n illlp"nant point aimed to accQl1lpli,h,

Accordmg; to Il~ug.cr r34]. dll1'L"gtili, 'oIld-solid reaction B"O act~, th~ mobile agent.

AI the cont~et mterbce BllO is fOTl\wd which dLU'lIse, inlo the l'iO, l(mning ~s

i~l"mledialc la}'~r of Bn,Tl04, which _,lowly l'C~~b with the re,idliJi TiO, 10 form



llaTiO), Hence, pal'ticle sicc i, "n iJ1lportanl racl,,]" ~'I'ecially 1I,~ ,izl' 01' TiOl '" it

dctcmlll1e, the partick size 0 I' IlJ T,O-"

Il1e pha,;~ diagram 0(' R"O-'liO, is ~ho,," in F'gu]'~ 2-13, Ai< pCI' ph","

dlugram sloicholllCll'IV B,,'t iO., call "c~Um1l10dalGliltle mOL'e''1"0,' wllh Ihc compollnd,

['onn"I;"n of B~lTLO, lS inhibited below 1100"(: hI' the pre,encc ot " CO,

~tIllO\phcr" This ph~se 'S pnl1icularly Imillrui. Since it is hygroscopic and

dccomp",ed with ,'Welling ill slighlly moist ~ir. JL1wmplctc J1Ii~ll1gand r~a<:llOll",ill

yield sJ1l~lI"mounts oj Ba,TiO, and Bid i,O, owl Glher int~"n~dLale phascs. The same

kind or h'lllnr" I phosc" mal' aI«, OCClir\. h~11"11;,11"'~ ~arth ox I(I~s. ,u, h "' c". Sr LL"ed

in <ub,lituted [JaT ,0 1 [3G] Eft cc't ()f calc iIl~t;o" temperatu t<;w", "tudicd by 1\1"isotl ('I

11/ [37] Bugge&tat 700'(: tetmgon"l !la'i iQ) do not ('[)Jillwherea, at 1100"(: it docs nt

the npcme5 of particle agglom~ralion,

Dopem and other additi,,", "r" aMe,l nt (hI" "tnge' of processiLlg, A great

ndy"nbg~ oj Ihis mdllod " that dop~' ""d 'lddJtlve, can bc hOlllogcncmdy

LnC()'l'0'-at~d ill1()the perovskLle lat(icc ,luring caicin,11ions [3]
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Figure 2-13: Phase Di"gram of B~O - TiO, system



The cJlcining tcmpnallll~ i, imp''''''''1 as it inllLl~"~~' lh~ ,knOl(Y "nd hCllc~

(he ~Iectmm"ch,,"ical p'ol'crlio, of tile liLL,,1prod"cl Th~ highcr {hc calcination

le",pelatlll'e, the Illgher the hom()g~neity ~lId (knoity of tile lillal celomic product,

Many c~lcin~tion lemperatlll'c and time schcme has beel\ suggesled. I-ilgher

lemperature antl longer lime usually yield cOLriplelely re~ctcd powder b\1l COaL,er

parlic Ie "ize posing d, ffieu [lies dUlLng ,ub,eqLLent mill ing So, pro Pd' C"lcination m the

light tcmpcralure i, neC"'iSM) 10 obtain the 1Jc,,1electlical, 1llcrh"nical pl'operlic, and

minimizing the rru3~nce ofhannfll[ phase"

2.3.2.2 Effect of particle size

Rcaclion kinetics grc"lIy influeneed by the finen~" of The p~nicle sil-e.

l'lcnning c'l ,d [3J ,ludle,' the cfkcl oj gmill sizc 01 p",I,cle 011tli~ 1'c""tion duril\.~

sintcnng and the Jin,,[ p,odllel using T(:;A. 'llley ~oncilldcd tlwl (he decomp0>llion

kmpe1'atUl Cof BaCO, in 111ixtllre, "ith riOl i:; [",~ely indcpenMm of tile [Janick size

of BaCO". H()'We,er. the parlicle ,i7e of TiO, ",jdely determine, the graLn size 01

B~T,(h This is ill good agreement with dit1llslOna[ solid stiltL; 1'~"ction ,"gg~slcd

where BaO ~Cl as" mohile agenl Suh mieron siLeJ IlaCOJ 1l0,\'C\'el. sllongly inhibits

the lonllal,on of l1armJi,I pha,e !la2TiD" The llai ri ~IOLLLic,n[io has a '(TOng in flucnc~

on the cnlcLnallon tem pcralure. II ighcr temperature I'cqll1L'edfor 11ilrich composition,

2.3.3 Shaping ~od drying

After eakmll1g. tile lumpo"," ground hI' rndhng n" de,cJ'ibed prc"iow;ly, T11C

111illed powder rcady for fUJther pro~c;,;ng i, COlliIILoniy rc k, Jed dL.gyc'eLl'body. :rh~

gre~n boJie, ,holiid ilave .L cerl"iLl m,nJllLLLIlldc",ily belolc Lhey can 10" ";nt",~d,

Common pmdice is to achievc 60% oflhc tb~orelLcai denSity dllliLlg ,haping and pre-

sinlered state. The desired slwpe and a minimum green deLlSlly can be provided by

vanous tectmiqLLc, mctuding po"der, cOlnpacllon. slip-casting;, extrusion, doctor

bladmg;, dipping. etc 1101 pre"mg (both "ALai "nd iSOIaClic), allhough expensive

melhod, IS becoming popubL' for better q\l~lity ceramic rnllt~rJn[ u'ed in hlgh end

appllcalion. 'Ihe chOlec of the method (lepend, on the Iype of pO"dcr used, parllclc

size di,trib"llOll, ,tate 01 agglomewtion. (k>lL'~d ,hape. "nd thiclme." ot. (he pa,t

lJydraLlb~ OJ mechallic~1 pre,"", at'e u<cd 10 pres< powder in 10 desired ,h"pe al the

p1'e"urc of-IOO to 300MPa, Owmg 10 the naLUle of lhi" process. only 5ll11ple and

SYllln]ctlic ,h"pe can be p[\;p",ed No sililerillg ,ml OJ liquid i, "dded TOth~ powdel for



solj(1 pha,e sin(ering rOllle. ]-jell"e. ,tleJl1gth "Cthe ~Ie~" powJe, LOI1\[l"~(" ach;e,"ed

through "dd ilion of a slillable hinder sileil JS PVA, glycol phi ha1,IlG.C[C,

After ,haping, tilc grc~n bud;e, "'e heillcd I'cry ,lowly lO between 400-600"("

in order 10 remove ""Y hinocl' prC,CIL[.initial healing ml<: 10 hlLrnout lh~ binder "

"hoLLI-1-2"C/mill in order 10 nllow the gases lo COL"~Ollt ,lowly w1\ho,,[ forming

cracks Jnl! bIL,lC," ILlthe cerJmic par'!. ,\[I<:r the binder bUl'I\olll lS o\'e" the s""'pl~,

nre taken 10 a higher tempet'alure for sinteling 10 take pliL~c.

2.3.4 Sintering

In [hi" step, powllcr <{, p,epolcd fliMlly transforms to usabk ceramic body, In

ceramic ;ndu,lr;es. Ihis stcp is abo kllown as firing;. BaT10) motlll'CS in lhe 1350"C 1o

1450"C mnf;c [11]. This is the mos[ llnp01tant proCC%lllg olep in lll~klllg of celall1ic

malenaL All propcrtic, o[ ceramic depends on [he .,intercd body which is the d,r~"l

re;lIll o[ the s;nleL";ng;p"rameler such "Tllc,-inL' tClllperallll'c, hold llme. atmosph",~.

lhermal protilc. d~. t"l1ereat'e 'nanO' 'lllkring methods \I,,~d bul Il1i, <ti,cussiun would

be limited to suhd phase melhoo.

H~"t calLses the [lowller 1",r[ielC5 to develop mtcr g'Qnular bomb by sUl"bcc

d,rJ""()ll Jnd other phy,;cal driving forc~, Mechanism of :;in!cnllg and allied topics

detailed elsewhere [7]. The lypic"1 green <tensily ur e~,"lllic body a[ the slarl i, about

60% 0['11). StI'cnglh ,[mts 10 dewlap gradually", morc ami more p~tticlc; bond. At

~bolLl -80'10 to 90% dcnsity the p"r~, ar~ slill open onll the celamlc has" typical

.'ch,lkO''' "ppC"'Ollee, Til~ dick"tric constant I,' '''''il[ly 10\" and Ihe -t, is not

pronollnced stron~ly. The pOles ot " Cen\[fllC alC genetJlIy do>~d al ,-95% or TLl,

Add;lional he,1 work C",IS~, glaler dcn:;LficJ[lUn ,t> trapped ga"c, difflL,e 0111along

grain bOllLldarics, Al ll~nsitie, bela," 95'1:, o[ Tn Ihe PI""SCllG~of open pores would

Cause the dielectric loss and undoubtedly ml"rior d ieleClI ic properlJes

Setling 01 sin[cring teml'ct'iIlure lS no[ thai ,traighl IU'M"d. Low lemp~rallLre

sinter;ng r~,ut[, ;n celall\lC 01' 1'''01' density anJ I,mn'lti"" ot 13a,TiO,. Un the other

hund. too high (cn'pe",ILlre and long hold t;me may calLIC opn> slruclure wLih lo\\'

dellSLly lllJ. Also, at high lempuHture g,ain r,fowlh 1,' accelclatc(1 r~,II11illg in low

dieleclr;c properties Anotiler harmful hexagonal pha;~ of [la-I iO., may [Olll' at thc

[empel,l1lLrC Il1gher [han 1460"C (fl[;lLrC 2-tll) I'he SillletLL1g["mperatmc nnd [line

ShO\llll be optimum I'or P'Oper dcn,ilic~linL1 lO occur \VitilOUlabnonml £rain gmwth.



This ;s h~sl dune by Imil and cJlOI for 1'0"1<0,,10,- I1wI,'",II, \"lllnW "",I "the,. I'I'O~e"
p~mm~!cr;,

In Ml,C man"f~dllrillg industlies, simel'ing high lempailllLl'Csuch a, I}OO°C

;s not praclicable, due \0 "oC of 10\' melting po;nl eleclrode main;"!. Commelcial

f"mlUlation is aimed to loweI' tcmperalUl'e (-lIOO"q s;ntcril\g wl1h Ihe addition of

many ointering and dopcLl1>,for Ln,lanc~X7R, 1:5U, etc,

2,4 Oielcctric Properties of BaTiOJ

f'erroelco\nc ccmmi~s "nd dieleetJic hchavHlTSW~r",bcllS,ed mlength;o lhe

pre"iOLJ;;cction" hrroeleclI'ic "ature 0r noT,O" the nwchanism 01 ,upcnor <lick~ll'ic

properties, faclor, "ffcctmg propetties disCIlsscd in (he foll"\\';llg ,ecl;ons. Effecl of

dopmg ,pecially doping CffeCl"I'C", p,oce,s \',ori"blcs slich as b,,11mill;ng practice,

calcination therm~1 projib;, "mlering tcmpcralmc and holt! time on thc diclectr;c

propCrtLCSt!'SClL%et!_

2.4.1 Crystal Structure and Phase Trallsformation

OjtTcrenl pha,~ transfOl'matioLlSand cell t!nllcmlOns of BaTiO, ore lilusiraled

111ligure 2-!4_ rlaT;03 hilS IIp"racicctrie cllhic pha,e aho\e LtsCurie point of about

130'e. In tile tcmpc[llture range of I30"C to O"C(hc rem)eleetl;c letr"gOIl~I phase \\.;lh

~ c/a ral;n of -1_01 is st~blc. The 'pontaneollS poiarizHtLoni, "lo"gone of the [001]

c.o.,

Figure 2-14 . Different Phases, transformation and cell dimension of BaTIOJ

••



,li,cclioLls in the original CLLhi~structurc. Iktwel'n 0'(' 'llld -')0"(:, Lll(' rellOeleclric

onnoL"l1ombiophase is 'tabl~ wLibtile polarw,lion alon!, one 01 tlw (1101 directio"" ill

the ol'lginul clIhi" ,TrUClure,On dc~rnL>illg the Icmp~ratlll'e bdo'v -90'C th~ phaoe

transilion from the orthurhombic 10 rcrroeleCll,~ rhomhollcdnol phase Icads ta

polarJzatian ~long One ofthc [1111 cuh;c dirccllons

o~cooling liom higiltcmperalurco, the permitlivlty mcre:lSCSup 10v~jUGSwell

abave 10,000 at lhe ph",~ lran\lTian lempelalurc T,. The im~"u '"occpl,bLllly a, well

a, Ihc dieleclJ'ic permimvi(y follows a Curie-lA'ei" l"w. Tlw "ppc"rancc of the

.'pOlltuneoLLSpalll,izution is ,,~~ompanlc<l witb a 'pon(,meoll' (I"\m~otlal) l"ll;ce

dislorlion. rhe pli",c I,"n,it,o" 111barium lil,lll"k is aff'l',l o,der, ~lId as a resull, Ihcre

is a Ui,C()lllinllity in lhe pal<irizaILOll.lattice COa<lillll,~lIJ m,my alllcr propcnic" '"

becomei' cle~r III FlgUle 2.6,

2.4.1,1 Signifieallcc of tctrngoll,ll phn,c

The pl,a,e a f fel'1ockct, ic ;nlcrc,1 IS Ihe tel"",',onal ex i"I,"g bd •.•.een IJO"C (1',)

[() 0"(', The ex(cl\l or letraga,,"lily i,e cia r~110~an be c"bd~ted fmrn XRD pau~m,

S"pa,~tian of (002) and (200) pCilk ;, a ~oad iml;c"tian or fOmlmiati or tet,aganal

Ba IiO, as indicaieu in Figu,c 2-15 for sample calcincu at 700"C, 900 'c and 1100 "c

.,'
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Figure 2.15' XRD pallern showi~g separation of (002) a~d (200) peaks

[37]' Thc 1CI'DS tile f", tetragonal and cub,c ph'se are 5-626 anu 31-174

re'peclively. Tbe latlie,' paramcter, ore givel\ '" ",~J')')4,\ and c,,~4,03gA 10'

l"lla~on"1 phase and a,,~4,031 A for e"l",. pha<e. Th~ ,h ralia Wd.' ,,['" iLlCI'ClL,CJfrom

I ()065 10 I ()IO iorc"le,nOliona' 900"(' "",I I I(l()"C:rcsp~niycly. h,(Jemc ollo111"I;es

of 1'1opcrlle, at T, <Ire asoocialcd "itll Ihe extenl or lei: "gollal; Iy 01 Ba1;0,; cerilmic.
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On the olher hJnd, [i.:rrotlc~lric I" "perlLc, \\ ill <Iim i,"sh '" ith Ih~ "hwn~u of lctr,,!\oI\J I

phu,~.

2.4.1.2 f"adon int1ucncing tetragonal phase

Aport from the calcinoti"n tcmperatme 01 BaT]O-, formation Ihe othel major

factor is the BalTi molar raho, Le~ [12] l'eporl~J the extent of l1lelect] ic ~eak "t Te

I()\"ed "8 B~/T, ratio increased, Impurities Buch '" I.~, 0-. Mil P""~l1t ~I.,o slIpprcs"

tc\mL,oLlal pllJse Curie pomt also 5upprc,,~d ill ultra tin"-gmincd CCt"UlLe.Arlt el "I

[11] shown the dependence 01' lulll~e COI1S!'!II:;(da _ 1)'10 of tdragon,1 B~TiO,

ceramic on avcrage grain size", illustrated in Figure 2-16, V'lith the change ofg]ain

sw; different ferroelectric phases C'leX]"t al room lCmpera111re.

At g~ll1 ,i7e above 111mnorm"! tctra~ollal XRD rcflectioll occur lor (004) and

(400) plallCS, A, Ihe grain sile lS ]educed to 0,841-'lTIth~sc p~"hshift closer and a

Ih;rd p,eudo cuhlG reflection of (040) "ppe,,. w[lh'n, -Ihi, pseudo ~lIbic phase mo,t

probnbl) ",~rib~d to the orthorhombic ph",c, that exit, Idow lO"C

Q ,,"", ,

1

1 "'Q_lll~O ,

11 1'.'''",,"1
",oom,"" 1 • ,I ''''"\!''''''
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Figure 2.16: Ratio ot the lattice constants as a function of grain size

At gJain size of 0 2HI'n1 ollly Iwo rcilecli"", ,1f~ observed whid, ,annOl he

a ,CI'Ibed to allY know Ii.:ITocienric pha,~:, of I:la l'iO-, 14J-
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Figure 2-17 : Deformation of the tGlragonal (400)1(004) x ray diffraction peaks due to
grain size [4)

2.4,].3 Displacemenl "fio"

OfT cenler dimcn;,ion of atom, w,th 111the unit cell (jf l.laTiO, IS~jven in fLgulC

\,
--,-_.//

-/_.L_, __
\""

Figure 2.18: Displacement ions in unit cell of BaTIO"
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2-18, TitaniuLTI ion is displa~"J hy o.12A tU\',im-d, ()~ygcn ion ill lOOt] direction ami

Lhatoxygen ion abo d"placed by 0,03A Loward, [OOlJ tll~nlllm alOin. Banum ion also

displaced by 0,06A loward, [OOl] direclion, Under the in!lucnce of eleCll'ic iidd of

Oppo,ile direclion the di,placemel\l will be low",ds oPPO"l~ d,r~ctioll On cuoling

belo .•.•.the CUlie 1'01111T,. lhe tetragon,1 olr,,"llll~ so de\'eIQp' .•.•.hnc lhe ccl\lc[' ofB,,"

,nd Ti<+ lOllSlUCdi,placed l'el,111ve10 the 0" ion" kadmg 10111~f(lI'In"lion of~lecl,-ic

dipoles. Sponlancou" polJl'iziltion developed i, Ihc lIel dipole moment produced pcr

unil Yolume for the dipole, pointing in" glvcn dm,clion 122J.

I.arge octagOlwl "puce compared 10 T, atom size IS re,ponsiblc lor lhi,

displac~mc111 't hi" is The btls," of spontaneou, pularmuion of B"TiO, or fel '-oelcelric

CemnllC. '1l1is larg~ o"L"gon~1 hole IS abo Lhe re',on of BaTi(), lLlldc['~oin~ many

pha;e tl'al1storma\lOl1"1 differenl temp"ralures, The ,eloh~ displacemenl ofion3 in a

unit cell illustrated in l'iglJr~ 2-t8.

2.4.2 Domain Structure el'fcet

In polycrystalline bulk ceramics the pallcm of domains is quite different

because lhe domain structure 01'each grain is formed under clastic clamped cond itions

by ill ,uITolEnciing neighbors, .•.•heJeas ~ siJl~ie cry,tal is free [41. It should be noled

thalonlJ Ll011-1H(}domain>, i e ')0 dorn~lL1' {fOl'letlogmH,1 ,trll~t\lle,) or 71 and I()~

domains (for I'hOlllbohedm I sllllclures), have Ih,. potcllli" I to reduce eta,lic encrgy.

Figure 2-19 : Domain pattern of fine grained (left) and eoarse grained (righL)BaTiO,
ceramic

There exist two lypes of domain in com,c gramed !.l,TiO." called helling bOlle

and 'YU"'e !lei pallern. The lilo! one i, ill' I;lr lhe most (,OIliIHOnin LLLlPOledcemmic>.



As shown in rigure 1-19, by (k~r~~.,ing the grain "Ze lh~ dum~;n p~lIcm challg~s

['rom" banded 10" lamil1~r slructure [131

2.4.3 Grllin Si~eEffect

l~ bulk BsT10J cel~",ic, the gr;lin ,ize hn; a .<trol1g effecT On lhe low

frequency pumlittivily for gralll size, belo\V "ppro, 10 ~Lmas ,hO\\n in figure 2-17

(a). The permini\'lly is I ising at decl'c~'lllg gmin "it."' l'P 10 a maximum a! gl<lin \17~

Grain size
,

., , I',"
8DOO

200 300 400
Temp",o'ure [Kl

-""---,J

Figure 2.20 Tempersture dopendency of grai~ siz8

- O,7~lm [41 TIL~ ;ncleas~ ofk' co,dJ hm'e u""eJ by mkrnal ,Iw"es he~allse eoch

grain i, clamped by ll, sUlrounJing nClghbor., Ol' b) Ihe iTlur~asc of Ihe numb~l' of

dom~in walls contribuling 10 the dickelric cun,l~nt. Below this grain ,i~" the

permillivlly sharply dccre~se8 ag",n ill conjunction "ilh a reductlOn of tlw

tctmgonality anJ of the remanent po1aJi7,atiOI\,

The d,op III permitli.ily may be llllerpt'ClCd by thG effect ora low pet'mllll.ity

inlerfiJ~ial layer of 0 5 to 2 nm thickne" at th~ gmill bOllllli",;es ThIS laJer shuws no

d;tTcr~nce of the compOSll;on and cry,lnl st'1JClure in comp,,,i,on 10 Ihe bulk and is

bchc.ed to be of photom~ nature, In hgLLrc 2-20 the tcmperature Jcpendcn~" of lhe

permittivity for (a) h"lk ~e,"n"c, with dll"t'cl'enl ~"tln sizes 'md (11)nLin tilms wJlh

differCIll gmin size, and (c) micl'OslrllClllL'e"f thin firm:; ,1L'ellluSlfnleJ. 1.01"BaTiOJ

lhin films a "gnificnnl inerc~sc III thc roomlempefnlllL'e pCI'Illill;vlty from 500 to 900

is ob,erved IVhl~h was inJLL~edby lhe change in the lllorphology !rom a granular 10 a

~oILLmna,.miel'OstluclLll'e (hglLr~ 2-20 (h) an,1 (~)).

In contrast 10 IhriG, bulk ~~ramics, WlllCh CXhlbil a p"meJecll'lC 10

ferroelectric ph"," lran,l\;on with <1Gneasing t~mperaltll'e "ccolllpani~d by a ,b",l'
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pe~k oj' (he pel1n;ttivily al arouncl 123"c, LJL1lya h,",,<Im""'l1lllll\ ill ihe PClll1ill ivily ",.

temperature curve is obset'vcd fur 1'()lyc"y,lnlhL1~thin films, J\dJitiollnlly, (he BnTiO.>

thin films <10no! show a J,moeiect,k h)';lc;es," at room lemper,1("r~, While the

absence (}f a ,ema"cnl poiaJizallr>n i, lypical for pnTJc1eClric l1lill~ri"l, the gmin ,ize

depcndmce jndic~tcs a super -p~mclc~lTlc beh~vior of Ba' I iO.\ tlllLl [,lms, Compared to

hulk ceramiCS. thill BaTiO) films of lhe S~l11eavcrag~ gwin size show ~ siglllii",,,,!I}'

lower perm ittiv;!y, ahhougll the grain ,i7e dependence is still ob,erve{\, Tht d,fferellcc

in the ab,oIUl~ pemliltivlty "a lues may be explained by u c[)mhin~lion of thin ("Lim

effeCI" which I'c&ull in" fUl'lh~Td~crea,e of (he permittivll), 'lS for c<ample fLlm-

eleClrod~ intertoces and ,(,e.'S effect>,

Figure 2.21 shows the ,arialion of dickdric COllstanl wilb tcmp~ratllle for

BaTiO.\ ce,amies wllh a fLne «lp:m) and coars~ (>50{lm) g;rain ,ize, Large g,,,ined

B3T;0.\ (>I{lm) shows ~n CXllelllcly high dielectric Con;lallt ~l the' Curie poin1. Tim is

because of lhe formation of mulliple dom" in; m a Ii nglc gram. the mullon of whose

walls inclOu,e, the dlc1eclric conSlanl at the Curie poin\. ['or a Jla"[ ;0) c~rall1ic wilh

fLncgrain< «1 rnn), a ,illglc domain fOll1\6Lll3ideeach gram 'J'he movement of domain

w"lIs are rcslrJ~l"d by lhe grain bQund,lric" lhll., teadmg 10 a low dldcclric COO&la111al

thc Curie point ~s ~ompared 10 coa"e gr~Il\~d Ba'[ iO) [38j,

'I he 1'00m temperature dielectric con>;tam, k' of COJrsc glain~d (>50}-'1ll)

BaTiO.\ ceramic, "<IS found 1(1be in (he range of ISOO-2000, 0" lhe other !land, nne

graLll"d (-I}-'JIl) BaTiO.; ceramics exhibil a room (~lllpe'"tLLrc dieleclric eon'lanl

b~l\\'ee" 3500.6000 Tile gram si7,e "tT~~1 on thc dieleclric Con,laL1l at Worn

(CJIlpnatUle has l>c~ne"plJlncd by lhe work of Arh et. al [4] and BUeS>Clllet. ~l r39]

coworker> proposed thaI lhe ;nkmal ,lresse, ill finc grained 8nT,O, mUSI be much

grealer lh~n
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Figure 2-21 : Grain size effect on k' of bulk ceramic

(h" coarse !l"~"'CJ ceramic, thl'o leading to" hlghe, pelln;!l;vlly "('OOIll temp~ratLLrc_

Arlt studied the uomain slmclure" in BiiT10) ceramics nnd showed lhm the room

tcmpcnuure k' reached a peak vilillC a( a ~ntic"1 grain ,i~e of -~O_71'l\L.He concluded

that the cohan~ed rlieleclnc con"tanl was due 10 the increased 90" domain wall dell"ity.

The mobility 0 r the (JO°domlllll \\d Is in ,"cry lin~ grained BaTiO J IS hindered 8nJ only

k% 111<11\25 '};, "rIlle k' w~s m,llLeved.

As (iw U,,"IiO, Lc[alnl~' have a very I.TgC room (cL"pcmtme dielectric

oonsl,mi, they are m~ Inly used ll1ultLi,yc, capacitor apr IiC~l;ul1', 'j he !\' ain "~G control

i., vel)' impOrlunl for these apphcaLioll'

2.4.4 Mnrphology

Dielectric conslant ,trongly depend, on the L111noslructll1Cspec",lly porOSily

~Ild olher phase presenl. The effeCI of gralll ,in discu,,~d earlier. Ideally sLnterLllg

,hould p,ov"lc u c~ramjc hody dose In ii, ll1curclic"i densily. ",ollnd ')5% or more

(jeTSon et ~11401~"prc'8ed lile ,dal;on bet"'~CIl pOnlsily an<l,,' ,,"

(21}



where, V" VI, ... , "rc "olllille IrlLc!ioL1 ",il!, >:' or>:,'. K,', ... RclaliOI\~l\lpwitll

the experimental clJIJ shuwn in Figllre 4.22
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Figure 2-22: O,eleclric constant relatlClnship with porosity [40)

AnOfhcr f~n(ure of i, the core ,hell strllduT~ de\'ci"p' owing [0 doping and

other factor, ~re d;SClLoocdin section 2,7 7 2



2.4.5 Doping effect

Variolls /I. llod B ,itc "u\},;titutions in diffel~nt cOrlc~nt,"(iom have been tricd

to sec (hClr clTeet on Lhe d,eleCll ic and ferroclectric pwpnLle" of IbTiO) 5t" and

substitutions lO lh~ /I. ,ite have been {ounrl to rcrlor.c lh" Curie point linearly tow~rds

l'oom tcmp~tMure, Th~ ,ubstitution of Ph" jo[' Ba'+ ",i,~s (he CUlie point The

substitution ot ;;:,4+ tend to Jecrea,e Tc but ;nclea.,e, "thc,' tmll'lll0n temperatUles

Thc,~ drect shown in FigUle 2.23 wllh erket on dJeleclric ploper!y 'T1JcSlmullaneolls

f;ubstLtution nllO bOlh A and 13,ite.' witll rliffcr'CIlI 1011&~"n be used (0 tailor thc

I
"/,,

~,,'," -.. ~:':".-
, " --,.. ..

..
'''~'''""h'''''''1 .'.....
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(al tl 10 .10 )0

Al"" 'I,

Figure 2-23: Change of transillon lemperature witll dopen(s and effect on dielectric
constant

propenie" of lJaTiO)_ The effecls of ,ariolls i,o\'alen! sllbsl11u(Lum on the transiliOIl

tempeWlUr~6 ufB,,'! iO, ceramic are ShOWlllJl Flgur'-' 2-24

Oopiog is nccc,""ry t(},

-avoid lime ValiatiOIlS01 K~ cleo

-bmaden the K- - r dependcnce

-decrcase Tc lO clus~ t(}mom tClllpelatul'C. if maximum

Ir~n lOll o[the pCI'O\'sk;!c stfUC(ure B"T,O) i, ,,,placed by" dificLell( 1011orlh~

same valence, isovalcnt doping IS pre,ent. e g ea" nn the B~".,,(e Ba,_,Ca;riO)

Aliovalent dopingcxlSl' when Jon()]s like I.}+ Oil Ra_silc orl\'b" on I i-site as we!1 as

acccptors like N,l< Or MnJ' on ri-site ale inC""p""iltcd in th" ny;taL A! teas! the site

occupancy i, determined by th~ sizc and thc v(dcnc~ ()[ the dopal1\, e,g C~l+ may be

isovalent A-site or aceptor-typc on B-sitc.

,



JG

,
'" ]-"

-"

I

1
I

"
"

,"

, ,

-, '

-"-"-"",). --.----------

"

Figure 2-24 The effect of doping on the lrnnsilion temperatures of BaTiO, Ceramic

Bcsltks Sr, Ph and Zr. I:lacan be wpbced by Pl>.Sr, Cn, or Cd. and ri call he

r"pb~ed by Sn, Hf, 2r, Ce, 01 Th,

2.4.6 Ca doping effect und rn€chanbm

Several reporters h~\'c found th~t Ca addition to BallO) ca",es neglig.ible

change [41J or only a slight dc~mase of the T, 142,,43]. Increasing Sr doping level in

BaliO., ceramic d~crca,", the Te oy,lematically 10 90"K ~s ob,~rved my many

,escarchcrs, Thi, is nonnally aUrib"lcd 10 the smaller ion si7,e of S,ll comrared ()

Ila ,. which cause(l reduction of unil cell volume WII h Lhe incJease of ~()ncentl'~tion of

S,- It was ,uggested (hal Tc w"" lower by the action of hydro,tatlC pr~"",e l44].

Doping ot Ph CalL'"just Ihc opp()site aUhougil. I'b'- ion i, &m"ller lila" B}'. It "'as

cxpbLncd 1L1terms 01 larger electlOI11CpoiJ,i7abiliry or I'h11 lh~n B"l' or Sf'+, tlll'

rolarizahility intensifies lhe intelJcrions belween Ihe Ti ion, and thlls r~l,es the T,

[45]'

c~on the olher hand has 'imall~[ iOllie radllLoand ~ smallel' dC~lrolllC

polariZ:luiILl)'thall either Bn» or Sl'+ Wherc", Ca dOl'inl\ lip to 25 "",Ie % has ulmo,t
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lh~ same -Ic-as pun; BaTlO.,. I t IVll, ,pccuiJkd lh,,1. (" Ions arc 1101 lEnifo,.",]y

TI
"0 "" "" '" "'0 <.0 ',0
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Figure 2.25 ' Dielectric conslant of Ba,.,Ca, TIO, vs temporature

dis\I ibulcu in the (Il~, Ca)TiO) sol id 501,,(w11s 111that CJ,c (!:la, Ca) TiO, might hell" \'c

10Some extent like" simpl~ 'nix(um ofCaTiO) and BariOJ, rcsul1mg in a lowering of

(he dieleCltlC peak at the T~ and in a broadening of Ihe x-my bilck reflection

,---.L_-c',"..'-,,7,,--
.--

Figure 2-26 , Lattice parameter of Ba,.,Ca, TIO, as a function of molar ratio

line,; \\.ilh increasing Ca concentration Mils1]i ct al 13 8J examined lIoping effect of ea
witll conc~ntmtion of ~~O,O~and 0,24. Th~y lepollcd the ea1clnatlOn longer

ca1cina(lon lime is required as Ca c()ll,,~nlration inerc",ed. -ll,e l~l1lpnatUl'e

dcp~mknC"e of didc~lric constant M, shown in [11~"rc 2-25 whcr" T, shined 10

maximum of D(, jOe for Ca x' O_II~ thcn sInned to dccrcase '" ea concenlration

illcl'cas~d Electron Pammagnelic RcsonJ~ce (1"1'1<) study 1.>)'8abll e! (1ll46] reported



o cle"r ~,id~ncc I,,,. ~X,"I~Ll~0of dyn"lllic 11uellL.Lli""b~I\\'~Cn cub" andlCtraf\OI\,d

phases al thc pro;..,mity 01 Ihc ph",u !J,JIlSLILOLllemr~,atLLI'Coi' 13a,.,('<),TiO, (x~O &

O,OS) 1'hi, mighl be One oflilc l'GnSOl1ofT, Jl\lcluali()11 with lhe C" conC~llIl"alion.ln

Ihe l~lticG oflhe pero\'skilc lype, ea~h Bn OrCa i~ cool'dillmed 10 Iwelvc OAyg~ll. Sillcc

Cal' hilS small~r l()Lliemdi", Hl1111Bo", lhe 'pace ilvoil~ble 10 Cal> ill BaL.,Ca,TiO.,

whd solution TlHJS(be large, thaLl III Ca'I'iO.1 "lid lhaL for Ba" sm,lIb. than "I Ba1'iO.,

The obser,'ed dc\'iolion from Vcg"rd', law "' ShUWll ill figurG 2.25 prove, Ih"t a

compromise i, made in favollr of tbc Rd'iO-, iaUlce, I.C., thc sr"~u for Ca'+ i,

mcreased beyond Ihat of an ,den I solid solut'on In 13a,_,Ca,Td)., Ihe en IOn llwrefOle

&~cms la have glcotcr Momic polarizab,ILly.

Ekctronic stl'uelute af Ha 1.,Ca, TiO, sl1ldled by X -my iIbSorplion 'pectroscopy

Rnd thuoretical cRlclL1alion 'qJOrtcd by A,bn ct RI [47J repol'lcd lhal CaO and/or BaO,

with TL01 enhance tllc cr,ect;ve ch<lr(;e of the 0 iOLl&,Thus. a 1~l'gc Jlpole 1l1011'Cn(

m~y fe.,"lt f,otn lhe displacemcnl of Ihe Ti ion [rllm Ihe ccnlre of the Ti-O otlahedlon

leading to colkcu\'e displacement ofTi 1011'lhrough allfO"","C d;po]e-dlpale coupling

an,1 m"y give rise to felToeleclrielly, This.inerensed atomic polariLabilily l1li~hl have

incrc""ed the T, a, it doe., in Case I'll doping 10 a cel'tain POll1t. l>ul. lh~ ma,ked

shrinkage of the U11l1cell "011lJ\l~of IlahC~,l' LO1due lQ further Ca addil,on lowe] s lhe

i', as liydro.<talic prCSIlLrC"ould,

2.4.7 Commercial formulations
A, d iSGIls>edin dela,l COfur. the permill] vlly of f~rm~ kelric pern,'sk lies sho".'

marked changes wilh lnnperalurc. p"rlicularly do," 10 the pha,c I,,,milion !"Olll the

d~, ice POlrl1of vww " high d,dcctl ic rermll( Ivily "ith slob k prope, tics Ovn a wide

I.Omperatu" for various cerami, did"triOi

,'" , ,..~,~,~ ~••a_ .., - j
'~"".' , \,<'0"" .- .,.-- /-' ....~,.,

-.:' " "'.".~,•• ~,,,~-".~..,~"~" ""~...,- "-.~.~•• ... , " .-"~"",..",,,'"

;..". .•• """""'W." .;••.•...•",.~, ~"'" "'~" ••••.
~ ~-~'~'.""""" --.."" '",. \'~,"-~- ,~.""'-"

.•.
-_..."

Figure 2-27: Commercial formulations 8nd their k' vs T characteristics [48)
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temperature r:H\gc" required. There a,e voriollo ~nL11mcrcj~1spc,ificatiom; which hm,e

to be fulfilled {e.g. X7R' DC, =250<' < "'0.l5 111a range between -55"( and 125°C}.

By sub"titution Or doping it become, po"ihlc 10 la;lor the ferrodcclr;c moterl"\:; 10

diffel'cnl pr()p~rtie,. IL1r'g'''~ 2-27 die lCC1E'lG"Oml""! ~s tem p~",tll re bella "lOr of

c0l1lnlGrci"1 fOl'll\LLlolioLla, illu,tIJ1Cd,

2.4.7.1 I < Suppression

Doping; generally Ic~d, 10 " sh i ft of the pha Ie (mnsili"Ll temperature In Figlll'c

2.23 and 2-24. the change 01 the 1non,;t;"n IClllp~mture, is I'IOlled as tilllclion of

dopant conCCJllralLOLlfor dilfcrtnL dopan!;, in 13"riO). II i, found thaI Pb-doping

,tabilices (ile ldragoll"l plws~ 111the sense of theil existCLl~~()v~r a w"k lempelatllrc

ml1ge whereas Sr-doping de&\.abilized the telragonal phase, Tim behavior could he

lInderstood by lhe fact thaI th~ brger Ph-ions On the A-silC lorm a larger' CoVill' giving

lhe central ion more space for off-centet' position., til~n lhe Sr-iollS in ~a,e of high

dopnnl concent""tions .,equellce of the phase Immlli01l8 in BaTiO" tends to be

supprc."cd. 1-01'Ba(Zr,Ti,.,)O) all phase boundaflC\ meel at d 7r contem x ~ -0.18

(FlgU1e 2.23). Becallse oj the ,llperposillon of the particular phase lramitions the

,-cs"hing tran,i(lon becolllcs d,ffu," with ,1 broad ma"ilnllm of the dldeclric

p"nnilliviry a, ,how11 in Figu['~ 2.23, t hercto"" Ihi, compooLlioL1ha, tile pOknlial as

;uitahlc tcmperatUJe-Slable dielecU'iC for cClamie cal'"citor,.

2.4.7.2 Core ShellStru~ture

A diffel ent approach 10 over come the temperature inswbJ hUe, of the dlelectric

coefficient i, the addition of lllCtlecomplex composilion, (than doping wlth atoms) ,.,

CdBi2Nb,O, [491, By controlling the Jeactioll Iunelic of Ih~ sinlering praee" the

m iCl'OSlructure exhibits a grain core-grain ,he II i;ltllcture, The core COn>lSl, of lJaTiO .•.

and th~ perovskltc mal~rial in thc shdl "hows a 'niAture of IbTiO) with the complex

perovsk1te> Ba(Bi" ,Nb" ;)0) Jnd Ba(Cd")t'ib,,,)O] hh'lllg an appt'ox)lTI[ttc Curie poml

at Tc SO"c. figure 2-28 displays o~h~m"tic"lIy Ih~ tcrroclcclric co,-e ""d Ihe

paraelectric shell '[he malenal fulfills the X7R spe~L1ica(i()n ror Lts dielectric

behavior. 'rhe chcml~al inbomogcnelly emerges dlll'mg a process of leacti"c lJYlEld-

phase sinterillg. ApplieatlOll of too high ,illtcring t~mper"tllt'cs lead, 10 IIni]'oml

di5lnbulion, of the addill\'e.' "ia wliJ-,lated diflllslon and to tl,~ 10"' of the X7R

dWn<eteL';stic
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Figure 2"28 : Core Shell structure and ,ts effect Of] k'

2.4.8 Rclaxor Ferroelectric

"J Ilese arc sp"cialtype offcrrociGdrlc cer<lmic in (h~;Town right. Stricti)" they

arc neither iI dcril'ahve of lJariO.\ nOr a reoLLhof ciopi"g effect rile rc",On of their

ldc\'ar",~ 111lhi, !;Iudy wa, to high light F:w "'peel" which was observed in the

!3nTiO~ sample, ()f this study. Rclaxor fel'l<Jekel"",, are a class of lead based

perav,kile type comp[)unds willl lh~ general fO"'11\llaPb(I:l"Il,)O) where 13, i, a lower

valency [,1110n (like Mg'., Znl+, 1\,;1'. Fe'+) ~nd BJ " a higher "alency cation (lLke

Nh;+. TaS+, \\'5+). Pure kad ma~l\CSiLLm";obate (PMN or I'b(Mg
'
/,lNb2i))O.\) is a

rcpT~senl"ti\'e of lim class of mattrial., with <I Curie point ~t~IO°C The mmLl

differences between rela.xor ilnd !lonnal ferroelectric; are shown in Append,,, 7.6,

Rcta.~or felToelectric> like PM",' cal1 be di,tingLLi,kd nom n01"'\1"1

fC1Toelectrics ;u~h as llaTiO,l and I'Zr, by the i'";,cnee of a bmnJ diff"sed and

d"pcrsl'u phose lranSLl"'ll on cooling below Ihu Curie POII\1.Fi!;,"c 2-29 ,how> Ih~

vari~lion in the dlekct,,~ propenies WiThtemperature for PM}J ~eramic It shows a

velY l11ghroom lempemturc dielectric COllsmn( and a IQ\\' temperature dependcnce of

dielectric con,tant, "I he dil'Ji"eJ pha:;e transitions III reta.\or krroelectrics arc dll~ to

the compositional helerogellC'(y ,cen on" microSCOPl~ ocalc.
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Figure 2-29 Variation of the dielectric properties of PMN with temperature 19]

Th" relJxors nLso sllow lL,-elY strong freqllcn~y dCP~lld~L1ce01 the dielectnc

COl1,lant. "JllCCuric point shirts to hlghcr tCLlll'erallllCS wilh incl'c"'lllg frequency. Th"

dieiedlic io"es arc highest jusl oelow (h~ (ulie poinl, 1',. RdaxOIS which have a

,ecand order ph~sc transition, the ICffiJWntPOiMw,l;on. P" " not IOSl al the Curie

poml but gradually decreases to z~ru on inCI'Cilsingthe tCLnpe,aUlI'Gbeyond T, [50].

2.5 Applications

Barium titanate can be legal'dcd "' 'role model" of Ck~l[[)nic ceramic trom

application pOLm of view, Ils pie7oclcclrJc, pyroclc~lric alld furroeleClric )l'opeT1'CS

Were succc,;sfully ~pplicJ in many cOlllln"r","i appiic"li'lllS. Vast majOrJly of

commercially lmpOn~lIl "pplicmion ar~ in P01YC1)'stalline bulk Or lilm form_ In rhe

following 'C~llons, pI'op"rty wise applications are h,ieJly discllssed Since diel~cllic

properties of l:lariOJ "'~re ,tlld,~d ill this lhesi" Cap:lc;tor "ppiic"tion ",pecidlly

MLCC cmph"si%cd. Cut-away ;chemal;" of ~lLCC ;" ,howl1 in Fig"'~ 2-30 and a

actuJI MLCC shown 111hgLLr'~2-31

2.5.1 Ferrocl~ctrk applicationsas bulk

NoLahle apphcaLion or kn-oeleeuic B"TiO) is to lhe manulacturc ofcapilci(or

for ~lcc[lical appliance8 B~si~\ of capacitor hove ueen disclI,sed in (he ~ectiOIl 2.2



with cX~l\lplc oj' >Jmple ccrJll1ic e'lpacitOL".F'Olll application point of "lew MLCC

capacitors me lllO.,t important nlld tcdlllolog;cally ella Ilen~in~, Th~ \'olumen ic

End tc"""""ation
COnOu(l,vc
rn"l.•h~.•lio'" Cer"rn;c

di••lednc

Fjgure 2-30 Schcmalic al multi layer capacilor

cITicl~ncy (more capaCl1ancc from gi,ell copaciwl' Stl") furlher enhanced by using

multilayer ~erall1ic (MLC) capaci(oT~, A, .,llowo in Figur~ 2-30, lhe MLC capacitor

,lrucmre consist, oj" ollemJle layers of did"ctr;c and electrode rnat~rial. bell

il1divldual dielectric layer contributes c~pacll,mce In the MLC c~pa~ilQr a, the

electrodes l~rminat" in a parall~1 configuration.

Ilenec, lh~ crfcctive eqlLJlLOI\(cr. C'llLlllion5) for C"paCilnllc~ b~comes,

c

Ilere, ~ is the Ilumb~r of dieleclric layer.

Tilc lldvaLl~~, ill tape costing technology hme

m thick. Th", ~ombil1ed with (hc u,c of" high

r1iclcClnG~("'.,tant ce,nlllic like RllTiO.\,

Figure 2-31 MLCC capacitor

allows large capacitance values tu be adue,'ed in relativc1y ,mall ,'oilLme capilcitor

devices [9]. ?vlLC capncitOIS arc m~dc by th~ lape ca,liLlg process,
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2.5.1.1 I\lLCC procc;;in~

Slun)' ",ith a suitable bindcrl,olvent system i, first made [rom the dielectric

ceramic powder. Thin green sheets of the ceramic are thell made by lhe tape casting

process. Ink cOI1,ls(lng of an electrode (I'd, Ag-Pd, ~(",) and organics is ,~recn prinled

(H' the diclc~[ri~ ,heels and then hundr~tb of,heets are ,tnckc,\ One ()ll top of the other,

A i["" prc55ure ai a temperature bemeen 50"C and 70"C i, applied to laminate the

sheet, These laminates JrC then diced to form a monolllhic green MLC c~pacLlor. TI,e

binder mmO\'ul 1., accomplished by heating the green body very "lowly to a

temperature of - 300-400"C. The MLC capa~ilor is then sintcwd al " high

lCmperature depending On the type of ceram ie, Ai'lcr ~pplying the term IIlJ\lons for Lhe

internal eleclrodes uf the MLC capacitors, (Jw ~apacilor i, moun(~d ()n the electronic

Bubst",t~ by soldering.

rhe critical steps m Ihe fabricaliol1 of the MLC capacLto~ mdllde lhe

formatlon ()f thin uniform green ,heels from the cel'illnic slurry Any l1on-unifomlily m

lhe thickness could !Cad to dieleetlie breakdown dunng opemtion of lhe device, 'I he

co.flring of lhe cewmic tapes and mOlal electrodes ,hould bo cOlllpotibk olld should

not leod to any reactions between lhe tM'

2.5,2 litrroelec1ric Thin liilms

Ferroelectric thin films havc allroclcd allcnlion In, "ppll~"tlOns in many

electronic and electro.optic devices. BeSLde B.TiO, other important r~rroeleetric

matetl(,1> being used for making Ihin film3 ineludc thc pCl'Ovokile type material, ouch

as, Pb(Z,.,Ti ,.,lO, and l'b( Mg, '3Nb.n)O.;, Appll~ali(}n, of ferl'(}ckcln~ thin films ulil ize

the 1I1l1que dielectric, piezoelectric, pyroelectric, and electro-optic plOpcl'ti~s 01'

tcrroelcctric materials Some 01 the most imj10ltalll electronic applic~tions of

fem,electric thin lilms mclude nonvolatile memone" Ihin lilms ~ap",;it()]s.

pyroelectric sensor<, and surJi1cu ~COU:lic wave (SAW) ,,,bslr"tes. 'Ihe clcctro.opll~

devices bc'~g smdled include op(icul "'"ve ~lIidc, and optic"l m~lllories and d,"I'1u}s,

2.5.3 Piemclcetrie AppJication~

In the c~rly days, pie7.0eieclric properly of 8"'1';0, was USGdin phonographic

pick"up' l'ie7l1elecnic eemm,c, can he u,ed Ii" both actl\~ and passive transduG~r

~pph~atlOns in uhra sound ~pphcall()n. In Ihe passive mode lhe tr"",ducer acts as a

,ourrd receiver i.c, therc IS conversion of sonnd cncrfi)' mlo an electrical signal The



COnl'er,e I'ie~oelectric erIcct pnmit.< a llan,dllCCl"O ,1U lOS '111act"; wLLndImllsm,ncr.

In the pulse echo mode, IltCtm~3dLlceris used to perl,,, en bOlh the active and p~,\,,'c

l\mctio~s ~t the same lime A sound Wav~" propagated inlO the mCtlllLmand a faint

echo is received hack ,rkr ii sn,,111time gap due to the ucou,tic imped"nce mlsm~t~h

hetween the intcrface maler,,,I, 'lhi5 principle is USed in tr"nSdllCers for ul1msom~

rnedlcal imaging applic~tion\, Olhe, "pplic"liolls Jre gas ign;t~" displacemcllt

transducer, accelcrometcr" piezoelectric t1"llsformcrs, lmpan printer hCJd lor dol

matrix, elc.

2.5.4 Other applications

Recenlly BaTiO,1ha, been lIs~,1"S in-builtthermat SWllch~s on molors. When

tlw lemperatUle rises abo\'c a S~l pOlnl, the re,,;stance through thc ,witch inc,e"ses,

shutting of] thc motor. i\190 for constilnt temperature heating de\'iccs as thc dcvLce

b~c(}mes self-rcg.ulating al the ,et tempemt\lfc by thc 111~lT",e()r resistancc. However,

in spite of all of this 'nl"r~Sl, an accurate model 01 the calL,e or the I'TCR (po,iuvc

lempelature COefflCiclll of rC>lsilvit}) effect remilins a wntentious ;SS11C,At ~

patticular tenlptmture, which can be tuned by thc ~hOlC"of dopants and the doping

level, ~ mther ,har" increase in resLstivLly~OWTLL1g,everal ordcrs of ma~n,tud~ is

obsen.ed "Ihe resistance drop, nommlly on either sidc oj tlli, shurr tram;tion. Thc

nature of this PTCR dfect occur, in the SillllCtCJl1P~'"tur" range whcl'e the ,ample

LLnd~rgoesa structuml phasc lran,il;on from " tetmhcd,~1 (0 a ~uhic unit cell.

However, the phase transition abo OC~lI'-';;nthe ,illgle crystuloanlple \\,here no PTeR

effect i, ob,elvcd. App~renlly, the ~rain !>ounrla,y region musl bc 111control of this

phenomenon, In 1992, worldwide rroduetion of B~T,O., thenni,lor, e;:ceeded a Iwlf

bLilion units.



45

3 Experimental

3.1 Introduction and sample identification

Disc shape sample, WCI'Cpl"~parcd III this cxp~riment. Four ,e1-<of samples

"er~ prep<lretl "nh d,ff~retl1 malelials ~nd pro~e" \'nliabk, I',e sin(cr powder

proees"illg of one ,ct samples was c1mied out at MME Dept, !JUET. l'allets so mack

were th~n ,inte,ed ,ond properries measured at MTEC Lab (NSTDA, Bangkok,

rhailand) Thi, ,~t of samIlk Td~rred as Sct 'A', N~.,I ,et oj '"lllpk labeled as le( 'H'

was prepared el1(irelya( MTf1CLab u,iLlgpowder 01'MMI, and MTl:!CLab. Thml set

of ,ample, labeled ~, ,e( 'C', WH, prepared entirely aL IVIMEu,mg proccsoiLlg

(echniquc of MTRC and pov,der different li'om the oncs ,,,ed in Sct A. La"t set of

'~l1lple, labckd as 'J)' was prepared using high purity T10~ powder limn Atomic

Energy Commi,sion (AEC) and Ca duped as C<lTiO."Alongside duped ,am pies, un-

doped sample "",' also prcpared for comp"ri,,,,,. "lllC raw powder source!; wcr~

differcnt for the,e ,et> and proeessmg parallleteJS of ",,~h batch 01 tr;al as shown ill

T~ble 3-1. :'.pecilicol1onsor raw powders used are g;Wfl m Append Ix.1.

Table 3-1 Process variables in sample pmparation

RoWPowder Tri~ll

ISet C~kin~ti()n Sinter Rem~lksS(lurce Hinch
MMI: B I 900"C for 3ill's 122:;<'("for 3h"
(Ca dopmg 900"C ror 3ilrs 1200"C for 3hr, ~alcinationA and B II

three (nne,pure t3aTiOJ) U III 900'C for 31m, 1300"C lor 1hr

I, - M 900"C for 3hr& 1300"C Ie" 3hr, MI'EC
PO"""

MME and MTEC E-B 900'C lor 3h,-& 1300"C fot 31m ,\IIVI[

" po,,<Icr(only BaTiO))
Et -M 900°C fm 3h1', 1250'C lor 1hr MTEC
EfI-M IOOO"Clor 2h1'& 1350"CfOl'0.5hr po"d"

MME (2)
.1OOO°Cfor 1325"C forC (Co dopmg and B- [V MM[ r.c,"
7h,,; 2 5hr powderB~T1OJ)

I\1ME (2) llnd A~.C
12()()"Cfor M,\tE new

D (CaTiO) dopmg n-v 13511"Cfor 4hr "nJ AEC
~nd BoTiO.1l [Ohrs

['owdoc

The test rCSllll,of set A Jnd B f", each h~lcll WCrC"ompiicd hom the J\'e •.o~e

oj' nt le~"t five sampks "]'iJrcedOjllLLglevels "'cre lI~ed ill this cxpernn~llt, Sample"

WGrcde";gnated as per following Table 3-:2for ,~llIpks of eveJYsci,



Table 3-2 Sample identity accroding to doping level

'fheretot'c, regardless lh~ ,~t OJ'bakh I' "'0111(1b~ ,de, rcd lO 1Indopcd BaT iO,

samplc. Q for C" dOHI!; of Smole percent, [, f"" g mole I'(',c~n( ""d S f()l 12111010

per~ent. At MTEC lab only un dopcd (h'l iOJ samples were preparcd, Thi.' sample

jdentifLc~(ion convention would bc referred tllLougll out tile I~tn ,ectiOl\8 oflhio study,

3.2 Sample Preparation

Convenlionalmi"ed oxide m~lh(ld was used throughout. Appropriate weighl of

BllnLLlTICarbonale (BaCO)), Titanium Oxide (TiD)) and C<I!cllLlTIdoping source W~re

mixed and milled 111a ball lTIl11ulldcr (he condition ~iven in Tahle 3-3, The ctopLng

sources "'ere Caici"m Oxicte (CaU). CoicLlIm CaJbol1Me (CaCO)) and CaT,O, for .'d

A" C and D respectively, Ca']'iO, Wa, prepal'ed [or LL,eas dopant "'stead of C~O or

CaCO) lor ,et n, Slwpe of the ,"mple shown in Figllrc 3-1.

Diameter -1 2 mm

Face

Edge

~I

I

Figure 3-1 : Final shape of the sample

3.2.1 Ball Milling

At MME, milling wa.' canied Out in porcclalll pot with ,teel balls and distilled

water Wa, used as media for sct A At MTEC, plastic boLlie (lIDPE _ capaCIty 15IJcc),

zil'coma ball (din, 7mm) and acetone WCl'ClIsed instead, l1,is milling procedllre wos

followcd 1'01set C and 0 at MlvlL TYl'icalmiliing lime "'a, 24 hOllr,; exccpt fOJ set

A. Samples of set A W~r~ calcined Ihre" cOl\scclllivc lime& followed by milling cv~r}'

lime, ldcnllcal proccdure was iolio"e<i tor pre "nd post cakination milling.

Some ,"mpleo ot set Il werc anal]'7cd 10 asse" tlie extent of milling usmg

Malvern La ,er parlJck ~i7,eanaly ~er, Moslers,zcr-S.
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Table 3-3 Milling and doping parameters

So< Milhng Mcdln Time Dopanl
Remarks,,,uree

3 lilllo,
Ste~l Balls I conseClIl;"eA 3111010h C"Odi51il1cciwater cnlcillalion alld

mJlling
Zirconia balls I• 24 h no dOplLlgacetone

C - do- 24 h CaCO.l

" - do- 24 h CaTiO)

3.2.2 Calcination

Temperature profile 01 ""killa\lOm is gi,,:n in Table 3-1 for each ,e! of

sample,_ Calcination was earned out ~l air in muffle fllrnace equipped with micro-

colltrollcr based [clllpcrmmc cOLllrollcr, i\lumillJ crucible was used through au!.

Extenl 01"c"lcin~lion" i.e. [orm~lioL1 of 8:o1'iO" Was eXill1lmed by pre ~mJ posls

cJlcinc<l powder samples of set B ",;ng XRD

3.2.3 Compaction

Milled calcined powder w", mixed ",ith 2%, Poly Vinyl Alcohol (['VA) an,1

tile]] dr;erl llL oven ~l IOO"C bcfoJC pre."eri 11110pall~ls, S~llIple, were pl~sscd into

pallet, u,;mg p,csslire of-l00r-.,lPa [or seTA "nd -150M!'a tor ,et B. C and D. u,ing

hydraulic pre". rile Green pallels wcre dried ll1 oven, lhen lighlly ground wilh gfll

#600 and #~OOS,C poper 10 a flal and 5mooth S\lr!"rlec,renlOvmg surJ"rl~eirregularities,

Green demilies Oflhe pallel, were measurecllxfore sirJlcring lor set A.

3.2.4 Sintcring

Mul"nc tUl'Tw~eW"' lIscd 10 ,illlcI' lh~ p.li!CI, in oi, "lll1o"l'h~r". Gencral

[helmal profile o[s;ntcring i, (;lVen in r'gllre 3-2. Pallels w~re placed;n Ih~ furnace

on alurnilla plale. Bind~r burnOll1 temperature wa, 450'C. whilc thc hold Inne 1'.';'52

!loun; A ThemlO Gm\'illlCI[]~ Allal);;;, (1'(:;.'\) le,l Wa" callLC'd out 10 confirm lhe

weighl loss characteristic, of green pallel (]r set B. ~mte]'ing 1enlpcratUl c <Ind hold time

wa.' varied to observe lheil' ellec! on lhe densily and didccll'lC jJLoperl;c"
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~"",',i,,&T,mp ----- .•••• _ -----0>-

Tempcraturo

\
~" ..,!c', D"", "'''
Tcml''''''"'c
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Figure 3-2 : Sintering thermal profile in general

3.2.5 Po,t Sinter

After sintcring, the S~1\lple<"'ere ground successivc1y \\'lth SiC paper of grit

#600,1;'800 and #1200 to obtain a nat and poli,hed slIl'facc. Dimension "fthe p"ll~b

"'~re taken for d,electric C()mlnn! <llld den"ly calcula(lOn Prior 10 electricnl

mea.'llCC'1\lCnlssamples we,e cleaocJ and dlicd (h~n, painted with high punty

C[)ndIlC('WSii,er paint on the hoth liJ~~s"fthe ';"T\lpk Gold spult~red eleClwde "'n"

applied lor samples of SClC. J:!dg~swere ground and cleaned wilh "c~lone

3.3 Property Measurement

3.3.1 Ocn~ity

Dimension oj the sample Wem laken using 1l11LrOlTICtCt'with digital rca,fou(

and v,eiglJcd u,mg analytic:i1 v,eighing sCole. Density 01' (he ,"mple Wa., CJlcul~ted

frOIl) (h~s~ data [)en,Jly results wer~ presented "5 percentage 0(' theoretical <l~L1si(y

(TO) T[) of <lop~d <amplcs v,as calcu1Jtcd b""cd Oil volume f,actlon of respectlVC

ph"," as shown llll'"ble .1-4

Table 34 Theoretical Density of BaTi03 and doped sample in glcm' [8,51]

llaTiO,l llaO.95r:a,,_~~'I-iOj Bau_~,CnO_08TiO J Bnn_~HCa~,I,TiO-, CnTiO,
6,017 5.921 5,864 5 ,", 4.10

To compare (he accumc} n[' density calculated frorn (h~ tl imellsions and weight

of pallets, the Archimcdcan method wns abo used for &0111"smnrk oj Set B This wa,

done followlng ASTM ;;tand"rd C 373-R8,



3.3.2 Dic1cctric coustant "",lloss

Electrical, p'-Operl1~8of the ",mi'k WCre Lllc"sured u",n~ " l'kwlelt-l'~ck,lI'd

41941\ impedance and phJ3~ gain analY7C'1'nl ~lTEC Applied voltllg~ wa, 4()V"" 01'

line wnvc ,hap~, Dielectric conslant k' wa, CJkul"tcd frum thc cBp'JCitance vJlue

obtained ii'om the analYlcr ~ccording to equation 5 as bdov,

At MTEC, thermal ch~mb~r made hl' Delta DC;;b'tl, model Delta 9029 wa.,

used to heat the ,"mpie,. It hoo the 11Ieihlyof maximum eight oample" to be tested

simultaneously in the chmnber and an electromc ,,,,itchinf', device was u,ed to select

Ihe particular sarnpk

A tlIbc-fulllaee typ~ oven and cuotom sample holder was designed by the

author "nd built at MME, These ,et-up was used [() heat the sample of,el 'Il' and 'C'

dul'ing cleetncai property mca,urcment at Physics Department of BUET. An Agilelll

model 41291\ llllped,1l1Ce analyzer was used,

SImultaneously In thio Hrmngemcnt.

Five ",mples could be te,ted

3.3.3 Thermo Gravimetric A.naly,is (1"GA)

TGA te,t was canied out at M 1"1',( to observe weight loss ~L1dbinder burn out

cliaraClcmtic< of the S~lllple added with 2'Yr,PVI\ Sample "'as tClkd lo 850'C in a"

and heating rale was 20"C/min,

3.3.4 Particle size anal~,>is

B"lI mill slurry of 8a1iO, powder was tc,tLd for palTlck ,izc and their

di,trib"t10n using Malvern l11,tnnncnt'" A1a,I!<''I'\lZ('h\' at M 1'I"C r"wcler ,,,"pension

wa, prepared in de'lOnized watcr ond 'l,'olllder4()' wa, Llsed'" dlsper<anl agent. Th~

,u'pension "'JS lI'ciJlcd in "ltra,onic h~lh [or 10 miL1l1lcsTlLGr~f,,"ctive index of

BaT ,0 ) and di,persnnt ",ere 2.40 and 1,OJ rcspect, \dy.

3.4 L'vlicrostructurc
SiJltcrcd ,ample, (disc ,haped) ,,'ere poh&hed u'lIlg cCl11VCnllOnal

ccramograplllc technique, Concenlrated aCl was lL.\CJ as etching agent. Thc

mic""truct\ll"C 01"samples wa, c,a,nincJ ",mg ~c"nnillg lik~,tron :-'1icro"copc (SEM)
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and ~onventional optical micro,cope Samples wCre gold sp"ltcl~d (few nanOLllc!Cl'

thick) prim to SEM ~xall1inarion. At MTH: Jeol JSM-GJOIF SEt\l wa, us~d wJlll

accclcmtion vollag,e up to 20kY and 01 :V1ME, Phillips Xc 30 W"' LL.,edwith

acccinal;on voltoge of JOkV,

3.4.J X ra} Diffractirm (XRD)
Extent of reaction Or BaTiO, fonn~ljon wa, examined by XRD in pow(kr

form Sinlered Sil'\lPJc, "'~re examined in ,oiJd I<mll. At ,,!TEC a .J~()!lI",tld XD32()

and "I M"gnelic Malenal Di,i,ioll (MMO) of ,\E(1) l'ltiil'f'.I' X'Peri Pru weJe lI,;d

following identical "canning p~ramckr given in Table 3-5 111"II XRD experill1~n1:

Table 3-5 XRD operational conditions

X Ray Source' Cu K(l' for calculatLon

Tube Voltagc: 40 k\' ell K"., A= 1.54056 A

CUl'l'cnt: 20 rnA Used

Degree langc' 20"1060" Sp~ed:tl.02' p~r ,cc



4 Results and Discussions

Dielectric property ['e,,,lli quoted arc tlie aHrage or"t k~SI 10m :;amples ofa

balch Espc~i"lly tor ,et A imd B ,(ilndard deviatIOn was IGss than 1%. Abnormal

leSll](s ""ere double-checked and wme of them were excluded. The abllOllTlaliy low Tc

of set .II samples "cre rechc~ked for temperature ~onectlon and sev~ral test> were

earned out 10 COnfilll) the ~Jlibratlon of (lic mSllumCIlt. hcq"cn~J depcmlcnce of'

electr;~" I pf()pel'li~s ore I"'~'~llted tOI (ile tempCra(11l~ of W"C.

4.1 Particle si,o;eof milling produrt

Un-doped B~TiO., samples of sct B welC tc,ted fol' parllCIc sil-c analysl\

d"lribulion and IcslIlls arc glven In Table 4-1, The volumetric pmtie1c >JLe

disll'ibut;on-curvc shown III Lhe Fig"," 4-1, Samples tc~tcd WCr" proccs,ed undel'

ldentic~1 mliling procedure. The \'ohllnuric dlstnbutioll of pJlticie ,i7e oj po"t

calcined powders arc rdativel: finel than Illcir pre calcined cOlllllel]l~n,

Table 4-1 Particle sizo distribution data of set B 1

Calcin<lllOn Volumetric particle size distribution In ~lm S SulfJce
Ared

Se< Condltlo~ I o [4,3] C (v, 0.1) o {v, 0.5) o (v,09) m'lg UniFormitye M e" 3,30 0.84 3,11 5.94 3,9709 0.4997e-s em 2.53 '07 '39 '" 3.4504 04105e-M Post 2.51 0,31 2.23 4,Q4 7.2561 0,6278e-s Post 1,62 0,52 1.36 3,13 6.5925 0,5917
[ e" M Post [ '" t G.GO 1.3G , 9; 59541 0.5395

"[he S~l1le pattem observed for speciJic 'l"facc area alld uLlifomllty, clhe5e

'.ere quile expected; pre calcined powder> me mixture of comp')llent materials (lll

]lowder 10m,), where", post calcincu powders arcl wppoled 10 be single pha.,"

compound. F"rthermOl"<:,pre calcmed POWUClSarc a, prodlLc~d by manllf"etul'cs.

go;ng thorough complete 'eaction and refinement. Hence, mw powder pattick,'

surfaces W~rc m"ch smoothel' Jilt! round. On the other hondo posl calcltlCd powder

particle> OlC product oj' ca1cimllion '''''~lion, I\GIl~~rough '"l Ltcc, Difrcten~c of

panicle size and dis\nbulion wns ob,ervcd between ;'IME and MTEC powders

I Dr\', l) t) Dr,. 0,5) ""d D(v. 0,9) arc th, l'or1i"lo 1I0dor_S;L<:bdml' IO'){, 50% 'I'd 9lJ% of,", ,01u1110
1ewcl't1vc!y. " """d, for volume. D[4, 31 I>Ibe ",c,,, d,"mt"tCi \ ,I til' by vol ume

•



BOlh pre and PO"l "alc;Jl,,(ioll po\'.',kr pa,litlc ,i;c <JI':vlI\IE p()wd~r arc nll~1"

lhan MTEC powd~r nnd nL~Sp~"in~ Sll1f"C~ ,ll'e:) is IlIe lowe, Calc; IlallOll lCmp"' alure

for batch I:. and EI WCrC900"C fOI J huur, allJ for Ell w~s IlJOO"C jor 2 hours.

Relal;ve Iy powdcr sizc JUlr; bulioll is fUler and Ul1lrOm] for E-]j b~lCb. The I) (\',0,9) is

2.971'111of f-m selies whcrCh olher post c~lcinatioLl SLze, of lhe IJIl1C di&lrLbullun i,

much l1ighe•., 1l1is Jllighl have becn due 10s1JI!;k-ph"se compo, il;on of lh~ powdel "'

(he eulcmaL;ol1 had COlllpklcd fUrmlll!;13a'l';(l3 conll,.,ncd by XRD pattelJ1
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Figure 4.1 Particle Size distribution of Milled powder



4.2 Dcn~H}'ofsinlcrcd body

(TD) calculaled ba,cu on lhe data given in Table 3-4, rhc ~vcmgc green dcn,ilies of

compacled pallets arc gIven in Table 4-2, Sugge,ted green dellsity should be around

(,0% ofT]). None of the pallets of series P alt~ined lh,,( ex~~pt for a trial preSoUle01

220M]'a for halch )'.Il-M. lJowever. this increased g,~cn ,lens;ty did not lrallslate into

Table 4.2 Average green density of pallets

Pressure Average Green Density % ot TD
Batch MCo C I Q R ,
8 -, 150 53.42 I 50,02 50.42 5IJ.10
B -II 150 5364 I 4937 49.99 49.91
E-M 150 53,34 I
E-B 150 53.41
EI-M 150 54.25 Ca doped sample not
EI-B 15IJ 54.51 prepared for Sel B
EII- M 250 58.72
E11- M 100 54.25

incrca,cu sinter~d density The grcen densilies of ,ene, ]' are better than doped On",

by "pprox. 4% under identical prc>smg condition,. This is du~ to mixture of l"'()

different phases, The sintercd body densities "alculated from volume and weighl ale

given ill the Tuhle 4.3.

Table 4.3 Calculated density of sintered samples

Calcmmion Sintering Avcrng~ dunsit)' % of TO I
Sct Balch "C )-)our 'c Hour , Q R ,

R , 000 J 1225 3 90.32 8908 89.73 92.15

A , R 000 J 1200 J 88.58 82.72 89,99 89]'5

B-lll 900 3 1300 1 190,31 89.78 8916 94,16

E M 900 3 UOO ., I 85,00
E B 900 3 1300 J 17322

B EJ - M 'lOO 3 1250 , 84,77
Ca Doped sample

not prepared
El- B 900 3 1250 , 6707
1.-11- M 1000 3 1350 0.5 91 80

C B - tV loon 3 1325 3.5 90.87 87.89 185,36 19464

D B-V 1200 10 1350 4 samples fused and cracked

, ["hncd lwo lime, fir" 4110'"' follo\>'cd by ""ol!>er'Jic ,""lion lur 6hocII'
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Dunns sinlering m~ny s.1mples of SCIA. spccinll}' lhe dope<! ones Wen:

cmcked, stllck with the alumin.:l substrate and- DIllen; len brownish .~lain on the

sub:ur;!.le. E~ccplion WlISseries P. StlIin;ng and 11le~ s;ntcring anomalies do suggest

inclusion of clements uther trn.n Ca in the .!.:Imples. This lIS1'C'C1 of ;nelu,inn discussed

in later seclions.

4.2.1 Cnlcirwtion

From Table 4-3, it is npp,n:nllhnllllc deciding rnClOr on densifknlion is nOI-

slmightforwnrd. Analysis of dalll and microstructural murly do suggest three major'

fnclors: cskiMl;on thenml profile, particle Si7-Cof milling product and simering

thermal profile. The principal aim of calcination is to form lhe desired phase through

solid-mIt rcaclion. This kind of ",aclion is vcry sluggish and lime consuming. SEM
micrograph of n 5amp1e (B-1 of l.el A) sinle=! al 1225~Cshown in Flgun: 4.2. Un

el~1ted !klmple $C:emto contain a<;eeplablc levd of porosily .• 1he a\"l:rngc bull: density _

of lhis sample was 89% of Tn. Close examination of!hl: pore !HlI\l1CSlslhat lhese pon:

wen: result of gas eSl'ape and un-re"~ted powder IMI did IKlIcoagulate.
. .

These gas eSl'ape tmlcs might h.wc fonn~'<J due to COl fOmlation from the

reaclion ofun-reocted panicles thaI did IKlt from BoTiO} during ctilcinotion. Close up

of ~uch pon: shown in Figure 4-3. The SlIme sample WU etched wilh conccntrlHed HCl

• •

••
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Figura 4.2 SEM Mll;rogroph of un etched Bano.
end tile microstructure shm,,, in I'isurc 4-4. Fully sin\crcd &,ninsMe surrounded by

loose partidcs thaI make up 1m: pores. Un-reacted powder mi{;hl be BaD and Sal TiD,

thaI are $Olublc in com:cnll;llcd lIel bul nOt !luTiD). Thi. CDnbe explained as during

etching lhe un-rencled powder we", Icncltro away leaving B sJlongy mTUclure while

BaTiOl remained ;nUlCl.lbc,c WlU no dopin!; in this I'lImplc.

Figure 4.3 Close up SEM 1mullO of II pore

Figurll4-4 Etched mfcmgrllph of BaTiO.

•
"



A]J~nfrom BaD and B:t,Tin, otiler c(}lltami""tioll mighTha,~ accckrmed l!lis

le~ciling proceos. Thcr~ are SUf1l~lcntevidence of contaLmnmion pr~,~nt in set A

oample; this 'Wouldbe dis~""ed in following ,eeTion, hOLll T~bk 4-3, cQrnp"ri.,otlai'

denSlllcs of I' sarnpks of set A ,intered"T ,hff"rent tctTIp~'"tmc inJ,~ate th" ,,!Teet of

,intel'Jt'g temperature On density "s these smllple, wel'e cakille<l under idcntl~,,1

conditions, However, this is not the case fOJthe s,1rnplesofbakh coM, EI-M and ell-

M of set B. Sample c-M wa, calcined at 'JOO"Ctor 3ilrs and Sil1leredilt 1300"C for

Jhrs whereas EI-M 'Wi"calcintti at lOOO'Ctt)r 2h,s and sintered 1250"C for Ihrs but

lhe dcnsl1ywas allllOst [he same, about ~5% 01 TD. On the other hand. Thec~lcination

thermal profilc ofEt-M ~nd Ett-M was ldcntical bm Ell-M wa:; 8inTeredat 1350"(: for

half aLlhour yet ito density WlloIIlmosln'x, of']'!) C~lcill"li()n klllp"",lurc anu Time

governed the final density ufthe malenal in this CJSe,Dense JllakL'iaieJIl be p,ep~J'ed

,intering J1 lo\\er Tcmperature r'or loog [imc 01 high lClllp~'"turc I<x ShOll lilllc

provided (he calcinatIOn tempeWlllrc \\~8 Iligh ami soilk Tllne wa, IOllge, Tlli,

eontillion fl1lfill; the heat rGqUlr~ll1etl1erilnia fCtlsolitl-,late 'eartioo, fOrlnillg;B,d'iO,.

lienee, eliminatc gas forllliition, ,olume change etc. leadillg to pore, and crack>.

XRD examination abo support, this conclusion. XRD pattCn! of lllilJel!

mixture of ]lowder .,howlI in Flgure 4-5 COllnrll)the presence BaCO] ~nd TiO, in

mlxcti slate. XRD pattern or the same ]lOwtlelw~s cakinerl at 900"C for 3h W"Ssupcr-

,~"- -
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Figure 4-5 Degree of calCinationin terms of BaT,O, formation



impo,ed above the mixed powd~r pattern shm"ing Ihc formalion of RaTiO, bUl ,llil

enough ,m-n;ac(~d BaeO.1 and T,O, lS present These pc~ks owing to lJIHC~ClCd

powder are abscrl1 in (he XRD paltern (thc lap on~ in the figure) ofpuwder of idem,eai

compositLon calcin~d at 1000"C f,,, 2 ho"", I'his sample ([11-M) was simcl'cd iJ1

1350"C for half an hour; fOllned sintercd body demiSi of n',{, of 1D The didcCllLC

propel1ies <lrc beller for thi" ,ample as disclIss~d lllla(er ,"ction.

4.2.2 Thermal I'rome
Th~ phy,ical appearance ofllle sinlCr~d body sllmmari?cd 'Ll Tabic 4-4 below.

Table 4-4 Physical appearance of sintered body

Sintering Phy,i~al Quality of s Il\lcr~d body ,,
So< Balch 'c I[rs P Q R S

'" Olive! "sn Ol,v~
B- , 1225 3 same cr~ckad,

AS~Ib.'()wnSla:non 50m~ uackod,
,toinlng siaining

nQS\810subsuale

B-Il 1200 3 I:ghler:;'.in I'ghler stain Ilghicr Sl810
na Si,m.A Ihon 6-1 ih3n B.I than B-1

blOwn
g'Ocn brown s!Oi",broken, stain, broke.", 5,@ioenB-JIl 1300 , ,luck WIl11stain stuck ,Mh ,ub5Ir~lcsu~,trotc

substrate
C M UOO 3 ligl1l~rown

E B 1JOO 3 IIgl11c'e,,,"

" EI- M ~. 1 Ilgl1l~rown Cd Do~d sample "oS nol pr8pored

1-:1 " 1250 1 lighic,"am

Ell M 1350 ".5 lighi brown

biscuiloo!o"r
Pall,,1 stICk10 Portlal slick to P~rtiaI5Ii,kC B-IV 1325 '5 no slicK
"ubWate subslrale 10sub>~rnteslibstrate

blS~u"oolour I'got biscuit
bISCUItcO:Qm

parli8l,nell celour
D B-V 1350 3 no "liCK nol prep"r,:" fused 21l(!

stick wllhSll~strate
""llS1rol" I 'tlok ""th

,"""Irate

Brown coloured ;taining on the ,uhltml" during simcl'ing or 8et A samples

were unu,ual for BaTiO.\ ceramic" ,\()me "ample evcn stick w,th lhe alumina subotmle

and cracked, as shown in Figure 4-(,. Salnpk E-B and F1-11 wcrc prepared LL"ing

Ldcnllcal po"der ';OIH'CCyCllhc,e """ no staining or era"k OLlthese sampin, HOl',ever,

Ihese ,"mple, did not sillict 10 nell 7'i% of"1 D, So, the ,tailllllg and di,colouralian

mu,( had resulted liotn cither powder or Ihe pl'Clccs,ing:, Set A samples "nc mIlled
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wl1h sleel balls in distilled watcl' media (TlIblc 3.3) whereas others sets were with

zirconia and acetone. BnCOJ form, I:Jn(OH), through trlboch~ml~"l reaction with

water during millmg. FurlhcmlOre, reactive compound CaO w", "Jded as a SOUlce of

Ca, During milling iron balls ccrtuml)' r~"dc<i in this ,trollg alkaline environment

fomling iron hydroxide. Sct A wa, calcll1~d three times and milled subsequently

which increased iron ~()ntamillati(ln successively. This lron and p'''slhly ".lth other

contumimltes rcaclcd with BaCO), ']'iO; and J3'lTiO) dming calcmalJon forming

different rlla ,e or doping modification of the 1Ja l'iO,1_ Disco lowtlOll of gre~n <ample,

(pallets) does suggest ;nc1u,ion of impurilie" during mill ing proc~,s,

" ..

Q

.~~.
p

•
R S'''''''•~

•
P Q R S••••• •••• •••••••

Pre Sinter

Set AiJBatch B-III

Post Sinter
1300C for 1 Hr

Figure 4-6: Samples of SetA, Balch B-III. pre and post sinter slate

tn Figure 4-6, the physical appearance of pallets befor~ and aft~r the ,mtering

i., ,hown. ea doping should nol have changed tile coloul' of glccn pallets but a, ,een in

the lel1: ,ide of the Figure 4-6, lhc ~olour of balch R and l' ,~crc <t""Y~"mp"rud 10 R

and S, l'hysic"l "tale of"inlered palt~t:; arC ,hown oLllhe right haLld sidc "fth~ Flgure

4-6, Sample "~r~ cracked, ,hattered and stained th~ sub,trale,

Sintercd dcnsity diJJcrence between Set A and E-B & E!"B mdicale that these

impurilws acted as ,intering aid. Lcvd of indu'lOn w,,, uncertain nnd uncontrolled

Effect of thIS Can be ,"en in lhe Valialion of densities m Sel A lhal did not follow a

elear pattern in accordance with sintering tcmpc,.at"l'~ and lime.



4.2.3 Ca Doping

PaltcTllof physico1~ppem~nce ~nd dClLSi!yfrom Table 4-3 and 4-4 Sllgge,t that

the Ca dopmg also affeclth~ demity 10 a certain degree For instance, tebtive densily

is higher for doping level 5% and 12%mole but lo"cr lor S%, mol~. The same pallern

observed lor Set A and C. Ca doping effect on d,'ns1t)' Lo1I11l>lralcdg"'pilically in

FigUle 4-7. Ilowever, it was reported l45] that the dielectric prop~ny change "itb the

concentration of C" dopmg following this pnltem -Ihi, elfeet is m\lch pronoun~cd [or

the sample ,inwred ai relatively higher tcmpemtllrc and IOll!;eltime. Confident re"ult

was rellec!cd [rom ,,,mpl~ with density ,hm.e 90%. n,C dClloi!y ~1Ir\~ of 13-IV

sinlercd ~t 1325'C for 2.5h,-smight be considered as an ideal.
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Figure 4-7; COldoping effect on density

4.2,4 Raw pO\~dcr

Following ,dcnlical pro~c"ing, ihe ,ample of batch E-Il and EI-R dLdJlot ~wn aHain

75% of TD wheleas E-M and El-I\f did. 1'h~ only tli[fer~n~e between these batcb~s

was the raw powder sourcc, Powd~" of both sou;ces were in\'Cstigatcd using XRD

m,d compared, sho",n in FigLLr~4.8 and 4-9 fo, BaCO) "nd Till, r~"pcctiv"ly Both

1',0, u,ed "'ere anatase and almo,1 identical but the twin [leaks at around 55" are mucil

resolved fo!' M1'EC powder than MME powder The BaCO) powder seems to differ

ery,talio,,'faph,cally MTEC. BaCO.\ llliltCiJed",ill1 PDF!! 45-1471 '" hile MME BaCO]

-



c, c

with PDH 05-0378. Tile colo\ll' "f MME 1'iO, '''''' pale ""d ,\1TIT wa, w!lile, The

same COkllll difference \Va, obsel'ved in 8<1CO.\ ~150, impul'ity level below 2'r:, lS

difficult to idclltil}' 11\XRD y~ry accuratc1y. X Ray Flore,cence (XRF) is needed 10

confinn quan1l1ahvc clemenlal analy';s, Another _,;gnificallt impuriTy (as dcc1~l'cd by

the manufacturer) in BaeO, of M'J'EC ,ource \\'as -1.5'/,0 Sr This might hJVC ,mlcd

sinlCring of c-M, lJ-M and EII-M sa"'plcs The BarTi molar lid~llom of un-doped

sample ale given in Table 4-). The BaiTl milO (jf E-B wa., bigl1el compared (0 lhe

sample E-M and EII-M, The effect or Bani ratio \'ari"l;on studied by Lee el al [121

showed that excess Ti causmg beller JemificatiQn and excess B~ inhibiung gram

growth.

Table 4-5 B~fTi molar fraction of the un-doped series P samples

II'Ct,t'~C;;'::::j1Et..~Biii::::tE~C~C.~Mfu::::31"~.~"~'i:::::=ltB~.~'~';;::::3[i),9896 1,0046 O~~')~ I,O()US ~ 1,00<)1 __

~

~

---1,---
'C

,
"

Figure 4-8 . XRD Pattern of SaCO, of MME and MTEC source



Figure 4-9 XRD Pattern of TiO, powder of MME and MTEC

4.2.5 TGA Analysb

Some samples developed crack during sinlcnng ami cxcc",,~pore, leading

decreased densil)', Thc e,'aporahon Orbum oul ~hnracl~ri,lies of I'V,\ (binder) w""

examined and reSlllt shown in Fig\'l'~ 4.10. The sample was ofb~teh Ell-Iv!,

It was observed frolll (he graph Ih,11larg~ rna,S 100' o~c"m;d "I abonl 90"C.

Thi, is due 10moi,lur~ napormion as l'VA ",cd ""IS"S ,olulion in waler The second

1o"" ralher gradual from 220"C 10400"(;, allnbuled 10 lhe burn ""I ofl'VA. ~lililhe

'""'pic Wa, l""nl; w~ighl up Ilw l,,1 klllp~ral\lr~ or ~50°C. !"his sugge,ls a,

menlioned eal'tiel', the incomplete rcaC\lon dunn!; oaldnatiOll. Thi, wClghl 10" beyond

400"(; IS d"e 10 ealcinallon reJclion of un-reJcled p",ticies ii'om the p'evi01ls

calcinalion step, The holding temperature was increased to 550"C and slowel' heat ratc

was ",ed fm ,inlering However, no "ignificant effecl \<'a, "hserved. CJ~ck developed

only IIIdop~d ,ample of Sc( A which mlghl have rusllh~d from impurilies

•
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Figure 4-10 TGA analysIS of pre sintmed powder mixed with PAV

4.3 Dielectric Properties

4.3.1 Set A

five ,ample, of ca~h hatch were progressively heated to (h~ lest temperature,

simuhaneously in the heating chamber and electrical properly "'erG mea.,ured, The

average of these Ilve :;ample,' dielectric cunslan! and tangent loss are plotted in the

following figures (4-11 to 4-1g) 'Jempcralure dependcn~e of electric"i propetlics

presented in these graphs i, al a fixed frequency of 100kHz. DensitlCS, in tellllS of

percentage of TI), of the '"'''pie, arc Ill,h~aled on the cOlTe<pondlng~uryes in \h~

graph" F,equCllCy dependence of electrical properties at 60"C is al '0 shown in Figllrc

4-19 lo 4-22, All the curves were plotted using smoothing technique based on mo\'ing

p",nt average in EXCf-'L spreadsheet.

Univcr,al1y accepted Tc oflJaTiO) i\ 120"( but in til" study samples oj P, Q

and R series ,howed rc at around 55"C. Til" wos unexpected "ncl surprising, Ca

doping w~s not reported lO decrease Tc thal much At b"t un-doped sample sl1o"ld

have shown Te at around 120"C. Apart from doping con~ent,atiOIl difference, all

samples of set '" under gone identical processing except; intel'ing t~mpe, atut'~ profile

_.
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Hence> the degree of caklllalion reoellOn doe, 1101~[]se. The uldy significant faclor

was the impUlity Lnciu,,,,]] dl1lLl\g processing. "' lllentLoncd earlieI'. This impurily

made the transition affect smooth ()l Immp ,hape over" b,oad temperature range,

mIller lhan sharp change at Te. There is howenr, ~ srrwll peak obsnved at -125"(: fol'

the samples ,intcTed at 1225"( for 3I1011lli, TI,;, pCilk lS "h,ent lur "ther sample of the

Same series ,Il\d also in the samples of other batches. Samples Qfbal~h 13-)WGn; lested

to 175"C while olhero were to 120"C Peak of [his kind might hod been beyond

temperature of 120"C. Thcs~ two peaks lOt 55"C and 12S"C ind,cate the p,c,ence of

1,",0di,linctive pha,es, It seem that the impu,ilies formed diffet'~"1 phase alOl1gwith

BaTiO), not ,mb"titllting ~ny constllu~nls of B~T,OJ OJ formmg solid ,olution, ~s

expected [he doping wOllld haw,

In general, k' were higher for denscr sample of the same balch. Highest k'

value lecorde<i was for the un-doped sample of balch B.I sinlered ~t 1300"C for IhL

The k' value Was 4510 and Ihe dellslty was 'JOY;;, of the TD. '1 he tmn,itional pea~

(hump) are relatively slmpcr lor denser sample also, Highest lmll,llion tcmperature of

around IOO'C recorded Wa, for serics S (ea x= 0,12) ;Jmp1cs, (FigUlC4.18) willie for

others were about SS'c.

Frolll Figure 4-19 tQ 4-22, it can bc S~en that wllhm thc tmqllency range of

IUlz 10 I()Ok1-lzlhe k' lire almo,t cons!:l11land" ~Iight in~I~,lsill1-':t'-~nd (owards IMil!.

lang,. ful' all ,nL\ll'k~ "I" II1\' 0\'1. '1'11,'o:m1l' r'-C'IlL\'Ill"Y dl'IWl1d~llec' h:I>' hccII ob~nwd

for the loos tangenl also, The loss Was almost canstaLll wllh in (h~ frequency mnge of

lkllz 10 100kHz [hall" slighl incrcn8ing trend 10wards lMl-tz mllge 'J'hio incrc"sing

trend however, inereascd as the Ca conc~"lraLion incrCased

Dwlectric lass i, related to th~ homogell~i(y of Themalel i~l. 1 his p~l[cm wa,

ob,,,rved in the sornple of SCIA a.' shown in Figure 4-12, 4-14, 4-16 and 4.18, Loss

tangcnl was low ",ith in the te.'t temperalure [or ,ample ",ith den"ly >= 90% ofTD,

No lOBSpeak was ob;erve<l ~X""pl 101'(hc un-<lopcd ,;"'"pk :;illlcL'cd~I 1200"(' wilh

dellsity of 8g.S% of TD This peak WilSat -1 (JO"e. At lhe tmn,it'on tcmperahlrc 10\'

lan!l~nl seem 10 inclcase [ollowi])g [he patlcm o[ k' cspLLJally lar doped S ,eries

,,~mples The cur,e o[loss tangcnl of ,eI'IC" S wa, unilorm i c. bell ,haped aboltlllL~

tl'an,ll,on tempera lure The density Wa, al,o ~baLLl-'10'1\, I'm thi, scries Loss peak at

phase transition is nomlai dll~ 10 <iisoj'(kr m Ihc lulll~e. ['01'olhe, dop~<l ,alllple> lhe

loss chnmclen.,tics w~s not CQn61>len\.

•--
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Figure 4.11 Dielectric co~stant as function of temperature for BaTiO, (un-doped _P)
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Figure 4-12 :Tangenl Loss as function of temperature for BaTIOJ (un-doped _P)
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Figure 4-19 : k' and Loss as function of frequency for BaTiO, (un-doped _P) at 60"C
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Figure 4-20: k' and Loss as function of frequency for BaTiO, (Doped. OJ at 60"C
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Figure 4-21 : x' and Loss as function of frequency for BaTlO, (Doped _R) at 60"C
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4.3.1.1 Ca Doping

The variation of k' on Ca doping concentration Illustrated in Figure 4-23 for

samples smtercd at 1300"C shows a distincllve trend, II is apparent from the graph,

increased Ca doping concentration up to a certain level, lowered the k' value over the

whole test temperature range. ThIS trend seem to change for Ca doping; concentration

above O,08mo]e fraction where k' value started (0 mcrease and Tc shifted from 5SoC to

90"C. The variation of k' with the Ca doping concentration were plotted in figure 4.24

for three batches of a"mplcs of this set. The ,arne trend was also observed. It is

apparent from lh~ curves in figure 4_24 that minima ofCa doping concentration exist.

Sl",.,.~,t
1l~OC
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,,"

""
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"
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,"
Figure 4-23 : Effect 10 Ca doping lor samples sintered at 1300C

Dle1ectnc constant tends to decrease to that point. and beyond that start to

mnease Thi, point is observed to be a! O.07molc fraction of Ca. Regard les:; of

sintering temperature and density the doped samples follow this trend. This effect

cannot be attributed to the density apparent fwm the graph. Doped samples ofQ (0,05)

and R (0,08) had dcnsnics almost identical, yet this elleet was there. The difference of

Jcnsay reflected in off,ctting the curve only This non-linear relation seems to be an

intrinsic property of en doping in BaTiO, ceramics, Even with the impurity in the

,ample, the effecl is pronounced, The effect was also reported [45] earlier and this

point was suggested to be around O.08mole fraction.

,
"
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Figure 4-24 : Ca doping effect on k' at different sintering temperatures

The origin of this eITect might be in the crystal Slnicture of the sample. Un-

doped and doped (x=O.12) samples of B-1 and B.II were examined using XRD to

identify phases present and lattice parameters. XRD patterns was taken from the

polished sintcred s~mplc and shown in Figure 4-25 to Figure 4-28 at worn

temperature, At this temperature, expected crystal structure is tetragonaL' The

identification of tetragonal lathce IS the twin peak re,u1ting from the close values of

lattice parameter a and c. As per JepUS standard, attached in appendix 7_7, for

tetragonal BaTiO] {!,[)I'# 05-0626} five sets of twin peaks exi,t with in the scan range

(20" to 60") in this experiment. Underneath each pattern of the sample, the standard

pattern of BaTiO) and BaFeOj., {PDl'# 23-10231 arc a150 attached mdicating the line

positiQn and relative intensities of respective line, The first twin for (001) and (l00)

has angular difference only 0.224" that WQuid be difficult to resolve at lower angle

about 22". The se~ond lwin is also nol resolved according to standard, Third and fifth

lwin peaks musl be, reSQlved due to angular difference of 0.522" and 0.298"

respectively al such higher angle and inten.,ity. Twin peak separalion was reported

[37] as degree of tetragonal BaTiO, fonnation during calcination and dIscussed in

section 2.4 1 1,

.<
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It Can be readily seen from the XRD pattern shown in figure 4-25 and 4-28

(hal, tetragonal distortions in (he form of twin peak were almo,t absent for un-doped

samples. \Vhtreas, for doped sample of S series i,e. Ca doping ,,~O_12 tetragonal

distortion wa, present and 1;Ivinpeaks resolved. However. lhese twins were

supelimposed ",jth another scl of twin peaks from the Impurity phase. The lattice

parameter and l~tragonal distortion data are given in Table 4-(,

Table 4-6 Lattice parameter5 ~nd tetragonal distortion

Sample Idenllty Lattice Parameter A Distortion I
'" Balch Senes 0 , "", B-II Un-doped 3.9952 4.0189 1.0059, B.II {S)Cax"Q.12 3.9828 4.0514 1.0172 I
e eM Un-doped 3.9956 4.0232 1.0069 I
e EI-M U~.(ioped 3,9914 I 4.0263 1,0088
e EII-M Un.doped 3.9916 I 4.0224 1 0077

Degree 01 this tetmgonal di,toT1;on lranslate, inlo abnormal dlC1ccll;c constant

peak at lhc transition temperature, where tetragonal ph~sc lramf"nn, 10 cubic. From

the Table 4-6, it can he ,een thallhu letragonal di,torlion ",as much higher for doped S

samp1c than the un-doped sample. Hence, >harper k' pcak """ ob.,erved for Ca doped

of x={),12 and hump for un-doped s~mp1cs,

4.3.1,2 Conta'mination,

The unusual Tc at ~bout 50'C, fm series 1', Q and R eannot be attributed solely

to the dislortlOn of telragonallattice as such, Closer exammalion and cornpanson with

the st~ndarJ (atlached at tbe bottom of e~ch pattern) ,ugge,t lhe co-existence of

ddferent pbase ,uch a, RaveO)., (PDF 23-to23) in the samples of SCIA. Part of the

diflj-a~tion pattern of doped (Ca x~O.12) shown in Figure 4-29 (enlarge of hgure 4_

28). By comparison with the slandard, the diffraction partern of BaFeO.,., and BaTiO,

is almosl idenlical and peaks (also twin pc~ks) do overlap Lines might broaden or

shift owing to factors other th~n inclusion of impurities. Even though, at around 45'

degree region there are more lhan two sets of t'vin peak> present, indicatlOn of

presence of two phases. Moreover, line position, and relative imensltie, do match

betterto BaFeOJ.> than BaTiO),
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Figure 4.29 : Part of Diffraction pattern of Doped BaTIO, of set A

The diffraction pattern ofEIl ..M sample of set B shown in Figure 4-30 closely

match to the standard BaTiO, and there are no mOre than two peaks in the nvin peak

regIOn, This set of sample w~s milled with zirconia balls in acetone media. Combmed

effect of mixed phases might have shifled the Tc 10 5S"C "f series 1', Q and R samples

No more than two peaks

/ ~"
,
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___ ~ __ , _LL , __ •• __ II, ~_ .,._. _
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Figure 4-30 : Part of Diffraction p,gttern of BaTi03 of MTEC

TIus explanation however, cannot be extended to Ca doped sample of series S

(Ca x=O.12) that showed Tc at around 90'C. Iron contamination was present in all

samples of set A as they were all milled with iron ball under identical conditions. In



the XRD pattern of sample S, the impurity effect was present but the increase Ca
doping had eHu,ed the e()nt,aetion of lattice a and exten,iOll of lanice c. The decrease

of a enhanced the polarizabihly of Ca'. lOndue to relatively c1o,er proximity of 0"

ion On the other hand, inerea,ed c make the tetragonal crystal harder transform t()

cubIC. The non-hnear relall()mhip octween Ca doping level with d~mity and k' 'Was

di,cussed in the preceding section,. Density is related to the lInit cell dimensions or

latllee parameters and did change WIththe doping concentration as ,hown in Table 4-

6. Although the umt cell volume was identical and '0, was the density but the

distortion was mu~h higher for doped (Ca x={l,12) than that of un"dop~d sample of the

same batch. Thi, higber distortion along;witb iron Impurities might have C"\lS~,hili of
Tc at 90'C.

4.~.1.3 Eff~cl of contamination,

n,e effect offre'lueney on the dielectric COllstHntwith in the temperature range

is sho" n in Figure 4-3 I 'nle ~halacteristic was of an ideal relaxor dielectric material;

dielectric eon,tant gradually decreasing with the inel'ease of frequen~y. Tins is purely

the effeet of impurity in the sample Apart fonn shining; the Te to lower temperature

the impunty tran,fonncd the expected normal ferroelectric ceramic in to relaxor type
fel'l'oc1~ctricceramic.

Difference, bet'Weenthese two types of ferroelectric material are summanzed

in "'ppcnJiJ< 7.6. Clo,er scrutiny of the electrical propertie, of set A ,ample mateb

with th~ relaxor typ~ ferroelectric ceramIC '] he Te wa, broad and dift\lsed, strong;

frequency dependence and no \'.','Inpeak in the XRD pattern

The l~,el of impurity was not determined hence the exact origin of Ihis relax()r
not charaet~rized
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Figure 4.31 _k' of un-doped sample (sinlered at 1300°C) at different frequencies

4.3.2 Set B

Only un-doped samples were prepared to verify the abnonnal re'u1ts obtained

for samples ofSd A. XRD examination of MME source powder revealed the prescn~e

of impurities. Hence, two bawhcs of sample were prepared, [-M, Er.M and EH.M

S_'T...,.. .... -.'.,...•• ..- ••.m, " •• ,

'"

-,--+-,= E_M

...•..• '2SCC "'-M__''= Ell""__,= E-6

"""<""'-""""
"" "" ""T......"..,O

"
"
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~

:I
"J
-'.
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Figure 4-32 : k' as function of temperature for BaTiO, (un-doped; MTEC powder)

using JXlwder source of MTEC and E.B and EI-B using MME source powder. Details

of process parameters were gi~en in Table 3-1. Ceramic balls (zirconia) were used to
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avoid melal contamination during milhng of this set of samples. Entire processing of

the"€ two batches was identical yet samples made from MMB powder source did nol

even sinter to 75% ofTD ",herea, MTEC po",der sample did (Table 4-3). Appearance

of MME powder samples was chalky. As a result. the dielectric consmnts of MME

samples arc bela ••••700 and do nol exhibit any transitional peak with in the lest

temperature range. In Figure 4-32 the dielectric constant of samples Set B WCre ,hown

as function of temperature. The corr~sponding densities of samples are labeled on the

respective Curve,.

The Tc WaS aboul 110"C for un-doped sample EIl-M prepared using MTEC

powder ,inlered at 1350'C for half an hour. This sample was denser than the other lwo

of the ,ame hatch, Den,ity of E-M and E[-M were almost ,demiea!' DiITerenee of

'''''''"' T,m •• ",." Off"", 1OOkH,,. ,,"o ••d B'T.o,"f'" B

00'

'"

j\ ..
\

."

__ "000 E_"

Figure 4-33 : Loss tangenl characteristics of samples prepared usjng MTEC powder

denSity re,ulted itt d,dectric constant diITerence helow (he Tc, as can be readily SCCn

from Figure 4-32. Identical density however, did not fix the Tc of the sample at [he

Same temperarurc. II i, observed that the sharpness of peak and k' depends On the

density of the material. The peak k' values of these samples diITcr by more than 2000

from each other. Both E-M and EI-M sample were simerod a( 900'C for 3hour

whereas; E1I-:0 was for IOOO"C for 7hours, I1 is clear from the graph and thermal

history, (hat complete calcination is required for densifica(ion and for better dielectric
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property. The Bani mole ratio of E-M and EJ-M was 0.9896 and of EII-M was

0,9998. Relatively higher Ba content might have suppressed the grain growth and

attributed to the increased k' of E11-M samples [13].

1lle Tc is mOre dependent on the tetragonal distortion than the density. It can

be ,een from the Figure 4-32 (hat the Tc of sample E.M and EJI-M would have been

almost same had their densily been identical. The on-set of 'j c in lh,s """e is identical

at IOO"C. However, for the sample [I-M the on-set is al 11S'C. By comparison, of

tetragonal dislortion of samples from Table 4-6, the highest (I .0088) distortIOn was for

FI-M that was rclallvcly higher from the other lwo,

The tangent 10;" characteristics Oflhis set of sample followed lhe same pattern

observed earh~r as ,hown in figure 4-33. Denser material shov,ed less loss OVer lhe

t~sl temperature There 15however, a lrend of increasing 10,' at the tranSlti"n "f pha ,e

at Tc This effecl i, much pronounced in lhe sample £-\1 that ,howed ,harp

lransilLOnal peak. However, loss chamclcris[lcs of E-IJ samples are fealureless; no

lllClease of loss at transition and remained constanl over the lest lempcratme

I he freqllen~y dependence on k' and langent I"ss are shown in Figure 4-34 10

4.36. BOlh k' and loss are conslant with III the frequency range of IOOl-lzto 100kHz.

At the frequenc} of IMllz k' peak to a maximum then started 10 decrease for sample,

sintered al DOO"e and 1250"C. On lhe other hand k' peaked at I 2MHz for [he

sample, ,intered at I350"C but whether it decreased further On was not detecled due to

frequcncy hmilaliol1 of the instrument. Same pattern observed of tangent loss of the

;amples. II is worth mcntlOn h~re [hat the silver paint applied to the samples and the

tC,1 fi>.[ur~s used during mca,lIT~m~nl are not rccommcnded 10 use OVCrlMHz range

due \0 uTllicceptable level of noise generaled This mlght haw aUribuled to the

abnom\al prop~rties above lMHz range.

XRD p~nem ofE-\1, El.M and E!I-M are given at figurc 4-37. 4.38 and 4-39

respectively. Tetragonal twin peaks arc present in all of these samples. Whereas, the"e

tWlll p~aks are completely ab,enl in the XRD pancrn ofE-B (Figure 4-40), lhe sample

made from MME powd~r source. retragonal BaTiO) pha5e was not fonned in E.B

,amples, hence, its k' w~s low and no tran,itional pe"k "bserved.
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Figure 4-36: Frequency dependence of un-doped BaTIO, of Set B at 60°C

4.3.2.1 Preferred orientatioll
All sinlered samples were ground then polished before XRD examination, The

XRD pattern of EI-M sho",'ll in Figure 4-38 is of as sintered "urfa~e of the sample

whereas others are ~f ground surface. TIle twin peaks are much resolved wllh hLgher

intensities than those of the other samples. However, this increased tctragonal peaks or

increase of intemity did not reflect in increased dIelectric properties. Another 'as

sinlered' sample of l:JI-M was tested to eonfinn this affect. II can he Seen that the

effcct IS much more intense for lhis sample as shown in Figure 4-41 Intensity of

{200) plane waS almost double of the standard XRD pattern for that peak. Al,o other

twm peaks' intensity was iucreased at the expenses of the standard highest peak

{lOll, This ,eemS to be a preferred orientalion {200} planes oncnted parallel to lhe

surface.
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The oriented planes are oxygen rich. The oxygen in the f"mace atmosphere

might have encouraged fonnation and gro"1h of this plane at the surface. Anion

vacancies were annihilated at the ,mfeca due to oxygen diffu"ion from the atrnmphere

that mIght have aho encouraged preferential [onnalion of these oxygen rich planes

I'ffect of this preferred orientation at the surface on dielectlic property was

examined for sample "f series EII-:\1. Fir,tly, (he ,amples were lested wlth the surface

.'as-sinlered" (un-polished) stale than the samples were ground and polished. 111e

polished .amples were le,ted again, The ,helectric constant (k') of these two conditions

are illustrated in Figure 4.42 as function of temperature, The k' values were identical

up 10 the T, then started to differ by 700 al the rc and beyond.
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4.3.3 Set C

This set of sample Was prepared entirely at MME, using dIfferent powder

(Appendix 7-3) and as Ca doping agent; CaCO, was used instead of CaD. Details of

processing parameters were given ill Table 3.] Density of smtered sample.s Were

given ill Table 4-3 and d,seussed in section 4.2. The RafT; molar ratio Was 1.0005.

Due to irol1 conlamination in sample.s of Set A, lhe Ca doping effeel On eleclrical

property was not realizcd This ,et of >ample was prepared with the aim to optimiLe

density alld obserye Ca doping dYeel on electrical properties,

!lIC electrical properties of thi, set of sample.s were measured at Physics

Department of SUET Samples were heated to the l~st temperalUle U,illg the tube

furnace made at MI\-IE Del'arlmelll.ln Figure 4-43 di~lectric con,la~t (k') at 100kHz

~ 2000

'"'Sin",""", 1325CforHh",
M""u",<i" 10e"H,

____s c,,'" "
____" C,.~"B

1\
,i
!,

"'----------_-e---!
• .0 ~ ~ 100 ,.

T'''''''''''', C

Figure 4.43 k' vs temperature relationship of set C samples

is ploned as function of lemperalure for the sample sintered at 1325'c. Densities of

respcctive series are indicated in the figure Curic Temperature of un-doped (P)

samples seems 10 be at 107"C, but there possibly other than BaTiO) phase is present

l1Iis other phast mighl ha\'e contributed to another peak at 95'C alld increase of k' at

50°C from room temperatllre, XRD examination was carried out on th,s on-doped

sintered sample and diffractogram is shown in I'igure 4-44. The primary peak.< are of
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BaTiO] but the exira peaks, as indicated in the figure might have contributed to the

extra k' peaks obsCTvedin the Figure 4-43. Extensive analy,is of these peaks (Figure

4-44) confirmed the presence of different phases closely resembling to BaCuOCl

(PDF# 71-1029) Prohability ofCu inclusion is very much remote as thc po"der uscd

were of high purity and metal hearing implement, were not used. The amount of Cu

Impurity was not even mentioncd (Appendix 7-3) and other impurities would not ha'e

caused reflection of such mtensity, Even the BaTiO, fonned are of different

crystallographic structure (PDF!! 79-0461) than BaTiO, of set B {l'DFIf 05-062(,}. A

slight tetragonal di,tortion of 1 004 was calculated from the refleetLOnfrom (002) and

(200) planes. Togeth~r ",ith the dcn,ity of 90,79% and this crystal strnctnre might

haw shined the Te to 107"C. It secm, that the dlClcclric property of the un-doped

sample is the combined effect of different phas~s present.

Although, computer analyslS of XRD dlffractogram doe, ,uggcst the presence

uf lJaCuOCI (PDI'# 71-1029), Qua'1Z (PDFii 79-1913) and l'eS, (PDI'# 79-0617)

responsible for the e>.tm peaks can be ruled out. The mtel'-planner spacmg and the

relative intensilles of these pha,e, closely matched with the phase formed in the

<amplc. The phase so fonned has sIgnificant effect On Ihe e1ectncal property yet its
Slructure not fully understood.

Dopcd R (Ca x=O,OS)sample however, exhibited no transitional peak at aIL

"Ihe k' value remained cun,tant ovcr the test temperature range, Density "'as ahout

85,64% and k' wa, -750, Thc Same kind of characteristics was observed in the sample

E-B of Set B (density 73.22%), which was prepared form )l,lME powder at MTEf:

ChemICally, the difference bem'cen the," two sets of sample was BaCO! and Ca

doping SOUl'ce,For identical doping concentratlOn. k' hump "'as observed for R seri~,

samples of set A whereas for this ,et complctely constant.

It seems lhal the observation made earlier regarding iron contamination was

villdieated. The XRD diffl'actogr"m of this sample shown in Figure 4-38 reveal the

amplification of e>.tra peak than the un-dopcd sample, Thc computer analy,is of the

peab match with a differcnt modification of BaTiO) and no tetragunal distortion

detected, None of the peak matched \\'lth any Ca bearing compound or Ca, Hence. Ca

incorporated in the crystal structure but fonncd a different phase.
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The eXira peah of doped sample S (en x~o, 12) were different from those of

sample R as can be seen in Figure 4-46, Effect of this was reflected in the dielectric

property. There lS no tetragonal di,tortion hence, no sharp peak or hump observed.

However. k' decreased with the increased temperature in a linear manner, Density of

thIS sample is aboul 95% which a good achievement and the k' value is On average

1400. Considering the commercwl formulation shown in figure 2-26 for NI'O type

capacitor which has k' values up [0 75, this ISa good result in a ••••.sy.

The SEM micrograph of etched sample illustrated in Figure 4.47 and Figure 4.

48 indicate the pre,ellce of different phases and the flaky morphology of the sample

Considerable amount of porosity were also presen!.
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Figure 4-47: SEM mlcrogroph 01doped 5 (Ca K" 0.12) etChed SlImple

Figure 4-46; SEM micrograph of doped S (Ce X" 0.12) etched SlImple (enlarg!lmern
of figure 4-47)
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4.3.4 Set D

The final set of sample was prepared to obtain usual BaTiO) that would match

with the powder pattern of thc standard tetragonal phase of BaT10j. Since the vcry

same Ti02 was uscd in thc preparation of samples so far and nOne of the sample

c>..hibitedusual property of Ba1"iO,.hence new source of 1'1°2 was used for this set. As

doping agent (aTiO, was u.,ed instead of CaO or CaCO), Milled powder was calcmed

at 1100"C for 5 hours then again caleined at 1200"(: for 5 hours (Table 4-3) and

sintered at 1350'(: for 4 hours. All of the sample Were fused or cracked, hcnce

d,el~CtriCpmperty was not mea,ured, The un-doped sample was ground to powder and

XRD pal!ern was taken and shown in Figur~ 4.49. Diffractogram of un-doped sampl~

(F,gure 4-49) almo;t matched. peak to peak, inren,iry to intenSIty WIththe tetragonal

BaTIO] (I'DF#05-0(26). Exception is the eXlI'a peak observed al 2theta angle of

44,58', The tetragonal distortion ISabout 1.007, Origin of the extra peak might have

Came from the BaCO, powder being used for sample preparatl[)n ofsel C and D.
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Figure 4-49 : XRD Pattern of un-eloped (P) of set D

,
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5 Conclusions

5.1 Process Variables
Selection of raw powder as slarting materia! is an important factor. Impurities

may hinder or de\'astate the desired properties of the ceramic. Much care is needed In

,election ofraw material, if necessary; purity should be confirmed before proceeding.

The optimum density orthe _,intered body ha, to be wilh in the range of92% to

95% of theoretical density in order to deduce rehable, reproducible and confidenl

property measurement. Every step in ceramic processing, the condlllOns ha,e lo be

(uned to obtain ,uch dellS" product

Complete reacrion during calcinat;(}n IS lhe rno,t important factor gO\.eming

lhe final cien,ity and dielecllic properties of B~TiOJ based ferroelectric material.

lncomplctc calcination, or incomplete reaction, leads to thc ev"lve of gas forming

blO\~hole during sltl1cring and most importantly de,ired propelties arc not reali7erl

owing to non-formation (or partial formation) of requm:d phase(s). It has been

observed in samples the formation of RalTiD, that was leached a"ay during etehmg

and leaving a spongy srrueture as sCen in lhe mICrograph. This phase is detnmental

and must be a\'oided through proper calcination. Due to sluggish nalure of solid-,tate

reaction, calcination at IIOO"Cfor 7 hour, ,eems I" be salisfactory.

Iron impunty m samples hindered the effect of Ca dopmg on dielectric

property of BaTiO). Sted b"lllLsed in aqueous media ,aused iron incilLsionjn the

samplcs. Steel ball ,hould have been avoided. It is however "bserved that the

transitIOn lemperature has lowered and the peak has been flattened in the sample of set

A, especially the doped one,. Furthermore, CaO used in SCIA ,amples has reacted

with lbe sreel ball during milling eall,ed formation of BaFeOJ->hindering the effect of

Ca doping. Instead of CaD, CaeO, could ba\'e been u,ed. These findings were

confirmed by comparison "ith tbe ,amples prepared at MTEC. The mechanism of

shifting ofT, in this case is nol certain.

None of sample, achieved density mOre or equal to 95% of the theoretical

density. The sintering temperature should be around 1350'C, varying only rhe holding

time 10 optimize the mnimum den,ity. Other factor attributes to the densily is the

BalTi ratio, which also controls the microstructure and electrical properties.
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It is observed thai Ca acted as a sintering aid for doping level of 0.08 mole

fracllon and above. Densitie, of doped sample do follow a non-linear relationship WIth

doping concentration and the change OVerlakes place at 0,07 mole fraction. ThIs effecl

is observed irrespective of sintcring thermal profile.

5.2 Dielectric Properties
The density of simered ceramic has to be around 95% ofTD to deduce l"ngible

dielectric properties Under the identical processing condlhons, denser sample have

relatively higher dielectric COllstant (k') and sharper transitional peaks_ The Curic

Temperarurc (Tc) depend, Onthe tertragonaly of the materia]. Samples ",ilh identical

tetragonal distorti,,,, exhibited k' peak at different temperature due to lack of adequate

density. However, the On-,"l of Tc are almo,t identical. It has been observed in this

study that tetragonal;ty fixe, the on-set of Tc and the density ca",e, the sharpness of

lhe peak. Absence of lctmgon~1 dIstortIOn (cia) usually translate into ~bscnce of

transitional peak ofk',

Iron inclusion m samples of set A mrned the expected narnlal ferroelectric

ceramic inlo relaxor lype, with peak k' nearly 4000. The k' dependence On fre4"ency

oflhis sample is remarkable. In conjunction with Ca doping the Tc was shifted to 5S'C

which: wnh lhe increase ofCa doping lewl above 0.08 mole fraelion shIfted lhe Tc 10

90'C. The k' als(}changed non-linearly with the Ca wneentmlion level. What a'pecl or'

microstruclure has exactly attrihlLledto this could not been "scer!ained in this srudy

Ovemllioss tangenl characteri,tics do follow the same pancID ofk', denser material

w,th lower los, and in some samples hint of loss peak at the Te.

The doping effect of Ca seems (0 be not (hat straightforward. Doping source

material seems to affect lhe ery,tal ,truc!ure and different phase fonn~tion, Due 10

problem wnh the purity of lhe powder neither pure BaTiO., was prepared nOr lhe

doping effect of Ca "as realized However, Ca seems to effeel the densily, sintering

and n~ncmng of k' peak at Te; possibly shifting of Te as well.

The preferred orienrntion of 1002) parallel to the surface might have been due

10oxygen in the oven, This increase, k' al T,. that maya valuable hint as to find (he

way to mampulate k' of ABO) type ceramics.
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7 Appendix

7.1 Raw Powder Chemical Specification - MME
Data provided here are taken form the label on the container,
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7.1.1 Titanium Oxide
Manufacturer
MW - 79.90
lmpurlties:
H20 - 0,5%
Substance 50luble In HCI 0.5%

Sulphate . 0.05%
Heavy Metal (Pb) 0,003%

7.1.2 Barium Carbonate
Manufacturer
~1W _ 197,35
Impurities:
Cholonde 0,01%
Na 0,01%

Fe - 0 005%

7.1.3 Calcium Oxide
Manufacturer
MW 197,35
Impurities:
Cholonde 0,1%
Sulphate "0.5%

Fe - 0,1%

Lobe
Min Assay _ 99%

0,005%
0,005%

E, Merck
Min Assay - 99%

Pb - 0,002%

Lobe
MinAssay'" 95%

Pp - 0,02.%
Loss on ignition

10%

India
TiO,

Note:

I Anatase

7.2 Raw Powder Chemical Specification - MTEC
Data prOVided here are taken form the label on the container.

7.2.1 Titanium Oxide

Substa~ce soluble ,n KCI -0,1%

Sulphate. 0,05%
Heavy Met~1(Pb) 0,003%

Fluka
Min Assay _ 99%

As - 0,005%
Fe - 0,005%

Loss on Ignition
<_ 0.5%

C<
TiO,

Note:

Anatase



7.2.2 Barium Carbonate
Manufacturer
MW _ 197.37

Impurities:
Cholonde - 0,03%
Cd. Co, Cu, Fe, Ni, Pb, Zn
K - 0.01%
Note the addition of Sr

Fluka
Min Assay" 98,5%

Ca - 0.05%
each <; 0.005%

Na -0.2%

W
BaCO,

Sr '" 1.5%
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7.3 Raw I'owder Chemical Specification - MM E (2)
Data pro\'ided here arc taken fonn the label on (he container.

7.3.1 Barium Carbonate
Manufacturer
MW - 197.35
Impurities,
C~olonde 0.01%
Fe < 0,005 %

Pb <- 0,002 %

7.3.2 Calcium Carbonate
Manufacturer
MW _ 100.086

ImpUrities:
Cholorlde - 0,05 %
Substance soluble In Hel

504-0,5%
Fe - 0.05 %

eo~
Min Assay 99%

Na < 0,2%

5 <- 0.05 %

I

Merck
Min Assay - 99,5%

Ca - 0,05%
0,05 %

Pb - 0,005 %

0<
BaCe.

lndia
CaCO,

7.4 Basic Data of Elements involwd

AlomlC Atomic Crystal
AtomiC Ionic

Common Melling
Elemenl Radius RadiUS

Weighl Number Siructure Valance POint 'c
em ""

"" 137.33 00 eo, 0,217 0.135 ,. '"
" 47,88 " "'C o 145 0.068 ,. 1668

C, 40,078 " 'CO o 197 0,100 ,. ""
0 15.99 " . o 140 ,. .2184

C 12.011 , HCP' 0.071 0.Q16 ,. .



7.5 Symmetry of cr)'stal system

Crystal Poillt Groups Celltro- NOIl-celltrosymmetric
Structure Symmetric

Piezoelectric Pyroelectric

-Trlclinic , , , , ,
Monoclinic 2, m, "00 '" '00 ',00

Orthorhombic 222, mm2, 000000 222, mm2 mm2,
OOOOm

-Tetragonal 4, 4. 41m. 422, 4!m, 4, 4, 422, 4nlm, 4,4mm
4mm, 42m, (4/m)mm "00
(4/m)mm

-Rhombohedral ; -3,32, 3m. 3m 3,3m ; ";00 3,3m

-Hexagonal 6, 6, 61m, 622, 61m. 6, 6, 622, 6mm, 6.6mm
6mm, 6m2, {6!m)mm om'
(6!m)mm

Cubic " 00', 432. m3, m3m 23.43m ----
43m, 00'00

7.6 Differences between normal and rclaxor ferroelectrics

I Property I ;o.I"rmal Fcrroetectrk RelaMlr Ferruelectric

Dielectric temperature Sharp ," OC ,00 order Broad ditrused phase
dependence transition at CUrie pOintT, Iransition at Curie maxima

Dielectric frequenoy Weak Frequency StrDng frequency
dependence dependence dependence

Dielectflc BehaVior '" Follows Curie. Weiss law Follows Curie Weiss
paraelectrlc range {T" T,) square law

Remnant polarization (PRI
I
Sfrong PR II

Weak p.
I

Scatlerlng of light Strong anisotropy ,," weak anisotropy "light

Diffraction of X_Ray. Line splItting ", " No X-Ray line splltllng
deformation from paraelectric
to ferroeleclric phase

,
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