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Abstract

In this study the effects of Sr addition and sintering p,lI<llneters em the

microstructure and dielectric properties of BaT10) based CeramlCS were studicd.

Ba,),)Sr01TiOJ, BlIi)sSro2TiO" Bau7SroJTlO) sample" ",ere prepared by mixing high

purity lllUlOpowders (100nm) of RaTiO) and SrTiOJ together, Mixed powders were

pressed into pellets with pre"sures of 300,450 and 600MPa. Ncxt the green samples were

dried and then sintered at1200' C, 1225'C and 1250"C temperatures in a muffle furnace,

Sintering temperatures & time were vaned to ach'e"e more than 90% of theoretical

density. Heating rate "'as also \'aried and fa8ler firing was applied to obtain finc grain

size, For pure BaTIO) samples, faster firing re,u1ted in reduced grain sizc and inhibition

of ilhnonnal grain growth But lor Ba,.,Sr,TiO) samples, increase in heating rate caused

the samples to crack. Microstructural featlIre<,such as grain size and presence of second

phase etc were revealed WIth scanning electron minoscope,

Phase transitIOn temperatures of sintered samples were detected using diffel'ential

scanning calonmetry (DSC). Dlelednc pmperties of sintered samples were measured

with an impedance analYler (IoCR meteT) at several t'requcncies e.g. 1KHz; 10KHz,

100KH/ and 1000KHz within the temperature range of 30" to 170'C. Curie point of

BaTiO) samples were fOlinu at near 125°C by both DSC technique and LCR meter. It w~s

found thaI m~rea,e In grain sizc shilis the Curie point to slightly higher temperature and

pha'Se lran.<,ltion peak becomes sharpeI', For Ba,.,Sr,TiOI samples, Curie temperature

decreases linearly with increasing value of x, Moreover the frequency dependent

dielednc constant and loss tangent were examined at room temperature for BaTiO) and

Bal.,Sr,T,O) samples. Samples containing less amount of pores showed mlmmum

dielectric loss.
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1 Introduction

1.1 Barium Titanate

_. ~" .• ~ .. ..,....

Because of its dielectric conslant (>1000) and ferroelectric properties, barium

titanate, (RaTiO)) is one of lhe most importantmaterials in the electronic ind\lstry f 1J,
mainly In the manufacture of multilayer capacitors and electronic devices.

Fm1hermorc, it is being.applied as a capacItor material in dynamic random a~CCSS

memories (DRAM) in integrated circuits. Roth a high dieleclric eonstanl and good

insulating properties arc required for DRAMapplication, [2J. From thc discovery lhal

lhe le1ati~epermittivity of RaTiO, ceramics can be increased to about 3500 if the

grain size is conlrolled at -1 ~m, then a fine-grained ,Iruchlre i, desirable to enhance

the dlClectric performances. Therefore, the availabilily of !laTi03 powders wIth

homogeneous and small particle ,ize «I ",m) is a crucial faclor l3J. Although many

commercial c~ramic undoped BaTiO, powders are available at the market, but theIr

sinlenng behavior and the characteristics of lhc final oblamed products arC in the

majorily 01 the caseS very differenl, in spite of their apparently similar characteristics

of the powders. In that way, in a detailed work Herard ct aT. [31 demonstrated the

importance of lhe surface contamination 1ll several commercial, undoped BaTiO.1

powders on lhe Sll\tering behavIOr and developed micmstruclures. Furthermore.

Demar(inet al [41 ,ludicd the anomalous grain growth and desintering phenomenon

during the ,in!cring of uudopedRaTiO! below and above the curectic temperalure of

the Ti(l,- BaO sy,tem [5]. Different agglomcratiol1level of the powders, Impurities

conlent. non-uniform particle size di,tribution, heterogeneity of the Barri ratio can

lead to the 'preading of the obtained final result, on apparently similar sinluredbodies

and, thu,. to the different dielectric properties

Among the eleclromc ceramic useu world wide, unuoubtedly

13aTiO.\In polycrystalline form is ranked highe'l In volume and ,andy of

appli~a!ion wi,e Tu get a high vullLmdric efficiency (capacitance p~r unit

vollLm~) lhe dielectric material bet"een the electrodes should have a large

dielectric constant, a large area and a small thickness. BaTiO] based

ceramics having ~ perovskite (ype structure ,how high dielectric constant

values The high dielectric constant Ba'liO, based ceramic.di,k capaeitQrs •

~•
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arc simple to make, The volumetric efficiency can be further enhanced by

using muHilayer ~cram;c (MLC) capacitors_ MLC have captured more than

~O%of the capacitor market in the year 2002161

].2 MLC Requirement

With th~ development of electronic devices such a< mobile phones, pen;()nai

computers, and vanous digital eleclTlC appliances, e1ectrumc passive components have

continued 10become progressively ,mailer in "iz~, In the ca,e of Multilayer Capacitor

(MLCs), many work> have actively improved their pcrformanc~, especially wnh the

thickness of dielectric layers becoming thinner in order (0 miniaturize their S;7esand

to have larger capacilance, These days. MLCs wllh I jIm dielec!ric layer in lhickness

have already appeared in (he world market and the market for large capacitnnce

capa~llOrs, more (han 10 fIF, i, reccntly e"pam.1lngand repla~mg that for Ta and Al

e1ectrolyllc capacitors. 1-1LCswith large capacitance commonly consi,( of BT based

ferroelectric material for dielectrics and Nl-base metal for inner electrode,. SOMLCs

have to be fired in a reducing ahnosphere t() prevent Ni electrodes from oxidation.

There are many kmds of dielectric material, de\"eloped for MLCs wIth Ni electrodes

[7J. The core-shell BT ceramics ale widely used for MLCs with the 'pecllication of

X7R (ElA code: DC! C = -15% at -55 to 125 "C), showing a stable temperalure

dependence of the dielectric constanl and a high reliablhty [8].

Fine-gramed dielectric ceramics with high dielectric constant have been

required for thinncr dielectric layers. Ho\\.ever, it is well known that ferroelectric

malcrials like BT ceramics have some degree of grain si7" dependcnee m

ferroelectriciry and the dielecrric constant decreases depending on the decrease of

gram diameter [9]. The grain boundaries arc con,idered to have important role, m the

fine-grained ferroeledric ceramics, especially for ceramic, without the core-shell

sl:ructure. However, thc role of grain boondary in intluencing dielcctric properties has

not been iu"estigated in cnough detaiL

••
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1.3 Limitations of Barium Titanate "
Although BaTl0" ha" ,uperior dielectric properties compare to other dielectric

material" it has ,orne limitatioTl.'i,which must he elimllluted, to obtain "pumum

utilization of Its dielectnc propenies. Dielectnc con,tanl of Ba riO) depends on

c1ectric field and frequency [10J. At high electric field strenglh. the domain is more

effectively oriented and high~r dielectric constant results Dielectric wnstant is

,tTongly temperature dependent That is why CIrcuit ch"racteristic change_ even over

a moderate temperature range. Th~ temperature depend~ncc ofT" and \:' can be

modified by forming solid solution over a wIde range of composilions, For "~amp1e

Pb2+,Sr'-,Ca2T.Sn""'"can be substituted for Bi+ in (he titanate IalllCC.The possibility

of forrmng solid solution in all of the,e crystal offers a wide range of values for

dielectric constant (k'). samration polarintion (P,) and curie temperature (Tc), For

example, ,ubstitution of Sr" for l:li+ lowers the Curie point. On the other hand,

substitution of Pb'+ for Bi+ increases the T, to a maximum of 490"C. The effecl i~

due to the lo,,'er M-O bonding for Pb<Ba<Sr whIChoffer Ie" resistance to the motion

ofthc Ti ions in their six fold oxygen coordmation field. The strain energy introduced

by e\cctrost,ictive dTccts on coohng through and below the To. when some domains

change the,r orientation in relation to lhe others cam,mg time dependence for the

dlclectric constant known", aging, '1he rate of change increases as the inilial value of

k,' increases. Both compo,ilion and l,e"t treatment "ffect aging and abo kl. In a

polyerysllllline ceramic, domain orientation is "fleeted by grain ,,<:C, impurities, "nd

pores, which prevent domain m,y,ement due to stresses, imposed by surroundIng

grams,
Curie point of ~~I1lrnicsalso depends on p"rtick or grain .ize, H~'!mings,el al

[11] has described ,olld,state prepHrahonusing ullra fine raw materiHIyielding hetter

result,. Groin size i, a major factor affecting the dielectric properlies of RaTiO,

ceramics lll]. On [he other hand, B"ITi ratio pial"" role in dete,mining the grain size

"nd density he,ides sintering parameters [12] Seldom do these events ocenr at the

.•arne time dUl'ingcemmlCproeeS'ing "nd hence it is difficult to isolate Ihe eflect of a

SIngle bctor at a time. Some llmc a comhin"lion of factors }ield dIfferent properties

than a single factor would Research followed on for increased perfonnance, higher

dielectnc constant (k'), smooth dieleclne change near T" ease of manufHclure in bulk

and 50 forth.

,
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J.4. Scope of this study

The ferroelectric and dielectric properties of metal oxides with the

pcrovskite structure are of utmost importace in the electronic industry_

Among these materials Barium lllunatc based dielectric material, ",0 very

important for their extensive uses as hIgh dielectric con,tan! capacitor, PTC

resistor, ferrodcctric memorie, and MLCC multilayer ceramic capacitor.

Structure property relation of BaTiO] was ,tlLdlCd extensively. Process

variables ,ueh as sintering temperature, holding time, heating; rate and

compaction pressure were vaned to ob,erve their effect on microstructure

and propertie, along; side variallOn of Sr doping level. Un-doped BaTiO)

were also prepared to compare the properties for each eombinatioo of

variation,_ Sintcring temperature was varied form 1200°C to l250'C and

holding time from 2 hours to 4 hours, Strontium doping level was 10 and 20

'Y, mol~ fraction of Ua. Substitution of Slronllum in place "f Ba in BaTiO,

through solid solution, !laTiO) and SrTiO, lowers the Cuire temp~raturc,

Effect of diffaent level. of subSlll\ltion on sint~red body density; dielectric

constant and dielectric loss were measured. Extent of proce~sing was also

assessed FTIR study was conductcd to mea,ure the Ti-O bond ,lrength,

MICrostruclure, of sintcred ceramics hal'e been analyzed so that structure

p"'perty relation can bu understood ferroelectric domain pallern IS also

revualed in the prescnt study and ,orne other intere,ling mierostructnral

features were studied, Re.,ull> werC cxplained in th~ light of finding of

crystal structur~ lhrough micro"tructlLral study by SEM and DSC study.

,
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2.1. Introduction
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Ceramic malerials that arc good electrical ;ll,ulalors al'e referred to a<

die1cctric malerials Allhough theoc materials do not ~onduct electric

curren! when an electric f,dd is applied, they are not inert to the electric

fidd 'fhe field cauSeS a slight shift in the balance of charge within the

material to form a diele~tric dipole, Ihlls the source of the (erm 'dieledric',

The discovery of ferroelectric [latium Titanate opens the present era of

cerami~ dielectric materials. The high dielectric constant waS fil's!

described in the United State5 in 1942 [I:J] Recognition of BaTiOJ as a

neW ferroele~lric compound followed, possibly independently, in several

countries [141. Barium titanate based dielectric materials are extenslvcly

med In Positive Tcmperature Coefficient (PTC) resi"tor, ferroelectric

memorie, and MLCC mnltilayer cenmic capacitor. Thc key properly ot thi,

material is its high dieleclric constant, whIch is a funchon of temperalurc.

frequency 01 the applicd elcctric field and composillOn of the materials.

Propertyof ceramics ISdictated by ils crystal struclure and so its c1a,,,llcation

ISbased on symmetry element of ~ryslal.The seven crystal system can be classified

inlo 32 point group according to ,)mmell)'. Symmetryof a crystal's internal structure

is reflectcd ill symmelry of ils external pwpertics, The elemenl, of symmetry thaI an:

ullhzcd by crystallographersto define symmetry about a point in space, for example,

the central point of a Ullltcell. are (1) a point (center) of 'ymmctry, (1) axes of

rotation, (3) mmor planes, and (4) comhinati"n~ of lI1ese Utilizing these symmetry

elcmems, all crystals can be divided into 31 dif[~'fcntc1asse, or pOlnt group', as

shown in Appcndix 7.6. These 32-pointgroup, arCsubdivision, of se,cn basic cry,tal

,ystems, which are, in ordcr of ascending symmetry, triclinic, monoclinic,

orthorhombic, tctragonal, rhon:b"hcdral (trigonal), hexagonal, and cubic. Of thc 32-

point group., 11 c1asscs poss~" a centcr of symmetry "nd cannot po,"''' p"lar

propertic, or spontaneou, polarization One of lhc remaining 2lnoncentrosymmetric

pomt group' has ,ymmctry elements, which prevent pol"r characteristics Other 10-

poinl groups have on~ or more polar axes and thus can exhibit various polar effect,

such as piezoelcctricity, pyroeleclTlcityand ferroeledriclty.



2.2 Pie7.oelcctric Ceramics

Piezoelectricity is a property p03>essed by a "ele~tive gmup of materials I!

was discovered in 1880 by Pierre and Jacque8 Curie during their systematic study of

the effeet of pre,sure on the generation of ele~tTlealcharge by ~rystals such as quartz,

zinc blendc, tounnalme, and Rochelle salt; howe,er, the term "pIezoelectricity"

(pressure e1eel!lcity) wa< firEt suggested by W, Hankel in 1881. Cady [151 defines

pie7oe1eclTicityas "e1e~tric po1ari7ation produced by mechanical strain in crystals

belonging to certain cia,ses. the polarization being proportional l(l the strain and

changing sign with it" I\vo effects are manifested in piezoele~tncity: the dire~t

dIect and the converse or inverse effect. The dIrect effect is idenllfied wit1, the

phenomenon whereby electrical cbarge (polarization) io generated from a mechanical

<tress, whereas the conVerSe effect i, assocIated with the me~hanical movement

generated by thc application of an electrical tield It ~an be seen that a lack ofa centcr

of symmetry i, thc key factor for thc presence of piezoelectricity, When a

homogeneous stres" is Centro symmetric, it cannot produce an unsymmetncal result

(e.g., a vedor qnantity su~h "' elcctric polarization) unless the matel;al lacks a center

of symmetry "hereby a net mo~ement of the positive and negative ions with re'ped

lo each other because "f thc stress pmduces an electric dipole (p,,1arization), For

piezuelectl'1city, this df~cl is linear and re,~rsible; the sign of the charge produced is

depcndent on the directIOn,

2.3. Ferroelectric Ceramics
[[we again refer to Appendix 7.6, we sec that there are 10 ~ry,tal classes. out

of a pos,ible 20, that are de"l~'Ilatedas pymelectri~, This group of crystals posscsses

the unusual characteri ,tic of being permanently polarized wIthin a given tempera lure

range Unlike the more general piezoelectric ela>ses, "hich produce a polarization

under stre", the pyroelectrics develop this polarization ,pontane(>usly and fonn

permancnt dipoles in the ,trucrure, This po1ari,ation also changes with tempera lure-

henee the tenn pymelectncity. Pyroelectric cry,tals sllch as tourmaline and wuT1zile

•'.
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are oflcn called polar materials, referring;10the unique polar aXIsexisting within the

lattice. Th~ length of the polar axis (dipole moment) vane, wilh temperature,

changing sign as the temperature 18 either elevated or lowered. Present-duy

pyroelectric device~ u1l1izethis effect in such apr! ications as intrusion alarm" thennal

imaging. and geographical mapping.

A subgroup of the spontaneously poJari",d pyroclcctrics is a sp~cial category

of malenals known as fcrroelectric8 :-"Iatcrials in this group are charact~rizcd as

crystals that po~scss a spontaneou, dipole, and thi, dipole is reversible by an electric

field of some magnitude less than the dielectric hreakdown of the material Itself.

Because of the empincal nature of ddermining the revernibllity of the dipoles, as

detected in a hy,teresis loop mea"uremenl, one cannot predict the exi"tence of

ferroelectricily in a new material with mud, accuracy, We do see, however, that the

baSISfor the existence of ferroetectricity re~tsprimarily on ,truclural (symmetry) con-

sideratioru;. The numher "fa~lual fcrroelectrics loday is known to he in the thousands

when one illCludes lhc large number of ceramic solid-,olulion ~ompositions. and il IS

no longer the gre"1"accident of natnre" thaI 1lwas once thonghl 10bc, I'erroelectricily

wa, first discovered in Rochclle sail hI' Valcsck in t920. Furlher significant

developmcnts in the history of ferroelectric m"lerials came in the 1940, whcn

felToelectriCllywas discovered in "ingle-crystal and cerami~ barium titanate and in

thc 1950s ",hen lhe ferroclectric lead zi",onalc titanate ceramic sohd-solution

COlllpOSIt10nSwere developed [12].

Fcrroelectric ceramics haw a numher of pmpcrtics, which make them very

u,diJl in a variety of applieahons. These inelude {l) a high dLelectric con,tanl, (2)

hIgh piezoelectric consl<lnts,0) relatively l",v dielcctric loss, (4) high elcctrical

resistivity. (5) moislure msensltivity, (6) high electromechanical coupling, (7)

medium hardness, (~) fairly high pyroelectric coeffici~nl>: and in some 'pecial

composilions, also (9) high opllcal lrnnsparency alld (10) high ckctrooptic

coefficient,. Allhaugh these properties do lwl always combine to produce all optimum

effect in anyone applicatIOn, onc can see that the mtmbcr of desirable propertie,

provldcs the possihility for many new and unique apphcations. Thi, is particularly

true when one considers lhe mlcractive properties "f (1) electromechanical

(piezoelectric) behaVIOr relating mechanical and electrical propertle" and (2)

eleclrooptic effects relalmg ~leclrieal and optical propertie" III addition, these

propertics in ceramic< C"" be continuously modified "vcr specitied range< hecause

\



many ceramic compositions form continuous solid soluhons (solid .solubility) of one,
or more wmpounds in each other I"" obvious, but perhap, equally import"nt, is the

fact that mo,t ceramics can be fabricated iulO complex shapes and are moTe

ewuomical to produce.
The most outstanding feature of a ferroelectric ceramic is it, hysteresis loop, It

describe, the nonlinear p"larization switching behavior as a Junction of field, The

initial application ,,[ an elect' ic field to a virgin ferroelectric e1eclroded disk produces

very Iiule dIect until the electric field becomes sufficiently high to switch the dipoles

in the crystallites. At this field. the polal'inti"n (measured as >ullage on a large,

kno",n, series capaCltor) change, sharply and reaches saturation at higher fields.

Reducing the field to 7ero le"ves the material with a net permanent polarization

known as remauent polarintion (PtJ. As the field is reversed, polari"ation is first

reduced to zero and then changes directIOn (sign) as the J1cld p",duces saturation

polunzation in the opposite direction, tllll' tracing out a hyskre>lS loop. The field at

which the polanzation equal~ zero (changes ,ign) is known as the coerCl\e field E"

Poling consist, of applying one-quarter of a hysteresis loop, leaving the material in a

remaneu(]y polal'ized conditi"n at Pn"
Although a large numher of ferroelectric ceramics urC used in piezoelectric

applications today, it should be pointed out that devices which are stndly dependent

on the ferroelectric (polanzation switching) properties of ceramic, have not found

acceptance in the market place. This has heen due pnmarily to (I) undesirable fatigue

effects resulting from stre" (strain)-;nduced microcracks developed during switching,

and (2) thc lack of a defiuite electrical switching field (E'j, which can cau,e loss of

remnaut (memory) polarization states in the material over a period of time when

subjected to partial revel'sing fIelds. Uudoubtedly, these delra~tors would need to be

overcome before ferroelectric-,witching dniees will he ,ucce,sf,,1.

2.4 Ferroelectric phenomena

2.4.1 Curie point and Phase Transition,
All ferroelectric materials ha,e a transition temperaturc called the

Curie point (T,). At a tempcratul'e T > T, thc crystal doe, not exhibit

fcrroelectricity, below T, it is fermelectrie, On decreasing the temperature

through the Curie point, a ferroelectri~ ~rystal undergoes a ph"se transition
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from a non_ferroelectric pha,e [0 a ferroelectric phase If there is l1l()r~than

one ferroelectric phase, (he temperature at which the crystal transforms from

one ferroelectric phase to another is called the transition lemperature.

10,000

'00'00_50 0 50
Temperature ('Cl

-'00
,
-150

'.000

.,
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i

Figure 2-1 Vuiatioll of dielectric constants (a and c a"is) with temperature

for BaTiO!. [llJ
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The phase transition in llaTiO) is of first order, and as a re,ult, there

IS a discontinuity m the polarization, lattice constant, and many other

propeTlle" as becomes clear in Figure 2-4, It is also clear in the figure that

there is three phase trang;tions in barium titanate having the following

sequence upon cooling: rhombohedral, orthorhombic, tetragonal and cubic.

There IS a small thermal hysteresis of the t,ansit;on tempera lure, which

depend, on many parameters ,uch as the rate of tempe'uture change.

mechanical ,tre"es or crystal imperfectio'" From a cry,lal chemical view.
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the lla-O framework evokes an intent;!;"l for the central Ti4+ ion, which is

larger than the actual size of the "1';4+ion, A, a result, the ,eric, of pho5e

transformations takes place to reduce the Ti cavity size, Certainly, the radii

of the IOns

Figure 2-2 Various properties of BaTiO,' a, function of phase transfonnation



in\'oh~d Impact the propensity for forming ferroelectric pha,es; thus both~

J'bTiO) and BaTiO) have ferroelectri~ phascs, while CaTiO) and .';rTiO, do

not [10]. Early rcsearch work on f~rroclectric transition, 1,as b~~n

surnrnariL~dby Nettleton [161. l'igur~ 2.2 shows the variation of the relative

permi!!ivity e, wilh lemperature as a Ila riO] cryslal IS cooled from it,

parac1eetrie cullic phas~ lu lhe ferroelectric tetragunal. orthorhombic, and

rhombohedral pha,es Neu the Curie point or transilion lemperatures,

lhermodynamie properties including dIelectric, elastic, optical. and lhermal

conslant, show an anomalou, behavior. ThIS is due tQ a di,tortiun in lhe

cry.,tai as th~ phase structure changes. Th~ temperature dependence of the

dielectric con,tant abovc the Curie point (T > '1',) in f~rroc1cclrie crystals lS

go\ocrnedby the Curie-Weiss law.

2.4.2 Cryslal structure and phase trallsformalion

Large cla3S~s of ferroelectric ery,tah are m"d~ up of mixed oxide,

containing cOlner-shuing ocl"hcdra of 0'- ion, schematically ,hown 10

F'I?:ure2-3. Inside each octahedron is a cation BO
+where '11'varies from 3 to

(, The sp"ces between lhe octahedra are o~~upicd by Ao+ ions where 'a'

varies from 1 103. In prolotype forms, the geometric centers of lhe AO+,Bh+

and 0'- ions coincide, giving rise to a non-polar lattice. When poluiLed, the

A and B io]], are dispbced from theIr geometric cel1ten wilh r~speel to lhe

0'- ions. to g:i,~ a net polarily 10 the lattice. The,e di"pl"cemcnts oeCIlrdIle

to lhe change, in the lattice struclure when phase transitions take place as

the tempcrature is changed. 'Jhe form"lion of dipoles by the displacement of

ions will not lead to sponlan~ous polarizatlOn if a compensatiol1 pattern of

dIpoles are fOl'medwhich give zero nel dIpole moment.

Pe,o"skite i" a family name of a group of materials and the mineral

name of c"1cillm tilanate (CaTiOJ) having a struclurc of the type ABO.1.A

wide vari~ty of
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hgure 2-3 (a) A cubic ABO) (RaTiO)) pero\'skile-Iype "nil cell and (b) three
dirnen'lOnal network at corner sharing octahedra of O2- ions [ 13],

cations can he incorpomlcd into pcrovskite structure as long a, they obey

the relationship'

for an ideal perov,kite .,truc!ure t ~ 1, and RA, RB and Ra the ionic radius of

large cation, small cation and oxygen [17]. The structure takes cubic form

with the I value between 0,95 to 1 0; lower this ,lightly dlslorted cubic but

not ferroelectric while slightly over 1.0 lends to be ferroelectric [I ~]_

Different phase IransformatlOns and cell dimensions of B"TiO.\ arC

illustrated in I'Lgure 2-4. RaTiO, has a par"e!eclric cubic phase above its

C,mc point of about 130'C In the lempeH(urc range ot 130"C to O'C the

ferroelectric tetragonal phase ",ilh a eia ratio of -1.0l is stable. The

spuntaneous polari7.ation is along one of the r0011 directIOns 1n the original

cllbic ,trllcture, Between O°C and -90"e, the ferroelectric urthorhomble

phase is ,t"ble wIth the polarization along one of the [110] dir~chons in the

uriginal cubic structure, On decrea,ing the temperature below _90°C the

phase transition from the orthorhombic tu fcrroelectric rhombohed,al pha,e

lead, [0 polarization along. one of the [Ili] clIbic directIOns,
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Figure 2.4 Different Phases, tran,formalion and cell dimension orBaTiO,

On COQling from high temperatures, the perrn;lti'lty Increases up to

values well above 10,000 at the phase transition temperature T,. The inverse

<lIsceptibilily as well as the dielectric permilhvity follows a Curie-Weiss

law. "Ihe appeHancc of the <pontaneolls polarizatlon i< accompanied with a

spontaneou, (tetragonal) lattice distortion. The phase tra",it;on in banllm

titanale i, of first order, and as a rcsu](, there i., a discontinuity In the

polarization, lattice constant, and man) ,,(her properties, as become, cleat

in Figure 2-2.

Many piezodedric (including ferroelectric) ceramics such as

Banum Titanate (!laTiO,). Lead Titanate (PhTiO,), Lead Zlrconatc Titanate

(PZT). Lead l.anthanum ZlIconatc Titanate (PLZT), Lcad Magnesium

Niobale (PMN), Potas,ium Niobate (KNbO,\), Potassium Sodium Niobate

(K,Na,.,NbO»). and Potassium 'Jantalatc ~iobate (K(Ta,Nb,.,)OJ) ha'-c a

perovskltc type struclure,
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2.4.3 Ferroelectric Hystere,is Loop

" ,

FIgure2-5 A Pularizationys. ElectricField (P-E)hy,tere,is loop f(}[ a typical
ferroc1ectricCT}'Sl"1. [19]

The result of spontaneous polarintion of a ferroelectric at T, is the

appearance "f vcrI' high k' and" hysteresis loop for polarization (l'igure 2-

5). The hy'leresis loop il due to the presence of crystallographic domains

within which there IS complete alignment of electric dipolc. The

fnroclcctric hy'leresis onginates from the eXIstence of irreversible

polarization p,oce,,,es by polarization rc,-er,ah of a single ferroeleclnc

lattice celL However, the exact interplay between this fundamental procc5\,

domain wall" defects and the overall appearance of the ferroelectric

hy,tereSls is still not preci,ely known. The ,eparation of the total

polarization into reversible and irreversible contrihutions might facilitate

the understanding of ferroelectric polari~ahon mechanisms Especially. the

irreversible processes would be important for felToelectric memory device"

since the revenible processes cannot be used to store information. I'or

ferroelectric" malllly two possible mechanisms for irreversibk processes

eXLst Fin!. lattice dcfect<, which interact with a domain •••..all and hlllder it

from returning lllto its initial po,itlOn. after ,emoving the electric field,

which initiated the domain wall m(}tion ("pinning") Second, the nucleation

and growth of new domains do not clisappear after the field is removed. In

ferroele~trie materials, the mailer is further comphcatcd by defect dipoles

•
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and free charges that contribute to the measured polarization and can

interact with domaIn walh f20].

ReyerSlble fcrrr>electrics are the basic requi,ite of dielectric malcnals

for application such as capacitors. Reversible ~onlributions in ferroelectrics

are due tn ionic Hnrl electronic di'placcments and to domain wall motiuns

with small ampli[ltd~. These mechanisms are very fast. The reorientation of

dip"les and/or defect or free charges also conlnbulcs to the 101al

polanzatlOn. The,e mechanisms are usually much slo",er, but they ,1'0

might be Ie, crslbl e (re lax" lion).

Remanan! p"larizahon and coercive voltage are of critical impOl'tance

to the de,ign of external clIcuilS of Feroeleclric Random Access Memory

(l'eRAMs).

2.4.4 Ferroelectric domain

ferroelectric crystals posse" regions with unifonn polarization called

fen-oelectric domain,_ Within a domain, all the electnc dipoles or the polar axis

transformation occur and sp(}nlaneous polari7,ation take, place. The electrical ,tray

t'eld energy caused by the nOll-compensated po]ari7.ation charges IS reduced by the

formation of fcrroc!ectrie domail1s a, "hown in figure 2-(,_ l'he GUl1figuratlonof the

domains follows a head-to-tail condition 111ordcr to avoid di,continuihcs in the

polanzauon at the domain boundary. The polarinti(}l1 may bc orientated in any of thc

six p,eudo cubic <00]> direction,_ Thereforc, the polar aXIS may be aligned

orthogonally (90" domaim) and anti-pamlle! (180" d"mams) with respect to each

other (f'igme 2-7).

figure 2-6 Reduction of electrical energy by domai111011lliltion.
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hgure 2-7 Domain polarization direction chang~d by poling

Atomic ["TCCmicroscopy l21) and 'I EM [22] "'as u~cd (0 characterize

domain A very ,lrong field could lead to the revef'al of the p(}iuization in

the dom~in, known as domain switching [23J. The relationships between

etch pallcrn and the domain orientation in BaTiO) crystal in tetragonal state

had heen de,cribed by Hooton [24]. Domain, can be observed under the

optical microscope and in SEM after the polished ,ample being: dched with

concentrated Hel [25]. During etching processing the po,itive ends of the

electric dipoles etch rapidly, formmg a rough surface, the negative end,

etch slowly, forming smooth ,u,-face and the side, (dipoles parallel to the

<urface) elch at an intetmediate rate, forming a semi sm(}olh surface,

['he buill-up of domain walL ela,tic <tre« field< a, well a, [ree

chargc earners counteracts the proce« of d(}main formation, In addition, an

ml1ucncc of vacancies, dislocation< and dopanls cxits [26].

2.5 Science of BaTiO] Materials

2.5.1 Formalinn nf phases and "hase Diagram

BaTiO) formed during reaction ab",e 1200"C through formation

number of intermediate phase" Templeton [27] d~lcctcd the intermediate

s~cond phases BalTi04, IJaTi.O.) and BaTl,O,.The final conversion to

monophasc BaTiO,\ determined by decomposition of the intermediate

phases, ie, the diffusional exchange betwccn Ba and Ti rich region ill the

powder The calcmahons temperature and the amount of int~rm~dlate phases
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critically depend on the morphology and degree of mIXmg of the raw

material During ball milling this is an important point that needs to be

taken cafe of. According to Hauger et "I [28], during this solid-,olid

reaction [JaO acl as the mobile agent, At the contact interface BaO IS

formed which diffuses into the TiO) forming a, intermediate layer of

Ba,Ti04. which slowly reacts with the residual TiO, to form BaTiO). Hence,

particle size IS an important faclor especially the <ize of TiO, as it

determine, the particle size of Ba I iO,.

The phase dIagram of AaO- riO, i, shown in l'igure 2-8. As per phase

diagram .,toichiomelric BaTiO) can acc(}mmodate little more 'riO, with the

compound. formation of BalTl0, is inhibited below 1100"C by the pre,ence

of a CO, atmosphere. This pha,e is particulally harmful, since it i,

hygroscopic ami decomposed with swelhng in slightly moi.,t air lnwmplctc

mixing and reaction wl!l yield small amounts of Ba1TiO. and Ila l'i,O, and

other mtcrmediate rha"~". Thc same kind of harmful phascs may al,o occur

"hen alkaline earth oXIdes, sueh as Ca, Sr are used in substituted BaTiOJ

[29]. Effect of calcination temperature was studied hy Mai,on el al [30J

who suggested that at 700'C tctrag""al BaTiOJ do not form whereas at

1100"C it docs at the expense of particle agg\"meration.

Dopant and other atlditivcs are added at lhi, ,tagc of proce ••• ng. A

great advantage of thIS mcthod is that dopan!> and additive. can be

homogen~ously incorpOlated into the pcrovskite lattice during ~alcmation.

The calcining tcmperature i, imporl"nt as it influence.' the density and

hence the electromechanical pmperties of the final product. The higher lhe

calcination temp~raturc, the higher the homogenclty and density of the final

ccramic product. Many calcination temperatur~" and time ,cherne. have

bccn suggested, Higher temperature and longn l,me u,ual1y yield

completely reacted po"tler wIth eoar.,er particle sizc posing difficulties

during subsequent milling So. propcr calcination at the right lcmperature is

nec~ssary to "htain the best c!cctrical, mechani~al properties and

mil1lmi~mg: the presence of harmful phascs
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l'iglLr~2-8 Phase Diagram of BaO - TID) system

2.5.2 !':ffect of grain size

Reducing the grain Si7£ of lhe barium titanate ceramic bel" ••••.about 1 11m

diameter has a f1allcmng effect on capacitance versus lcmpcrature, The origin of this

effect is in the llillur~ of the symmetry transition ",ooclatcd with the l)06C

pcrmltiLvity peak of B" riO). The micro,tlllctu,e of" large-grained ceramic contain,

"90°" twi", formed to rdic,'c the ,trains generated when the C axis elongate, on

pa<sing from the cubic 10 the tetragonal symmetry, in the >trained the highe,t

permittivity i, displays.

The domain boundary plane has have surface energy proportion"lto (he square of the

grain diarnder; the strain energy Tespon"blc for domain formation. " volume elTeet,

is related lo th~ enbe of the grain diameter. With decreasmg grain si1e a critical ,ize,

Dc J reached where it i" energetically less costly to support an clastIc strain than to

rehcve by Povinfonn"tion, The ceramic in which siruation ~xi~(s will have average

grain size of rhe ordel of 1 .urn or less and be nnn.•.ined; that is eaeh grain will

comprise a single domain and have one orientation of 'pontaneolLs polarization, be

stressed and rend to he cubic symmetry, The pennittivity of ceramie in this condition



will be grater than when unstrained, having a room temperature value of average

2000, compared wilh 1400 for large grained, freely n,,;il1l1edBaT10),To take

advanlage of this effect, BaTiO,' starting material of very f,ne grain ,izc and

proce"ing that miuimiz~"gram grO"1har~ r~4uircd. rig 2-~ .,how, the f~rroekctric

transillOnof BaTiO.1 at l20"C for ultra fine partieles,

,

100::,.
p"";c1,,

'0(1('

•

Figure 2-'J Ferroeleclricbehm'iorof ultra fine particle si7e BaTiO]

Whcn this is compared wilh the single crystallinc BaTiO) we can ,ee a markedly

differenl behaviol'.For ,ingle crystallinematerial,the transition is extremely sharp. In

fact, lhc derivative goe, to infinily. In the ca,e of line partle1e, (I to 2 ",m) lhe

transition is graduaLThis mdieates that there i, relationship bel;\veenthe size of the

crystalline structure and the equilibriumposition of the titanium ions iu lhe polarile

,late, In ultra fil1epm,der (0,2 ~lm),there exist, lillIe or no oricntatiol1alre!ati')ll,hip.

Likewise, lhe inCl'easein dielectric constant ismuch Ie," for ultra tine particles, Thi,

again ,ho"s lhe intcrrelatio",hip ofth~ mlCrostfllctureand the f~rroe1cclriedomains

"Ihe domam orientation of lhc ullra tine powder i, random, This ,andomizution

tends to bro~denIhe ferroelectric lransitlOn,

figure 2-10 shows the variation of dielectric con,lanl with

lcmperature f"r BaTiO,' ceramic, WIth a fine «If"n) amI eoarsc (>50I'm)

grain size, Large grained HaTiO, (>ll!m) sho\\'s an extremc1y high dielectric

COl1stantat (he Curie point, ThIs is because of the formation of multiple

domams in a singl~ grain, the motiou of whose wal1s increases the dielectric



constant Hl the Curie point. For a BaTl0J ceramic with fine grains «I I'm'), a

single domain forms inside each graln. The m,>,cment of domam walls are

re;;tricled by tIle gram boundaries, lhus leading to a low dieleclrie constant

at th~ Curie poinl as compared 10 coarse grained BaTiO-, [31]. Thc room

temperature dielectri" wnstant k' of coarse grain~d (>50l'm) BaTiOJ

c~ramlCS is found to be in the rangc of 1500-2000, On the olher hand. fin~

gramed (-1 I'm) BaTiO-, ceramICS exhihit a rOOm temperalure dielectric

conolant between 3500-60()O 'rh~ grain size effect on the d;eleclric constant

at room tcmperatur~ has been explained by the work "f Arlt et. al [22] and

Buessem ~l. aL l32] coworkers prop",ed lhat the internal Slresses in fine

grained BaTiO.\ mmt b~ mueh greater than lhe coarse grained ceramic, thus

leading to a higher permitlivily al room temperature, Ar1t ,tudi~d the

domain structures in BT ceramic, and showed that th~ rOOmtelHpe,ature K'

r~ached a peak value at a ctitical grain ,ize of -0 71'm. He concluded that

the enhanced dielectric constant wa, due [0 thc ineteased ~Oodomain wall

density.
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Figure2.10 (;rain six effectof bulk c~ramie

(a) fine grain (b) cours~ gram

The mobIlity of the ~O"rlomain walls in very fine grained BT IS hindered

and only less lhan 25 % ,,~the k' was achieved. As the FITceramics have a

very large room lempcrature di~leelrie constant, they are mainly n,ed
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ffiuUllayer ""pacilm application, The grain size control is 'ery important

for these applications

frey et al [33 J reported the results of an investig"hon into the gmm-si7e

dependen~c oflattice structure for barium titanate (Ba TiO J) ceramics prepared by a

sol-gel method. Raman and infrared spectroscopy, x-ray diffraction, and.

differentia! scanning calorimetry were lIslX! in combination with electron

rnlCfOSCOpy(figUle 2-11) (0 study the evolution of lattICe structure and phase

transfonnat;"n bellov;", with heat treatment and grOlll gmwth from the nano scale

to the micron ,oak [or BaTiO] polycrystals Raman ,pcdroscopy and optical

second-hannonic generation meaSUT~mcnts indicated the onset of local roorn-

temperature acentric nyslal symmetry with heat treatment and crystallite gro",th,

well beforc the obser>ation of any tetragonal structure by '{-ray diffradion, Analysi,

of the room temperature Raman spectra for uhraunc grain (grain size <: O,l)1m)

polyc,)'stals suggested that a locally orthOl'hombic ,lructure preceded the globally

tetragonal form with grain growth. In support of this observation, differential

scanning calol'imetr)' suggested the orthorhombic-tetragonal phase tral1sfonnallon

shifts up through room temperature ",dh decreasing gram S,le. Hot-stage

tran'ffilssion electron microscopy studies (Figure-2-12) revealed that fine grain

(grain si"" ~ O,l)lm) ceramics, whICh showed a therm"l anomaly as,ocialed w,th

thc cubic-tetragonal phase tra",form"tion. were un 1\\'inned at room temperature, as

wcll as on cycling through the normal CUrle temperature, 9uggesting a single-

domain state for indivldual gratns

Figure 2-11 SE;"1 photograph illustration the gram gro"1h with increasing heat

trealmmt temperature for sllltcred for xerogel pieces (a) ~OO°C (b) lOOO°C (C)

1200"C
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hgllrc 2,12 '[EM photograph illu,[raling the development of a poly

domain >l,bgrain structur~ for BaTiO., of grain size 1~m.

Arlt et. el r22] rcported that al grain size <lOllnl [he width of the

ferroelectric 90° domains decrease, proportionally to the square root of the

grain diameter. The decrea,ing width of the domain can be theoretically

explained hy the equilibrium of elastic field energy ami domain wall energy.

The smallel' the grain, the more the dielectric and el"SllC constant, are

dcterminecl by the contribution of 90° domain walls. The permittivity below

the Curie point shows a pronounced maximum f, "liOOOat grain sizes 0.8-

ll!ffi A,tgrain sizes Jess than<O.7ttm the permittivily strongly decrease, and

(he lattice gradually change' fmm t~lragonal to p,eudocubic.

2.5.3 Effect of electric field

The magnitude of lhe applied filed E has a large effect on lhe switching of domams

and abo on the tempernlur~of the o",et of el~ctncity, Tc as sho",n in Figure 2.13,

step A-Il de,ignatc the ,witching transition, that is reversing domain orienlahon, due

10changing al " constant temperatur~.Slep C-D i,a tran>lUonto the non-ferroelectric

,tat~, which ISdue to thermal dlS0tderingof lhe dipole in the domains. Step A-H i,a

transition from ferroelectric to nou-ferroelectric ,laiCuncle!'a field bias. /IBmdicated,

[he transition lemperature is higher. Slep foG is double loop switching ThIS Held
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effecl In poiarizal;(}u switching is shown in Figure 2.14. When the bias docs 'nQt. ,
exceed 6kVicm (34], the bias cause finite polarization even at temperature abo~e T( , a,.
linear dieleclric rcspon,e of the material results. When the bias is sufficiently large the

spontaneous polar;7at;on P, and the dielectric polari7.ation merg~ and T, loses

meaning (l'igllI~ 2-15).

1'<rrndcetr;c

-'

'"ferroeic,tnc.,

figure 2-13 F~rrockclric transitions
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Figure 2-14 field effects on polarization of a felToelectric



Figure 2-15 Effect of hi", on Tc
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2.5.4 Domain structure etTeet
Many of the properties of ferroelectnc ceramics such as dIelectric constant. aging,

diel~clnc loss, etc., ar~ related to the motion of domain boundaries. It is therefore of

great importance tQ be able to examine and accurately interpret ferroelectnc domain

structllles. 'fhe domain structure of BuTl0] is of particular interest because of it~

extensive application m electronic applicallon. Between 1460°C and 130°C !laTiO,

adopl, a cubic pemv,kitc stnlcture and i, paraclcctric. On cooling below 13WC, it

undergo~s phase transition accompanied by an elongation along one cubIC axis (c

axi,), and a contraction along the olher (wo (al axe,. The re,"lt is a tetragnnal unil cell

with cia ratio "f 00\.101 The tetragonal phase i_ ferrodectrie, and the direction

spontaneou_ p(}lari~Mjonbeing parallel to the elongated c axis, The phase is stable

down \0 SoC, where tran,fonnations to an orthorhombIc structure take place. The

knowledge of 1Crroelectricdomain, in tetragonal BaTiO., [3S] ean be summarized as

follows:
(i) ln all individual domain, the dire~tion pola,inlion O~ClL[~along e a"is and

parallel to anyone of the three origin"l [lOOJcube a"e,.

(ii) There are PNO lypes of domain houndHry, 90° and I~()o.The angles refer to

the angle bet'Wecn the domain polanzation vector, on either side of the

boundary

(iii) 900 houndary walls lie on (110) planes and tend to he straight. The ellerl0

of 1800 boundary wall" however is Ie" ,ensitivc to cry_tallographic

oricntation; thu, 1800 boundaries are ulually 'wavy,'

~ .
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l'igure 2-16 Domain patlem of fine grained (left) and coarse grained (right) BaTIOJ
celamic

(iv) 'I he polarization vectors adopl a head to tail arrangement across a 90'

boundary in mder \0 minimize the charge al the domain waiL

In polycrystalline bulk ceramics the pattern of domains is quite

different because the domain 3tructure of each grain i< formed under elastic

damped conditions by ito surrounding neighbors, whereas a single crystal is

free [9]. It should be noted that only mm-180° domains, i e 90° domains

(for tetrag(}nal structures) or 71 and 109 domains (for rhombohedral

structures), have the potential to reduce elast1c energy

There exist ("0 lypes of domain in warsc-gl'ained Ba'i iO" called

heTIlngbone and square net pattern The first one is by far the most cOmmOn

In un poled ceramics, As shown in Figure 2-16, by decrea<ing lhe grain Sl7.e

the domain pattern changes from a handed to a laminar <lrlicture [36],

2.5,5 Doping and ~ompositional c1r~et

The tempemlurc dependence of T, and k' ean he modified by forming ,olid

solutions over a "ide range of compo,itions, For example, I'h2+, Sr+, Ca2+, Cd2+

ean be sul"tituted f"r BaH in the titanale lathcc, Also. Sr4+. RH, Zr4+, Ce4+, 'I 114+

can be substituted for Ti4+. The ~irconat~s (xzrOJ), niobat~, (XNbO)). tantalate<

(XTaOJ). tungstate, (XWO)) and molybdat~, (XMOj) also form ferroel~etncs l7J. 11

IS rep",ted thaI substitution of 3r2+ for Ba2+ lowe" th~ Cline point. Substilution

Pb2+ for Ba2+ increase, T, 10 a maxnllum of 490°C. The effect is du~ to lhe lower

M-O bonding for Ph < Ba < Sr that off~rs les8 reSIstance to the mOllon of the Ti ions
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in their six fold oxygen coordination fidJ. Effect of d(}ping on the t,allsition

temperature is shown in the Figure 2-17.

The strain energy introduced by c1ect][l-stticti.e cllects on cooling through and

bel"w the Tc when some domains change their orientation in relation to ,,(hers causes

lime dependence for the dieleclric constant known as aging l7j. The rate of ~hangc

mcreale, a, the initial value of k' inncascs. Both comp'>SlllOnand heat trealmcnt

affect aging and k', In a polycrystalline ceramic, domain reorientation i, affected by

grain si7e, impurities, md pores, which prc.cnt domain movement due to stresses,

imposed by su" ounding; ,,'ruins.

• ,.

Figure 2-17 The cHeet of doping on the transition temperatures ofBaTiO] ceramic

2.5.6Imaging of Microstructure with SEM

In ~h~r~ctcrizing a C"r"ml~. whetl,er it '" " ,Ingle crystal,

polycryslalline, or a gla«, lheT~ "rC certain types of infurmatlon thaI "e arc

inlcrested ill obt"ining and the mosl mformaliOl1 is microslructure, In

addItion, to obsene 1ll1Crostruclll,e of ceramics as well as olh~r materials,

Scanning electron Micro,cope (SEM) is a very uscfullool. The ba,ic layout

of tbe SEM is shown in Figure 2,18, The SEM can have IWO imaging

d~l~~tors, one for secondary electron, (SEs) and one for higher-energy
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backscal!crcd electrons (BSEs), The SEM typically has a resolution in SE

mode 0[0,7 nm (at 25 kV) and 2,5 nm in BSE mode at 5 kY. III addition 10

the excellent spahal resollllion, th~ other great advanlag~ of the Sf1M i, that

it ha, a much greater depth of fi cld than the VLM (the depth of field is

several millimeters). So the images appear more three dimen,ionai The

physical reas()n for this is that the electron beam IS vcry naTl'ow. SEs are

low.energy ekdrons so they are vcry sensitive to >"rface topology_ l'iglLre

2,19 shows all ",ample of an S~, image lliustrating the excelknl depth of

field. BSEs are higher-energy electrons and are sensitive In the atomic

number of the scattering alom, Hence the intensIty of the BSE ,ignHl

depends Oll a combination of the average atomic lllLmb~r and density of th~

ceramic, As the kilovolts are reduced. the scattering volume becomes more

localized close to the surface of the sample. (The BSE electrons penetrate

further into the sample and hav~ further to come out aft~r b~ing scattered.)

Hence, the BSE llllag~ can give excellent masS discrimination even at l"w

v"l!ages. ln

o~ '"Joe'_'0"" •

FIGURE 2.18 Schematic of an SEM showing examples of

pressures used.
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Figure 2,20 the three region~ correspond to three different laye" in a

reaction couple. The "AgO ""b,lmtc is darkest, the InlO, is l1ghtesl. and the

'pinel. Mgln204, lS intermediate. The very bright regions are I't

nanoparticlcs. Charging in the SEM is usually av()ided by coating th~

specimen (e,g., wIth a l-nm layer "f Pt). Working at jow~r accelerating

voltage, can al,o reduce charging dIcet" bur then th~ resolution i,

compromised; electron 1cnse\ work bene! at higher resolu(lOnS. In 10w-

voltage SFJ\.! imaging, YOIlare trying to balance the electron, emillcd as the

specimen IS irradiated "ilh the charge building up on the specimen. Another

way to avoid applying a conductive coating is tu usc an environmental or

low-vacuum SEM,

Then. the gas in the chamber e"enllal!y grounds the charging of the

spe~lmen.

FIGURE 2.19 SE Image showing step' on an alumina surface.
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FIGURE 2.20 BSE image showing different contrast from different

material. in an MgO/ln203 reaction couple.

Environmental SEMs allow operallon at pressures of several torr

(0.1-20 torr) in the sample chamber and "I temperatures -1()OO"C. In

addition to being able to examme insula!o" il is also possIble to follow

dynamic processes such as drying of cement and crystallin!;on.

2.6 Dielectric Properties
Ceramics are mostly covalently bonded material hence electrically

ll(}n-conduct;ye or insulator. Importance of particular property depends on

th~ appl1cation demand. For Instance, dielectric strenglh is an important

parameter for application of ceramic as insulators used m power

transmission line, lo"d beanng general insulators, in house hold appliance"

etc. In this kind of applications where freYlLency do not exceed 1 kHz, thc

breakdown strength, m~asllred in kV/cm, together WIth mechanical strength

arc prime importanl [actors. The dieleclric constant (k') or 10," factor (k )

do~s not matter much, On the other hand, for eapacilor and electronics

applications just the opposite required. The vallLes of k' and k" are of prime

importance, nol only their room temperatlLre values but also a, function of

temperalure and frequency "fhe,c arc intrinsic propcrlles of material,

especially of polycrystallinc cerami~. can be modified by doping., micro
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structural variation, etc. BaTrO] is used exten,ivcly as a principal mgredient

for mu1ti byer ceramic capacilor (MLCC) manu[aclurcd commercially in

blllions. In the following section, basIc concept and facto!', governing

dIelectric con,lant, dielectric loss is discussed. Malerials are treat~tI as

polycrystal1ine and hncar dielectric.

2.6.1 Dielectric constant
The ",enll Dielectric con,lan! (k") of an insulator material IS given

by the relahon:

D=!i E=F: K'£, , {1 }

D r~prcscnts the elec(ri~ displacement, E the c1ectric field in the

dIelectric, k- lhe dielectric coml"n! and to permin;"ly of vacuum The

electric displacement de.,crilles the extent to whi~h the electric field has

been altered by the presence of [h~ dlClcctric material. The dielectric

constant k IS an intrin,ic property of a material ~nd a measure of th~ abihty

of the material to store electric c11argerdative to vacuum_ It is measured

indirectly from the capacitance of a capacitor in "hleh the material i, u<ed

as electrode s~p~rator or dielectric. From eq_12f and the capacitive cell

illustrated in Figure 2-21, the diel~dnc constant k-, Illtal charge Q

(coulombs) and capacitance C (farad<) can be developed as f"llows:

"Ihereforc,

Where,

and

, D QIAKo __ o _

f;",'- <.)7 I d

Q=s I('~V=CV
o d

A
C=61('-, d

• C Ii
1(=-0-

C, lio

pJ

{J}

{4 }

( 5 J

{6 {

Here, A represents the area of the capa~ltivc cell, d its thickness (or

gap between the ~lectrodes), Co and C the respectiv~ cap~cit~nee of th~

~apacltor with air and m~terjaj, V the voltage aero" the cell and E the

material p~rmltlivity (F/m)_ Thus, k" represent, the ratio of the permittivity
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or ChHgC storage capacity ,elative 10 air or vacuum as dieleclric. It is clear

from eq, (51 that f"I a given ,iz~capacitor and applied voltag~ the higher

(he k' lh~ higher th~ capacitance of (he capacitor. This is the only \'ariable

left ""lh the material scienti,! to increase the capacitance per unit volume

value of capacitor for mudern electrolllc, applications.

- ~
J

<0,

'" Ie --

•.\
I,

J ,,'

FIgure 2-2 1 l::quiv~lcnlcircuit diagram, "l Capac ilive cell, b) Chargmg and 10,s
currenl oj loss tangent

2.6.2 DielectricLo"

An ideal dielectric would allow no flow of electronic charge. only a

displacement of charge via po1ariulion, If a plate of such ideal rnalcnal

werC placed hetwecn the capacitive cell shown in Figure 2-21(a} and a de

voltage was applied, the current through the circuit would decay

exroo~ntial1y to 7ero with time, But thi, would not he case if an alternating

(sine wave) electric field "ere applied In thIs case the eq, {4) may he

written a"

Therefore.

I = dQ = ltiJCV = imC H I('V
dt ' 0

18}

{91



here, r represent the current flow on discharge of lhc capacitor III

time t. For real dielectn~ material, the current I has two vector componcnts,

real h and Imaginary fl'. The condition of a lossy (not so good) diekctnc

illuslratecl In Figure 2-21{c) as an equivalent circuit analogous of a

resistance in parallel with the capacitor, The currenl h rcpresem, a (wall

less) capacitive current proportional to the charge ,tored in the capacitor. !l

i, frequency depenclent and leads the H.ltage by 90". On the other hand, lhe

currenl !R is ac conduction current In phase with the ,01tage Y, which

represent, the energy loss or power di"ipated in the dieleclric. The

resultant angle between the currenl and the voltage ISq, somewhat Ie" lhan

()O". Ideal dielectric under thIs circumstance would not ab,orb "ny power

and the C"p"cltor would hn'e LeW loss. The current would lead the voltage

exactly ')0" The current in leal capacitor lag' slightly behind what it woulcl

be in an ideal capacitor. The angle of lag is defined as ii and the amount of

lag bccomes tan ii or loss tangent

Eq. ~91 can be written for real ancl imaginary part,

{ ](I}

(1 1]

By def;niti"n,
I 1("

tanS=-' :-
1(' 1('

{12}

Dielectric l",s often attributed to ]On migration, ]On vibration &

defOllllation and electronic polanzation. Ion migration 18 particularly

Important and ,trongly affected by temperature and frequcncy, The 10sse,

due to i"n migration increase "l low frequency "nd lhe temperature

Lncreases,

2.6.3 Mechanism of PolarizatioR
In gencral, tbere are five different mechani,m, of polarization which

can contnbute tQ the di~le~(!le respon,e .

• Electronic polarizalwn exists in all dielectrics or all solid, up to

opllcal frequen~ie, - 1010Hz [Buchanan].It is based on the displaccment of

the negatively charged elcctron sbell again,t the positively charged core



rhe electronic polanzability C<"io approximately proportional to the volume

of the ~lcetron shelL Thus, in general l'< is temperature-independent, and

large at"m, have a large electronic polarizabliity,

• Ionic polarization is observed m ionic cry,tal, and occur, up to the

infrared region 101O.11l'1Hz, It describes dIsplacement of thc positive and

negative suhlatliecs under an applied electric field,

• Orientation polanzation IS both frequency dependent and

temperature dependent, since It represents dipole orientation and iOlljump

po laIl.<atian,

• Space chuge polarization could exi,t in dielectric maleIlals which

show ,palial inhomogcneitles of charge carrier den,ities, Space charge

polarization effect, are not only of importance in semiconductor field-effect

devices, they also occur ;n ceramics with ele~trically conducting grains and

in'lLlating grain houndaric s (so-called Maxwell- Wagner polarization)_

• Domain wall polarizatwn play' a de~isivc role in ferroelectric

material< and contribute, to the ovcral1 dielectric response. The motion of a

domam wall that ,epa rates region, of dIfferent oriented polari7alion takes

plac~ by the fact that favored oriented domains with re,pcct to the applied

field tends to grow,

2.6.4 Materlals Aspect
Intrinsic properties such a, k"and k" can he explained in terms of

chemical ~omposition and structure" Material behavior ;n a dielectric field

15a direct result of three ve~((\r quantitie, a) dielectric displacement D, b)

electTlc field E, and c) polarization P:

D=E 1('10'=,;E+P, , {lJ f

Affect of dielectric in capacitor illu,trated in Figure 2-22. The contribution

of ,-aClLumis the term E,E and is the electrical polarization contribution of

the dielectric,

Thelefore, {14l
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It is clear from eq. {I} "nd {l4} polarization is the key factor

attribuhng to the dielectric ploperty of material. For ceramic material,

p"larization CHn be furlher

DI

I'igure 2-22 Parallel plate capacitor: a) without dielectric h) with dielectric E con,lan!
~)wilh dwlcclnc with D constant

described in terms of a \'olume charge density related to the concentration

of dipole per unil volume N and the local field E' in the dielectric'

and

P = aIVF.'

E': K'+2 E
3

{15 }

{l6 }

where, a represenls th~ polari~ablhly, arising from different polarization

mechani,m of the materia!:

{ 17 J
a=CI,+a,+a,+a,
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hgure 2-23l'requency dIspersion behavior of dielectnc material as fun~lion of
frequ~ncy

representing the >lLsccptibility associated wIth electronic, LOllle,

orientational and space charge polarization, rc~pcctively_ For cubic

structures and for induced dipole, (ionic and eleclronic polarization), the

calculation reveals a relHlion between (he atomic polari7ahility a, and the

macroscopic permittivity" = 'oe, which is referr~d (0 the C1auslus-Mos,otti

equation [14].

6 +21.,'a,- '
co" -Na

{ 18}

111Figure 2-23, thc frequency depel1de11CC of k" and associated

polal'ization mechanism arc illu,trated. Affecl of differenl polarization

mechanism to lhc overall di~lcctric con,lant is related to the composition,

"

'- - -- --



frequency and temperature of the dielectric material.
"

III general, IX,

•

increa~cs with icm concentration, ion ,ize Jnd ion polarizahility, hence lOllS

like Bal+, Pbh,

and refractive

LaH are u,ed In order to achieve a hIgher dielectric constant

index. In ionic solids (such as MgO, AhO,') (x, is the

predominant polarization mechanism, wh~re ion size and separation ha~e

the significant effect. For ceramic materials wIth mobile lOn, the

orient"llOnai polarization can be a factor. 'fhi, can be attrihuted 10 ;"nJurnp

polarizatIOn elJ" where

a =L
" 3kT

,a' ".
(ezd)'--
3kT

{1 9 }

p ~ ezd, rerre,ents th~dipole moment associated with the jump "f

an ion of charge <'~through" dIstance d. 'J he relaxation time 7 and the

l1umber of successful ion jumps per second are given In Arhcniu,; form:

T"'T e~"kr, and n=iI ~_#"kr, 120}

,

here. J.! is the activation energy, k Boltzman constant and T absolutc

temperature, In other word, for ceramic T decrease" with temperatnre, the

relaxation move to higher temperature with increasing frequency and"

increases with the temperature, Hence it i~ normally observed k' to increase

with the temperature at a gIven frcquency and at a given temperature k'

decreases as frequency increased

2.7 Science of Barium-Strontium Titanate Materials
2.7.1 Formarion of Solid .ulutiou

SuI,,] solution with all iso structnral compound broadens the Curie pick.

This was first perceived in BaTiOJ-SrTiO" solid solullon (figure 2-24 ),
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figure 2-24 Effect of solid solution Qn dielectric constant versus

l~mperallirC characteristk [7]

Cemmic based on BaTiOJ-SrTl0] solid solutions are frequently used (0 manufacmre

ceramIC capacitors and thelmi,tors, MIxed titanates are also considered for other

application, such as delay lines, slow wave ,lruClurcs. optical modulaton;, etc.

(Ba,Sr)TiO, solid ,olulion ccrnmics are usually made by shaping and firing ceramic

bodies from mixtures of BaTiO] and SrTiO) powders. D Kolar el al [38] mvestigated

in del",l the Mechanism of (Ba,S,) l'iO, solid solution [ormation, During sintering, a

solid solution is formed ••••.h,eh results in a shift of the Curie temperature and changes

in other properties. RaTiO., and 3rTiO, crystallizc in the same perovskite structurc.

Both compounds f"ml a complete series of solid solution, [39]. The lalllcc parameter

ofthc pewvskite cell decreas~, monotonically from pure Ba'riO) to pure SrTl0J. TIle

system shows a minimum in mc!ting temperalllre at 1585cC and 2.5 mol% SrTiOJ. In

VIew of the similarity of cry,tal structures and ionic sizes, (rla,Sr)TiOJ solid solutions

were expected to fonn by the simple interdilTnsion of Ba2+ and Sr+ iom in a

relatively rigid Ti-O lathcc. It was confirmed by the pre,ent anthors using X-ray

mICroprobe analysi. that 8a2-;- ions diffuse faster into the Sr riO, laltice than Sr2+

ions mto the RaTiO, latlice. This wnC!usion was based on the ,hift ofSrT10J X-ray

dilTracllon lines

On the Ba-rich sidc of the system Baa-RaTiO), only one compound, Ba,Ti04 (barium

orthotitanate), with a hIgh melting point (higher than 1860°C) is known. This

compound fonns an an extensive solid solutIOn with Sr2TiO, which end at a
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cornpo,ili(m ",ith a Ba2+ :Srl-1-ratio of ahout 1 :3, On (h~ srO rich side of the

sy3tem SIO-SrTiO,. There exist several polytitanates such a, Sr,Ti,O, and Sr4Tl)OIO

, All (lIthem may take some Ba In to solid solution.

(1) Mechani3lTI of ",lid ,olllhon formation in the S)',tem Ba'] iO,-SrTiO,

X-analYSIS of sintered BaTiO, 1:1 powder mixtmc confirmed Namura', observation,

i.e. a shift "f SrTiO) reflection. lowards the higher d values at the same time, BaTiO]

reflections inl~nsily. However, some additional vcry faint diffraction lines ,,1'0

appeared after firing at T= 1300°C to 14()(J'C. After a 30.h anneal at 1400°C,

BaTIO) was reduced to only a !race quantity and the position of (Ba,Sr)TiO.1

dIffraction line, revealed the composition rJao,S'n.,J'iO" indICating: ,that

homogenization was practically complete. The fainl "dditionallines disappeared I he

faint diffraction lines were found to correspond to Ha,:ri ,,04(> and (Ba,Srl1 TiO, solid

,olulions, whICh are thus formed a, inlermediatc componnds in (Ba,Sr)TiO,

formation frum mixtures of BaTiO.1 and Sr'riO, powders, X-ray microprobe analysi.

of the neck formed during sintcnng of a polycry,talline B"TiOJ sphere to a polished

SI'TiO., plate at 1300'C shows that Ba ion diffnsed along the surface of SrTiOJ) and

into Its bulk, To maintain the ele~tri~al neutrality, it is assnmed lhat 02" ions

accompany the diffusion of Ba2+ ions or that oxygen is transported via the vapor

phase. Penetration of Sr ions into the BaTiO,) sphere was mnch slower (I'igure 2-25).

11may he further observed that the neck area became ri~h in titanium. Quantitative

analy.is of this area revealed a BaO: TiOl ratio of approximately 1:2.5. The analysis

of a hot-rressed (nOO'C, 5 h) B,1T,OrSrTiO, regiou. Next to lhe Ba poly litanate

layer, which i, formed on the BaTiO) side, there is a layer rich in Sr and containing

,orne lJa TI,e Ti concentration level is slightly lower th"n in SrTiO) (Figure 2-26).

Careful exam ination of thi, layer under an optical microscope .,howed a ,mall "mount

of apparently sol idifLed liquid pha,e.
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Figure 2-25 ElectIon beam minoanalysis of RaTiO.1 sphere -SrriO) plate

neck area (1300, 12h)

The composition of the Ti-rich com[Xlund (poly titanate) formed on the BaTiO) side

of the contact area and the alkaline carth-rich compound (ortholilanalc) lonned on the

surface of5rTiO) grains and in the conta~t Hrea depends on temperature and the phase

relation, ill the ternary system BaO-SrO-Ti02_ On [he basis of the experimental

e\-idence and the phase eqUllibrium data di ,cussed in the introduction, the first step of

(Ba,Sr)TiO, fommtioll is:

BaT10)+ SrTiO., BaTi,02x+1 + (Ba,Sr)2 TiOiss) (l)

where <>=.olid solution and x= 2.5 in barium poly titanate depends on the temperature

and the diffu,ion rat~ of Ba2+ ions into 5rTiO]. On the basis of the composition

indicated by X -my microanalysi" the probable compounds are Bar,Ti17(),o and

BaTi,O, Hnwe,er, on thc basis oIthe faint diffraction lines which appeared in the

powdered 'pecimen aller firing, it is concluded that the compound is Bll{;Ti ,,040_ Poly

titanate form, a low-temperature (l320°C) eutectic liquid with BaTiO,' 'Ihe

consequent J3aTiO,,-SrT,O) ,ohd solution formation above l300°C IS assisted by

solution and precipimtion, Accordingly, the mechanism of consequent BaTiO,-SrTiOj

solid solution formation may be described as:

(BaTiOr BaTi02x+ 1 )(11'1) + (Ba,Sr), TiO.«,< )-+(Ba,Sr)TiO J(ss) .. , (2)

Dissolution of (rJa,Sr) TiO,(,,) in a reactive (BaTiO,- Ea Tix02x+l) cutectic create, a

tema,y sy,(~m with a still lower eutectic tempcmture,
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Figure 2-26 Electron beam microanalysis "f h"l pressed (1200,5h) BaTiOJ-SrTiO,

diffu,ion ~ouplc,

Figure 2-27 Scanning; electron micrograph of neck formed during s;ntering (1300oC,

24 II) between polycrystalline BaTiO, and STTiO) spheres)

Differential thermal analysis of mixtures of Bn. Ti,,04U and BaSrTi04 (88) showed an

endothermic effect, indicating melting at 1280"C A further indication that (Ba,

8.)T;0)(,,) crystallizes from the melt i,given by fIgure 2-27, which .,how, the neck

grown hetlveen polycry5lalline BHT10) and SrTiO) spheres during sintering at 1300°C

[or 24 h. The polygonal large grains of the neck seem typical for melt-grown crystal,.

Similar large grains fonned in the contacts between BaTiO., sphere, and SrTiO.l

plale~, il~ ,hown on Figure 2-28(A). On the contrary, such large grains neVeT funned



m contacts hetween the ,'pheres and plates of the same chemical composition, as

shownon Figure 2-28(H),

Figure 2-28 Microb'Illph of polished neck area beN,een (A) BaTiOJ
pphere~lSrriO.1plateand (B)llaTiO, sphereIBaTiO,plale(1300oC,12h)

In an articlc of Igor Luhomirsky et.al [43] showed that due to the graded

compoSItIOnthe ceramICdoesn't show a sharp change in dielectric constant near the

relaxation frequency. Imtead they observed gradual decrease in dielectric constant

with frequeney wilh thc loss tangcnt remain practically unchanged (below 002

everywhere within lhe frequencyrange 0.0003-3GHz), Thc invcsligators synthesized

high purity (Ba,Sr)'l'iO., and SrTiO, powder wnh a average grain size 0 2)l1llby

,olgel mc!hod. BaTiO, and SrTl0J wcre thoroughly mixed in a molar rati" "f4'1.

They wcre then pres.'ed in to disks of 6.3mm diameter, Pure Ba']i{l, powder was also

pre,,,ed in 10 disks by the same method. Thc length of time and temperature of

,mtenng wCIeadjusted in the range 01"0,5-4hat 1300-1400QCso that different degree

of lla riO,)Sr l'iO, interdiffusion could be obtained. The experimental finding by th~

(i) TIle partial interdiffusion of lla'] iO) and SrTiO, powder form, a ceramic

material with inu-agrainconcentrationgradient

(ji) Graded compo~itionceramic exhibit a very broad dielectric rela.xationregion

with almmt flat Cole-Cole diagram.

(iii) An unusually flat Cole-Cole diagram appears when an intra grain

composition gradient is pre,ent The diagram approaches arc-like ,hal'" when



,"
the intra grain compositIOn gradient declines, The C-E dependence follows

the debye semicircle when the intragrain comp",ition vani.,he, completely

Ferro electric thin tilm is currently being considered fOl' variety of electronic

application. Some of !hi, application takes advantage of the volta~ dependence of

dielectric c(}n,lan!. 11Ii, feature can be used to produce voltage tunahle microwave

devices such a, resonator, filters and phase shIfter. For this application it is desirable

lo produce thin films which hsyc maximum tenability (change in capacitance under

applied de bia,.) with minimum loss factor. Since the tenability of a ferrudedric is

maximumnear the Curie poin!.H,N Al Sharecfcl.al [44J foundthat high temperature

pOStdqlosllion annealingofooth sputteredSrTiO, and Sol-gelderivedBaT,0 J films

markedly improve their hmingand loss factorcharacteristic,.

2.RProcessing of Barium Titanate based ceramics
Property of the final producl depends on the processing from raw

matcrial to the final sintering. Every step in the process ehain has its own

influence on lhe successive step and the final produel Many method, are

used to syntheses lJaTiO, a) conventional nllxed oxide. b) sol-gel, c)

chemical precipitahon, d) hydrothermal and e) combustion reaclion. Choice

of route depends on the applicalion. Nano.powdcrs arc prepared using the

ekclrophorcctic (EPD) method for making films. Even thin film was

prepared from bulk single crystal using ion .Iicing melhod [45]. Ultra fine

IJaTiO, powder obtained by combustlOn reaction are used to make bulk

material was described as relatively efficient melhod [461. I:ly far lhe firsl

method is widely in the industnal application as well as at laboratnries

llowever, pnwder obtained in other routes IS supcrior in terms of

homogeneity and fineness. Thi.' method also known as solid-state method

was "'I'd to prepare sample in thi, sludy.

In lhe follo"ing sectlOn, important steps of proceSSIng route are

discussed briefly wilh lheir influence on diclectric property of BaTiO)

ceramIcs. The raw materials are BaeO" Ti02 and SreO). Almost same

proccdurcs arc followed in the solid solution of l:laTiO, and Sr'l'iO). In lhe

solid ,olution reactiou process mixmg is completed by ball milling. Solid

state reaction is completed during the sintenng process.
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2.8.1 Ball Milling
The weighted powder> are mixed mechanically by either ball milling

c,IIM"caIODO'.;"'"
w;t" 'ot0O'.1
bottom~n"

'.",o.~OI.lId

""MOO" "'.",a,",,,blmO .,
""II ,"m"

Rubbo' ocalad ,"110"
CQo""et~dby • b." o"d pull.y

toad" •• ",c'Q<

Figure 2-29 S~hemah~ of a BaH M,ll

or ~ttrition milling, Milling is carried out to reduce the particle size of the

pov"tlers 10 the sub.micron range for the solid phase reactions to occur by

at"",;c diffu,ion, rhe ;chern"l;c of a ball mill was illustrated in Figure 2-38.

Size and distnbutlOn of the ball is an import factor detennining the product

quality Thumh rule is, _,mallcr the size of balls finer the particle but it take
longer time to break tio'Wn big particles, hence usc mix of different si7.c

balls. Motion of ball i" controlled by the ro(ahon speed of (he mill. At

higher speed ball, cling a( (he inn~r side of the mlll due to centrifugal force,

too low 'peed would ,et the ballo almos( statIOnary at the bOllom. In both

ease in,"fficien( friclion be(ween balls and particle wonld not break down

the particle. Optimum 'peed is achieved when ball> are in CIrcular motion

"nd roll back to bottom from abont three quarter way to the top as shown in

Figure 2-29.

Media i, another important consideration fOTtwo reasons. It must not

react with the hall, the container, or the powder. Secondly, must avoid

decrease of colloidal stability For instance, mllling of BaTl0] 1n water

media sct of tribochemical reaction. The reaction forl1ls strongly alkaline
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Ba(OH):: which upset the pH balance, decreasing the colloidal slabllily of

the suspension [47). Either non-polar liqmd such as acetone, alcohol, IS

u,ed or polyelectrolyte stabilizers are used "jib waler. Usually the same set

up i, used for milling (he calcined powder. Finer particle can lower the

sintcring temperature and firmg time significantly. JOxtenl of ball milling is

usually assessed by particle ,ize analysis. If very fine inillal raw materials

is ,"sed 1ll the Case of solid solution then ball milling i, u,ed for ml)::ing fine

powder homogeneously

2.8.2 Shaping and drying

After calcining, the lumps arC ground by milling as uc,cribcd

prc'lOlIsly. The milled powder ready for further processing '8 commonly

referred al 'green' body. The green bodies should have a certain minimum

density befOl'e they can be sm(ered. Common practice i3 (0 achieve 60% of

(he (heoreheal density during ,haping and pre-sintel'ed ,tate. The de,ired

shape and a minimum green density can be provided by various techniques

inclu<hng powder compaction, shp-easting, extl'll.,ion, doclor blading,

dIpping, ete, lIot pressing (bolh axial and iso,tatic), although expensive

method, is becommg popular fOl' better quality ceramic material used In

high end applicati(m, The chOIce of the method depends on the type of

powder used, pal'ticle _,ize distribution, and state of agglomeration, desired

s11ape, and \hlClmess of the part. Jlydraulic or mechanical presses are used

to press powder In to desiled shape al lhe pressure of -100 to 300Ml'a.

Owing (0 the natul'e of this process, only ,implc and symmell'ic ,hape can be

prepared. No sintering aid or liquid is added to the powder for .'olid phase

sintering route. Hence, strength of the green po ••••.der compact is achieved

through addition of a ,uilable binder sueh as PYA, glycol phthalate, etc.

Aftel ,haping, the green bodies are heated very slowly to between

400-600"C in Ol'der to I'emove any binder present. Initial heating rale 10

burnout the bindel' is about -1-2"Cimin in order to allow the gases 10 come

out slowly without forming cracks and bhsters in the ceramic part. After the

binder burnout is over, the samples are taken (0 a hig.her temperature for

sin(ering (0 take place.
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2.8.3 Sintering
In this step, powder so prepared finally lramforms to usable ceramic

body. In ceramic indus!,;e, thi, 'leI' is aho known as firing. RaTiO)

mature, in the 1350'C to 1450°C range [22]. This is the most important

processing step In making of ceramic material. All properties of ceramic

depend, on the smlcred body which is the direct result of the smlering

parameter such sinlering temperature, hold time, atmosphere, thermal

profile. elc. There are many sintering methods used but this discussion

would he limited lo "ohd phase method.

Becau,e of the hIgh melting point of the fa'" mat~nals, the

fabrication of ceramics commonly includes a heat treatment step in which a

powder, already formed into a required shape, is converted into a den,e

solid. Thi, step 18 referred to ,intering (or firi"RJ- In general, a ceramist,

wishing to produce a material with particular propertie" mllst idenhfy the

required microstructure and then deslgn processing conditions that will

produce this required microstructure. The objechve of sintering: studies is

therefore commonly to understand ho" the proce,sing variables suen as

temperature, particle ,i7,e, applied pressure, particle packing, eompo,ition and

sintering atmosphere influcnce the micro,tructure that is produccd. Scvcral

tcxts have been puhli,hed in recent years that provide a detailed trealment

of thc theory, principle." and practice of sintcring [48J. In the pre.,ent

article, we outline tne basic principle ()f ,intering atld how tney are applied

practically to the productIOnof ceramics with controlled micro,tru~turc,

2.8.3.1 DRIYING FORCES

It is generally accepted that the reduction in the surface free energy of a ,in-

tering:c()mpact, due to the elimination of internal surface area associated with the

pore.', provide, the driving force for sintering. When compared to other

processes (e,g, chemical reactions), the decrease in the surface free energy

during ~in!eringis rather small (-IOOJ/mol for particle, with an initial diamctcr

of Ii-un)but the distance thal has to be transported by matter is also small (of!he

order ()f the parllclc si7e) So ,interil1goccurs at a reasonable rate at sntficiently



high tempemtures.

The speeit1e energy and curvature of the pamele surfaces P'ovide an effective stress

on the atoms under the surface. For a curyed surface with principal radii 'curvature r,

and '2 thi, stress i, gIven by the equation of Young and Laplace:

[ , "0:=1',-, -+-Jr, r,
(0

1',-,IS the specific ,urface energy. The diffusion potential, /I, whieh drives matter

tmnsporl is in this case found by equating the mechanical work performed by the

stre" to the th~rmodynamie work required fm the have been mode of the surface free

energy. A commonly used relation i,:

(2)

where Q i, (he atomie or molar volume. The equation for I'- is actually c(}mp!eJ.:.for

polycrystalline cenunie, where (he pores are in contact withlhe gram boundaries [4RJ-

For example. in the final stage of smtering last few pore, are a»umed 10be spherical,

one expreSSIOnis [49]:

_,,[2)'gh 2)"V.l")e- --,--G ,
(3)

where Yebis the .'pecific energy of (he grain boundary, G i, the diameter of the grains,

and r is the radIUS of the pores. According to Eq. 3, the chemical potential

consist, of tW() contributwns, one attrihuted to pores and other att,ihuted to

boundaries.

A fUTtherdevelopment is to relate the chemical potential to an externally

apphed stress. The driving force for sintering is then defined in term, of a sintering

stress, E, which is the e'fu;va!flli (,Xlernally applied stress that has the ,arne

effects on sintel'ing a, the cuned ,url:1ecs of pore, and grain boundaries [4]. The
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formulation of the driving force in terms of a fictitious externally applied stress;,

aciv011l'geoll' In the anaIF;' of "ntctlng whcr~ tn~ChalllCal,tIe" elftc!; ari,e (e.g.

rrc"ur~ <lnlcnng aw..lcoll;irained ;Ullerl1lrJ. [t also pro,~de, " collcepmal basi, for

,k']gni,,£ t~petjmem, to measure the sinter;,,!';me"

2,8,3,2 STAGES OF SINTERING

The microstructure of a powder compact con,isting inillally of discrete

particles, evolves continuously during sintering. l1owever, it is sometimes cOn-

venient to divide the process into three idealized stages dctinca in tenus of the

microstructure, to force corre'polldence between simple, e,tablishcd sinlcring

model>, The ""fiat slag" would begin as soon as some degree of atomic mobility

i, achie,-ed and, during IhlS~lage, ,harply concave necks form hetween the individual

particles. Th~ Hlllounl of densificalion is small, typical1y the first 5% of linear

shrinkage, and it can be considerably lower if coarsemng mechanisms are very

aclive, ln lhc mtermedwle slage, lhc high curvatul'es of the initial stage have been

model'ated and the microstructure consi,ts "f a three-dImensIonal interpenctrating

nelwork of solid particles and eontinuou" channel-like pmes. This slHge IS

considered vahd to -5-10% porosity and therefore covel'S most of the

dellsification. Gram growlh (coarsening) starts to become significant As

sintering proceed" lhe ch"nnd-lih porc~ break down into isolated, closed voids,

which mark the start of the final stage Grain growlh can b~ mOru exlensive in the

fmal ,lag~ and dif11culties are commonly encountered iu the remo~al of the lasl few

percent of porosily.

.,
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figure 2-311:Schematicrepresentationof thc simeringmechanismsfor a systemof t\vo
pamcles.

2.8.3.3 MECHANISMS OF SIl'.TERING

Sintenng of erystallinc materials cun occur by ,everal mechamsms (l.e. atomic

transport paths and their associated sourecs and sinks): vapQf transport

(evaporalion/condensation), surface diffu,ion, lattice (volume) difTu"ion, grain

boundary dlflilsion, and dislocation motion, Figure 2-30 shows a schematic

representation of the matter transport palh, for two sintenng particles, A dis-

tinclion IS commonly madc bet\veen de,,-,ifyingand nOIl-densifyingme~hamsms.

Vapor lHnsport, surface diffusion. and lattice diffusion from lhe parlicle

surfaces to the neck le"d to ne~k growth and coarscning of the particles without

denSlflcation. Grain houndary diffusion "",1 latti~c ,hffusion from thc grain

boundary to the neck are the most important dcnsifymg meehani,ms In

polycrystall1nc ceramics
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DIffusion from the grain houndaries \0 th~ pores p~rmit.sneck growth as wdl as

shrinkage (densification). Plastic flow by dislocation motion Can cause neck growth

and t1cnslllcatioll through deformation (creep) of the par1icl~, in response 10 the

,illtenng ,tr~,,,, Plastic llow is more common in the .intering ofmelal powd~rs. For

glass powders, which can have gram boundaries, densification and neck growth

occurs by vi,cous flow lll\'olvmg deformation of the particles,

In adthllOn to the alternative mechanisms, there are additional complications arising

from the diffusion of the ditferent ionic species making up the c(}mpound to preserve

charge neutrality "r the local composition, the t1ux of the different ionic species

wIll be coupled [50] A further complication arises because eaeh ionic speeies ean

diffu,e along dIfferent paths. For an oxidc with thc formula M,Ov, the effective

(amhljJ()lar) diffusion coefficient is given by l50J:

D= (x+ -' )[D,,I{ + r.o,r,DM".I G][D,(J + 7rO"I)"".I GJ
y[l)/d + 7ro",D;" gh.l G]+ x[D,' + r.4;bD' gb.l GJ

(4)

Where D is the diffu,ion coefficient, G is the grain ,ize, ;) I.' the thIckness of

the grmn boundary, thc subscripts I and gb ,efcr to lattice and grain boundary

diffusion, respectively, and the superscripts M and 0 rcfer to the metal and

oxygen ions, respecti\ely. A~cl\rdmg \l\ Eq. 4, whatever the relative magnihldes "f

thc four d iffusivitie" it i, the slowesl difji,sing species along irs !as(cs( paih that

controls the rate A,n(}the,complicating factor i, that the rate-controlling mechanism

for" given matcrial can change with changing conditions of the proceS5variables

8u~has !cmpcraturc, grain SIZC,and composition

2.8.3.4 COMPETITION BETWEEN DENSIFICA TION AND
COAKSEl'ilNG

'j'he various sintenng mechanisms do not operate indcpendently. Vapor tramport

and surface diffusion compete with the densifying mechamsm. They
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fiGURE 2.31 (aJ The 3urface of"n ,\ll~Jceramic fmm which "lJ
powsily h"8 becn removed during ,inlering in which the densifying
pro~csscs dominate. (b) The smtcring of silicon wh~re coarsening
mechanISm, dominate results in formation of a conlinuous network of
solid material (white) and porosity (black). 'j'he mi~ros(ructural change is
not accompanied by any dcnsitlcation. [50]

lead 10 coarsening Qf the micro,lrudurc and a reduction of the driving force

for sintering, so that a significant reduction in the dcnsitication rate can

result. Sintering i" therefore, said to invoh-e a competition between den-

slflcatJOn and coarsening. The production of ceramics ••••.ilh high densIty (Fig.

2-31a) would require choosing the sintering condition, so that the nondellSifying

mechani,ms arC not very active When coarsening mechanisms dominate, the

production of a highly porous body is favored (fig. 2-31b).

2.8.3.5 EFF~CTS OF GRAIN BOliNnARmS

In the sinter;ng of polycrystHllinematerials, part of the energy de~reasc due to

cl1mmallon of internal ",rface area associated with the pore, goe, int(}~reating

new grain boundary area. The grains alw have a tendency to gt'Ow,by migration of

the boundaries, to reduce the energy a5S(}~iatcdwith the grain bQundarie" thereby

leading to au mCn:aSein the diftusion distance The pre"en~e of the grain boundaries

also dictates the e4uilibnum shape of the pores at the intersection with the

boundanes. At equilihrium, the chemical potential of the atom, in the p(}resurface

must be the ,arne everywhere, which is equivalent to saying that the curvature of

the pore surface is the "arne everywhere. TI,i, means that the pore surface mnst

consist of circular arc~ in two-dimensional models, and of ,pherieal caps in a

vel)' limitcd number of three-dimen,ionHI geometries, for isotropic solids. There

must also be a halance ()r forces at the j unction between the grain boundary and the
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FIGURE 2-32 Pore shape and pore ,labIlity arc determined by the dih~dral angle

COQrciinat;on number: (al The pore with the cunCaVe surfaces will shrink while (b)

the pore with the comex surfaces w!ll grow

pore ,mface. Ignoring po"ible torque lerms. as shown in Figure 2-32a thi" balance

of force, leads [0

w '.em -~--
2 2y"

(5)

where Vi is the dihedral angle, 'Y,bis the 'pecific grain boundary energy. and;

'i,v is the specitic surface energy.

The pore surface in Figure 2-32a is concave (negative cunalure) and during

,intering, the surface will move lowards its centcr of curvature, 80 that the pore

will ,brink. However, as shown in figure 2-32b, when the pore is surrounded hy

a large number of grams (i,e, the pore (o(),dination number is large). the balan,e

of for,es at the grain boundary/pore junetion dietates that the pore surface will

be,ome ","vex (posilive curvalure). In thi, case the pore will grow or become

metastahle (R M. Cannon, unpubhshed wOl'k) Whether or n(}lpores ean shrink in

a powder compact has been analyzed in themlOdy namic lerms by Kingery and

firancoi, [16]. 'l'he balance b,tween the I'eduction in p(}re surface area and the

lllercase in the gl'ain boundary area leads to a criterion that presnibes the

maximulll pore coo[(linatlOn number that will pel'mit a pore to shrink, As shown

in Figure 2-32, for a given dihedral angle (e,g. J200), pores wilh a coordination

numher less lhan ~ e'rtain critical \"alue, (,ol, ~ 12), will shrink while pores wilh

11'> Nc will gro". The large pores in a powder ,ompad will have large values of

N and will lhcrefore be difficult to shrink. leading to residual porosily m lhe
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s;ntcrcd material. The importance of controlling partlcle packing for the

achievement of high densIty is therefore dear,

2,8,3.6 GRAI;'-.J(jRO\VTHAND COARSENING

(jrain groll-il, ;s the ternl used to describe the increase ill the ",eragc grain ,ize of a

poly~r)'stalljne material. The grain boundary is a region with a complex ,tructur~,

about 1-2 unil cells wide, between two cry,talline domains, It has a hIgher energy

(han the bulk crystal and, henc~, a rcductiQl1 in the grain boundary area will

reduce the tree energy of the system. The grain bound",y moVeS by diffu.,ion of

atom, (ions) from one ,ide of the boundary to !he other 5[' that aloms previously

aligned with onc grain become, aligned with the other, causing it to grow at the

expense of its nClghbor. (;ro"1h o~curs in such a way that the convex grain loses

atoms while the conC~VCgrain gain, atoms with the re,ult that the boundary moves

towards its ccntcr of CUTyarure.

Thc term coarsening is frequently u,cd to describe the proccss in porous ceramics

whereby (hc increase in the average grain ,ize is accompanied by an increase in the

averal!e pore SIZC.Coat,ening, as we have obser,cd. reduces the driving force for

smtering and inncases the diffnsion thstances for maller transport, thereby reducing

the rate of ,intering. The suppression of coarscning mechani"ms therefore form<" key

requirement for the achievement "f hIgh density.

Another r~qU1rementis that the mIcrostructure be stabilized such that the pores "nd

the grain boundaries rem"in ~ttached. Thi, <econd requil'ement depends pl'im"rily

on the ability to reduce the mtrinsic (pore-free) mobility of the grain boundarie<.

An understanding of grain growth in den,e ceramlCS therefore form, a key step

towards controlling grain growth during the sintering of the powder compact,.

Coarsening "f precipitates or particles In a solid, liquid, or gaseou, medium is

commonly referred 10 as o.mmld ripening. It is especially important in phase

sintcring where matter transport dri,en by chemical potential causes the ;maller

grains to become ,mailer and the larger particle -_ re,ultmg in an increase m

the average grain sizc. Many fe"tureg of coarsening (pore gl'Owth and grain

g.ro\\.th) in solid-state :;intering arc also shared Ostwald ripening proce'l.
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Grain growth in ceramics is generally divided into two types: - (I) normal

grain growth and (ii) ab"ormal grain growth, which is sometimes referred

e~taggemted grmn growth Ordiscontinuous grain growth. In normal grain growth

lh~ average grain sIze increases with time but the grain size distribution remains

self-similar (invariant in time). Abnonnal grain grov,,(h i, the pro~e," where a

few large grains grow rapidly at the expense of the smaller grain,. giving

bimodal gmin size distribution. All/so/ropic grain growth is a type of abnormal

gmin growlh in Whl~h!he abnormal grains grow In an elongated manner, commonly

with faceted, straight ,ide,_ In porous ceramics, ahn(}nnal grain "gr(}wth' i,

accompanied hy breakaway of (he bounJHri~~from (he pores and, as outhncd

earlier, must be avoided ifhigh densities are to he achieved.

2X3.7 NORMAL GRAIN GRO\v"l'H

Normal grain growth in pure, den,c. single-phase materials has bcen analyzed, by

a number of different approaches. In one of lhe earlieot models, Bur_ and Turnbull

l50J analyzed the diffusion of atoms across an isolated boundary under the driving

[or~e of the pressure dilTerenee across the curved bound,-.". Me<Jn field Ih<,odes

conside, tbe change in size of an isolaled grain embeddec - a malri" that

represcnllhe average effect of the while array of grains. During grain gro'W1hin

real ,yslCms, ccrtam topological requirements of a space-tilling anay of grains

rnUSlbc balanced wLth the requl rement< of interfacia I tension More recently, the

usc of computer simulations has proyided a valuable teclmique for the analysis of

grain growth,

Th~ grain growth models pr~dl~t a kindIC cqualion of the form

G'''~ Gmo+Kt (6)

where G is the gram size at time I. Gu is the gl'ain size at t = 0, and K is a

temperallLTe-d~p~ndent rale con,tanl obeying thc Arrhcnius equallon, For the

Burke and Turnbull model and for the mean fi~ld tb~orie" m ~ 2 0, e.

parabolic growth kinetics) while the topological model of RJlines and Craig

pr~dicts m = 3, A non-inlegral vallL~ of m ~ 2.44 has been obtmned in the

computer simulatIOn depicted in Figure 2-33. In practice, grain growth data for



dense ceramics yield m values ranging from 2 to 4.

In .1,e model of Burke and Turnhull, the rate constant K for a pure, pore-free

malcnal is related to the ;ntri"",e mobilityof the boundary, I\fb,by

•

(7)

where" is a numerical constant that depends ()n the shape of the grains and 'Ygbis the

grain boundary energy. The mobility is related to (he diffusion C(lefficienl for the

atom, acrosS the bounda!)', !Jo, by

(8)

where k i, the Boll~mann constant. 1'is the absolute temperature, Q is the

alomic volume, and 'Y,bis the grain boundary thiekne,s.

fIGURE 2-33Grningrowth in adem" polycrystallincsolid determined by compuler
,imu1ationemploying a MoteCarlornethod [501,

2.8.3.8 ABl\'OR.\1AL GRAlN GROWTH
Micw"ITuClIIreSof polycrystalline ceramics that have been heated [or >ornetime at

a >uffieiently high temperatur~ onen show very large (abnormal) grains in a

matrix of fmer grains (Fig 2-34), It i, important to understand and 10be able to

control abnormal grain grov"lh for two rna'" rea,ons. First, th~ occurrcnce of

abnormal grain growth during sintering limits the attainment of high dcnsity.

For example, thc pores trapped in the abnormal grain shown in },igure2-34are

diffleult (0 ,emove. Second. the large ahn(}rmalgrains are commonly detrimental

to lhe properties of the materiaL An important goal in praetlcal sintering i,

therefore the suppression of abnormal grain grov"ih, As de.,eribed later. (hISis

commonlyaehieyed thmugh the use of dopant•.



The explanations given by recent computer simulation, and theoretical analysis

[50] show that although the large grains grow, they do not outstrip the nQrmal

grams. rhe normal grain, grow "I a faster relative rate so that the large

(abnormal) grains eventually relurn 10 the normal size distribution. The size

efIect is therefore not a sufficient criterion for abnormal grain growth.

Inhomogeneities in chemical composition. liquid phases, and particle packing

have long been suggested as p03Sible CalL3~'"f abnormal grain growth.

2.8.3.9 COl\iROL OF GRAIN GROWTH

The most effective approach for inhibiting grain growth involve, the use of

additives (dopants) tlllil arc incorporated mto the powder to form a solid solution

[531 The concentration of the dopant (the sob,le) is otten believed to be well below its

solid ,oluhility limit in ceramic (the host).

TABLE 2,1 Examples of Dopanll; Used for Grain Growth
Control in Some Common Ceramic,

,

•



Ho,l
Al20J
BaTiO]
ZnO
Ce,O]
Y,O.l
SiC

DOj)ant
MgO
Nb; Co
Al

Y, NJ, Ca
Th

(B+C)

Concentration (al"lo)
0,025
0.5-1.0
0.02
5~5
5-10

O.3IHO.5C
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Example" of system, where the dopant approach has been used succEssfully are

given in Table 2, j, The effectiveness of the dopant in 5uppressing grain grO\Hh is

often fOlLndto depend on it, ability to segregate at the grain boundaries. Segregation

may occur right at (he disordered "core" of the grain boundar)' or In an adjacent

space-charge layer

The inhibition of grain growth is believed to occur hy a mechamsm of so/ute drag

In this mechanism, a slrong interaction occurS between the segregated solute and

the grain houndary '0 that the solute must be carried along ••••.ith !he moving

boundary. Solute diffusion a~ross the boundary is assumed to be ,lower than thal of

the host atoms and therefore becomes rate ,0ntrol1iug. In the solute drag theory put

forward by Calm thc boundary mobility of the dopcd material i, given by

, D,i:lMh~
4kTS -----C'0 ~"

(9)

Where Db is lh~ d,tlilsion coefficient for the solute atoms aCTO"the boundary of

width Ii,h, n i, the atomic volume ofthe ho.'! atoms, k is !he Boltzmann constant, T is

lhe absolntc temperature, Q ,s a partition coefficient for the solute distribntion

belweeu thc bonndary and the buice, and Co is the concentmliou of the 801nteatoms

in the latllCc.According to £q. 9. thc boundary mobility is directly proportional to lhe

diffusivity of thc solute across lhe boundary and im'ef'ely proportional to the

segregated concentralion of thc solute Qeo). This indicates that aliovalent solutes with

largcr ionie radii lhan thc host would be effec!!vc for suppressing grain growth.

I



Anothereffective approach for graingrowthcontrol, bmone that i, Ie" used. involves

the usc of line, inert precipitatesat the grainboundaries Ie i.,the use ofZrO, particles

to control the grain gro"1h of Al,O! precipitates inhibit grain growth by a pinning

mechanism,

2.9Applications
13arium titanate can be regarded as 'wle model' of electronic ccramic from

application point of \'iew Its piezoelectric, pymelectric and ferroelectnc

propcrtics were successful1y applied in many commercial application,. Va,t

majority of commcrclally important application arc in polyct'ystalline bnlk

or film form. In the following ,ections, property "i,e applicali"lls are

hriefly discussed Since dielectric properhe, "fBaTiO, ba,ed ~erami~, were

studied in this thesis, capacitor application especially MI.CC emphasized.

2.9.1Multilayer ceramic capacitors (1\-1LCs)

Multilayer capacitors structure, as shown in l'igure 2-35, enables the maxImum

capacitancca\ailable [roma thin dielectric to bc packed !Utathe mimmumspace In a

mechanicallyrohust fonn [511-

. , ,,..'""""\
.;"ii'""•.

Figurc2-35 Schcmaticdiagramof a multilayerceramic capacitor construction l52j

Recently, multilayer cemmic capacitor, (MLC,) with Ni electrode, have been

increa,ingly plOduced to meet growing requirement, for miniaturization, large



capacitors and coSl reduction [52]. firing the diele<:tricmaterials in a low-oxygen

pani"1 pressure 10 prnenl Nl fi:om oxidizing is one method to miniaturize MLCs,

Then addition of MgO and Li20"Si02-CaO glass components are effectiye not only

io preventing the dielectric malerial [rom red\lcing and but also in controlling the

lcmpcraturc dependency of the dielectric conSl<lnt. Bccause of appealing of

helerogcneous microstl1leture, so-called core-shell ,tmclun: thaI showed a typical

ferroelectric domain pattern, microstructure controlling become, exlremely important

to imprO\e the reliability of MLCs within very thin dielectric layer lhlckness. It was

suggested that the micw,lruclures and lhe electrical propertie, were influenced by lhe

change of substitution modes of Mg and rare-earth oxide in perovskite [53]. For

larger ion (la_ Sm)-doped samples larger amount of MgO is necessary 10 suppress the

grain growth and fonn lhe core"shell slrueture lhan smaller one (Dy, 110,Er)-doped

samples, Also, the solubility of ra,e-eanh ions in BaTi03 has a linear relationship

with the ionic radius, It is eonfinned that the larger ion acting a, donors mainly

dissolves Ba site, while lhe ,maller IOnacting as both donors and acceptors dissolves

both Ra- and "l'i-site,. In recenl year" MlCs with Ni internal electrodes composed of

aboul 400 dlclectric layeClofhel"w 2flm thickn"," have been developcd [54].

2.9.2 PositiYe temperature coefficient (l're) thermistors

POSillvc temperarnre coefficient WI C) nmlerials prepared frum doped semiconducting

harium lilmmle ceramICs can be used in various kind of electronic circuitry a, a

<witching device or as a consianl lemperalurc heater 1551.In addition, PTC thennisto[S

app1ications ,uch as the measurement/deleClion/eontrol of temperature or parameters

related \(}temperature are also important. These PTC materials are known to have a

hIgh tcmperarnre coefficient of resislance around Cune point and the ability of self-

lim'ting, so they are as well come oul 10 be a vcry useful deVIce for senSQr

applications.

The p",itive temperature coefficlenl u[resislanCe (PICR) can be elassitied as critical

lempcrature resistors because of the positive coefficient being; associaled wilh the

femleleclric Cune point. In fae!, PTCR materials can be divided in\(} four group",

polymer composites, ceramic composites. V20) compounds and BaTiO)-ba,ed

compound, (BaSrTiO.\, BaPbTIOl".) [56J, for BaTiOrbased comp"unds, BaTiO) i,

an insnIator at room lemperarnre. After doping wilh trivalent donors (e.g. La, Sb. Y)

that substilule for (he Ba+2 or with pentavalent donors (e.g. Sb. Nb, Taj thaI sub,lit,,(c
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lor Ti+4, BaTiO.\ becomes semiconductive that show3 a PTCR erfed as ,hown In

F;g;lL[~2-36.

F19:urc2-36. Typical resistivity behavior of a RaTiO,1 -type PTCR material [55]'

2.9.3 Microwave device

Ferroelectric thin films arc currently being considered for a variety of

electronic applicatIOn, Some of these applications take aclyantage of the

voltage dependent of the JieledTlc constant. This feature can be used to

prodllce voltage tunable rnicrowa~e devices such as re>onators, fillers, and

phase shifters. For these applications, it ;s desirable to produce thin film"

which have maximum tunability (change in capacitance under applied Je
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bia,) wnh a minimum 10'" faelor, Since the tunability of a ferroelectric

materi"l is maxirni7ed near its Curie point, different materials ar~ preferred

for different appllcahon temperature,_ Thu, malcrial such as Sr'l iO, lLseful

for tuning apphcahon at cryogenic temperature, whereas materi"l ,,,eh as

BaTl0, and Pb(Zr.Tl)O) arc more suitable for room temperature

apphcation.
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3. Experimental

3.1 Introduction and sample identification
Three Jifferent compositIOn including pure barium titanate nano

powder were used to prepare the disk shape ,ample. Table 3.1 shows the

composition, of different samples_ Process variable' applied on these

samples are hS1Cd in table 3.2. Specificatlons of raw powders ale given in

AppendIx-I.

Table 3,1 Sample identifIcation according to the ,ub,lllUtional doping level

BaTiO, BJo BaS"~'OTIO,

Tabl~ 3,2 PlOceSS yariablcs;n SJmple pre'Paration

SET Compo;11100 Pre,,"'. S"Herlllg l10ldmg Ii In' Heating Rate

(Mpa)
<en'!,(0C) (HQur) ("{'Ilnll\)

, BaTIO, '"" 12\0 , IS

BaTIO, "'" 1250 , "
BaTiO. '"" 1250 , "
BaTiO, 4,0 1250 , "
BaliO, 4S(l 12()O , '"
BaTIO, 4;0 1200 , '"
BaT;O, 450 122:\ , "

, Baa,90S r0.10 Ti 0, 4,0 1250 , '"
Bao"S" 10TiO, 450 1200 , '"
Ba, "Sr, "TiO, 450 1225 , '"
Ba, ,0Sr, "TiO, "" 1225 , ,
Bao"Sr, ,0TIO, '" 1250 , ,

-
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, Bao"Sr, "TiO, 4;0 1250 2 00

Ba, "Sr,." TiO, 4.'l' 1200 , '"
Bao."Sro "TiO, "'" 122S , '"
Ba, ,oSr, "TiO, 4:\0 1225 , ;

Bao "SI, 20TiO, ';C 12jO , ;

0 Bao 7US',,, TiO, "'" Ins , '"
Sao."S" "TiO, 450 1225 , ;

Sa, ,,,S,, "TLO, ,;" 1250 , ,

3.2 Sample Preparation

Pure BaTiG) werC prepared from BaTi03 nano powders. [Appendix 7.1] Samples

of olher composition, were ffi"dc by mixing wgcther th~ swichiomctric rario of

BaTiO., and pure SI'TiO,1_ PVA (poly vinyl alcohol) was used as the binder. Aller

mi'-mg., the,e powders were pressed ",jlh 4S()M!'a pressure. In addition, JOOMPa and

600M!'a preS'UTes Wele applied at hmited extent to observe the dlects of compaction

prcssur~ on dieleclIlc p"'p€rhcs_

figure 3.1

Face

Edge

Disk shapc sample.

3.2.1 Ball Milling
High density polyethdme (HDPE) was u,ed as milling pot Yl0r

stabilised zircolllu balls manufactured by Infmmat (USA) were used for

millIng 25 grams of sample. Two different SIze of balls (dia~5mm ami 3mm)



and aeeton~ purity>9'l%Merk, Germany) was employed a, milling media

Locally made motor driven hall mill was used for this occassion. Th~ pots

w~r~ rotated ar 140rpm. The (}hjeCli,c here wa, ,imply to achieve the

thorough mixing of powder., rather th"n any size ,eduction,

3.2.2Compaction
Milled and dried powder wa, mixed with 2% poly vinyl alcohol (PVA) and

followed by oven drymg at lOO'C before pressmg. Samples wer~ uniaxially

press~d in to pa11etsusing 450MPa pressure, At maXImUmpressure samples

were h~ld for the minutes Samples were kept from being too thick t() resist

pre»lLre gradient

3.2.01Sintedng
Mume furnace (Thermolyn~ High Temperature Furnace • Model

no.46200) was u,ed to sinter the pallet, in air atmosphere. The thermal

profilc of sintering is given in Figure 3-2. Pallets were placed in the furnace

(}n an alumina plate, Rinder burnoul temperature was 450'(:, while the

holdlng time was I hour. Heahng and e(}oling rat~ used In the sintering

process is varied betwe~n SOC/minto 50°C/min Sintering temperatures and

hold time w~r~ vaned to ob,erve th~ir effect on the densifieation and

dlclectrie prnperties .The fmal shape of the pellet sh"p~d ,amplc IS shown

in Figure 3-1
...................... i

,""",&., T,'n", ._ •••••• _ •• -- ------0>

Tempelowre

8",1",!llirn ""'
k"'l'""""""

Hold~>

Figure3-2Smteringthermalprofilein general
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3.2.4 I'o,t Sinlering
After sintering. lhc samples were ground and polished ,"cces","cly

\\,iln SiC paper of gnt !l500. #800 and 1112110to oblalll flat and pohshcd

surface. Dimension of the pal1ee, wer~ taken for den>!ly calculation and as

well as for di~lcclric constant measurement !'rior to electrical

measurements, sample, were cleaned and dncd followed by painting with

high punty conductive Siher paint On the both [aces of the sample. Edges

were ground ~nd cleaned with "cc!ane,

3.3 Property Measurement

3.3.1 Density

Sllltcred samples (di,c shaped) were polished using conventional

cerarnographic technique. At first, ,inlcrcd samples were polished u,ing

500, 800, and 1200 grit paper and then "heel polished with alumina

abrasive paste on grit 1600, Dimension of the sample were taken using

micrometer wilh digital read out and weighed u,ing analytical weighing

scak Density of the sample was calculated from the,e dala. D~n,ily re,ults

wCfe presented a.s percentage of theoretical density ('I'D). IT) of d"ped

samples was calculated based on volume fraction of respec[iv~ phase as

shown in Tahle 3-3.

Tablc 3-3

[7,50J

Theoretical Density of BaTiD] and doped sample m g/emJ

RaTiO, BaQ,,,SrUlOTiO) BaowSl'o"I iO., 13"",,,Sr,,'"T,0, SrTiO.,
(,.oJ7 grnIcc 5.9283gmiee 5 83%gmlcc 5.7509grn1ee 5.13gm/cc

3.3.2 Dielectric con,tant and loss
UeClrical properties of the .sample were measured using a Hewlett-

Packard 4194A impedance and phase gain analY'.er at AEeD. Dielectric

constant k' "as caklliated from tbe capacitance vallie obtained from the

anal}'7er according to the equation bel"w:



A tube-furnace type oven was med for heating the sample during the

dIelectric property meaSlLrement.

3.4 Scanning Electron Microscopy

The microstruclure of samplcs was examined USlUgscanning elednm

microscope (SEM). Samples were gold sputtercd (few nanometer thick)

prior 10 SEM examination, The SEM (Phillip, XF 30,Netherland) was used

with acceleration voltage of IOkY. And grain si7e was measured using

linear intercept method.

3.5 Differential Scanning Caiorimetriy (DSC)
DSC wa, carried oul at with DSCQIO of MME to observe the phase

transition at Curie temperature. for both BaTiO) and Ba,Srl_,TiOJ the

heating t'ate was 2,5 and IO"e/m;" The test is carried out in lemperalure

range between 50°C 10 140"C 10 detect the tetragonal to cubic transition,

Also, for doped alld undoped sample, DSC wa, carried OlLt in Ihe

lemperature range of -20 to 30°C to detect the (}rthorh(}mbieto tetragonal

transition,



Results and Discussion
4.1 Siotcred densit); measurement

Den,itie~ were mea,ured taking the maSS and v(}lumc of the sintered sample and

presented a, percentage of theoretIcal density (TD) ", hich was calculated ba,ed on the

data given in Table 3-3. First of all, the ,amples were poli,hed smoothly with the SiC

grit paper. Thickness of the ,ample was measul'ed from ,hITerent locations of the

sample to emUTe the accuracy of volume calculation. Table 4-1 shows the density of

all the samples ,intered at diftel'ent temperatulCs, holding time at constant

compactionpreSSUl'e.

Table 4-1 % Theorellcal Densities of the Samples sintered at different variables

Sample Smtcring Holding Heating Bulk (%) 01
Compo,ilion Tempel'ature time R«" from demity TheolCtieal

('C) (Houl') binder bum (gm/eel density

001
temperature

("Cirnin)

BaTiO) 1250 2 15 5.50 91.36

1250 2 50 5.5795 92.6~

1?O() 2 50 5 ](,(, H909

1225 2 50 5645 9377

1200 4 '" 5.5319 91.8?

Ba"Sr LTIO, 1200 2 50 5.287 ~9.19

12511 2 50 522H H~,lO

1225 2 >0 5,348 90,21

1225 2 5 5.351 90.26

BasSr2TiO) 1200 2 50 5.211 89.24

1250 2 50 5.201 88.24

1225 2 10 5,215 H930

1225 2 5 5,249 89,88

Ba ,Sf, riO, 1225 2 10 5.117 88.97

1225 2 5 5.212 90.62

-
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Green samples (pellets) wefC prepared by pressmg the powdcl' u,;;ng lhe

uniaxial press. Three parameter> are \cry important for pellet preparallon which are

pre"urc, holding time and thickne" of the sample. These three parameters muSl be

"phmized to gd good green <ample" which will later. cxpcflence extensive heat

treatment during the sinkring pmce«. In the thick ,ample, there is a pOS3ibililyof

unexpected density grmhcnl. In the same way appropriate pressure ana holding time

dming compaction are also, cry lmpo,tant l're,ourc must be applied sl",vly so that it

can he dlSlnbUlcd unifOlmly lhrough0111the sample. In this study, the holding time

for the load is 2 minutes. Tahle 4-1 ,how, (hat the RaTiO.1sample smtcrcd at 1200'C

for 2 hOUTS 1m, lhe lowest bulk den,ity, which is ~~%of the theoretical density.

FIgure 4-la sho"," significant amount ofporo"ty m pnre RaTiO) ,ample, The bulk

d~nSlt1esoftvm other BaT10) samples p,epared wIth 450Mpa pressnre but sintered at

1225°C for 2 hours and 1250"(; for 2 hours were found to be around 94% and 93 %

l'e:;peetiwly. These experiments indicate that the eau:;e of ,uch low density may be

due Lo the low sintering tempemLure. The low de",ity can be altnbnted to the

presence of porosity that will be di>cussed in preceding section. Another possible

cause may b~ the density gradient in the 'llltercd products. It mean< some part of the

sample ha, hIgher sintered density and some part of the sample has lower sintered

density. It should be pOlllted out that in uniaxial pre,smg, the green density of the

wmpact alter pressing i, not uniform throughout the whole sample. Thi, i, due to the

fact that pre»un: dlstnbution is uneven because of constraints imposed by die wall.

n,e cause of low~r bulk density of the sample Ba"Sr ,T10,. and Ba,gSr,lTiO)

silltered at 1200°C for 2 hours, may also be due to the eomparati\'ely 1m' ,intering

k'mperaturc and higher heating mte, In ease of undoped harium tilarutl~ samples;

during sintermg, diffusion of only barium tnarrate occurs. Rut in ea,e of Ba "Sr.,T10"

and Ba;Sr,ITiO:, hoth barium titanate and strontium titanate diff""e,. So, during

sintering, homogenization ,hould he carried out at a lower temperature hefore the

final stage of sintering where the pore, are ellminated. Alternately, if heating rate is

slow, then before reaehiug the tlnal stage of ,intering different ehcrnieal SpeCle' t,nds

more time t(}diffuse through one another and hence less chance of crack formation

and more hom(}genous the stnlctul'e becomes 'fherefore, for doped samples, when

heating rate was slow, density increased and cracks were minill1ized
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4.2 Microstructural Stud)'

4.2.1 Microstructure of Rarium Titanate
Many of the properties Df ferwe!cetric ceramics such as dielectric

~onstant, dielectric loss arc related to the mIcrostructural features such a<

grain si7,e and shape. grain boundary, porosity. ferroelectric domains etc. It

is therefore of great Importance to examine the mlcrostructUlal features and

a~curatcly interpret the lh~lI effect on the o~erall properties of materials

[32, 34]. As we know that grain boundary is a high free ~nergy area and we

can excIte the grain boundary usmg high-energy electron, '0 that the

houndary i, prominent and the gTJlnS arc isolated from one another. A

sample having microstructure of small grain, wl1h less porosity is the

ultimate goal of all commercIal poJycrystalline ceramIcs. A vcry important

factor must be noted hefore going 10 the details of the microstrucrural "ludy

thaI IS thc sIze of the harium I;tamte particles that werc used to fahricate

the "l"died samples. If the starting malerial were micron sIze then the

,;ntering temperature would be high, In the present study. nanO sIze

particles (<>IOOnm) were used Lo'" sintcring temperature of the

l1al1oparlicle, was reported elsewhere [41]. Figure 4-la shows the

mIcrostructure of Ba'i i(), sin!ered al 1200°C for 2 hO\l[s. The microstructure

shows that the grain si7e i, ahout 1~LllLSlill sIgnificant amount of pores are

prescnt in miero,truetllle. This lead, 10 relahvcly lower density of the

corresponding s"mpk, As lhc sinlering time and temperature i, increa,ed,

the amount of poro,ity decr~ase, and gram Sl7e increases figure 4-1h

shows the microstructure of the HaTiO, sllllercd at 1200°C for 4 hours,

Herc, the average grain size ha, increased 10 - 3",m and also thc porosily

decrease,. Corresponding density is now - 91%, Again, when ,intering

temperature i" increa,ed from 1200°C to 1225°C for the same holding

temperature, of 2 hours. thereby the porosity is reduced and lhereby

improving the density 10 -93%, But this slight increa,e in temperalure

lllcrCaSeS thc average grain size to -S"m (as ,hown in figure 4-2b). These

phcnomena sugge,t that the increa"e in sllliering temperature acts as a

strong dri,ing [oree for grain growth and densification during ,;ntering

compared to the increase in holding tim~. The id~a IS supported by the fact
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that barium titanate sample "in!crcd at 1250°C sh(}wn in flg4-1c h", an

average grain ,iLC of - 7fllTI. These are comparatively good nllcrostructure

as far a3 the amount and di'lribution of P(}roSlty is concerned. Prom the,e

llllnOS!l'Uctures, it IS seen that the pores are pre,enl at the grain boundaries

only, but not m,idc the grains. All the structures discussed ab(},~ were

,inter~d at identical heating rate of 50'C/min. And it ~an be well ,aid Ihat

such a high heating rate does not pose any difticulty to altain homogeneity

in the structure during sintering. The SCM picture showed the mark

improvement in the mICrostructure 'Nh~n the heating rale is dccrea,ed

fmlll 50"C/min to 15"C/min, hme taken by the malerial to attain sintering

temperature increases and more time is provided for coarsening and grain

gwwlh, The re,ult is revealed in fig 4-3a where the average gram sILe IS

-9fLm and abnormal gram growth can be ea"ily detected. rhe

microstructurcs shown in Figure 4-3a and Figure 4-3b ",ere prcpared using a

pre.<sure "f 450MPa and sinlered at 1250"C 'l'" "ee thc cffect of

compaction pressure on thc microstructure "ther samples were prepared

lLSlllg300MPa and 600Ml'a pressure sintered at the same 1250°C for 2hours.

'I he micro,tructute of lhese samples are shown in figure 4-4a through 4-4b,

It is seen that illcrea>;ing compaction pressure ff(}m 300 to 600 MPa does not

al\~r thc sile and dislriblLtion of grains (}r pores in nllCroStructures

significantly, In fact, these pre"ures arc quite high, becau,e in ccramlC

compaction a prCS';lLre of JOOMPa or mor~ ~a"scs a large amount of back

,tre" "hile removing it from die ~avlty, And these residual ,tresses may

cause fracture of sample after being sintcrcd. Here the compaction pressur~

u,ed was 600MPa. Figure 4-5 and Fig 4.6 shows samples ,intered at same

temperature but holding time i" diffcrent. And when sinlering time i, luss

th~n porosities seems to he c(mtinuous In some regi(}ns Holding at "lnkring

temperalure [or long time eliminates those pores. So, at low ,int~ring

temperature,. l",lding time should be longer. Figure 4-7a and fig 4-7b are

SEM Images taken from same sample but the later sh"w, sample at higher

m"gnifieation. Figure 4-8 tu Fig 4-11 :;hows l11iero'lTUctuT~' of BaTiG)

sintered at dIfferent sintering t~mperalurcs. The microstructur~s ruveal

domaino in,ide grain,.
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RaTiO) sint"red at 1200"e at diff"renl holding time

EJ

Av, Grain
Size -1 ilm

fig 4-1a: SrM micrograph of as sintered undoped BaTiO) sintered at 1200°C; 1000X
Sintenng tim 2 Hr, Heating rate 50"Cimm. Compaction pressure 450MPa

(Sewndary eledron image)

Av Grain
.iz&-3,18I'm

fig 4-1b' SEM micrograph of as .inlercd undoped BaTiO, sintcred at 1200'C; 1000X'
Sintering timc 4 llr, Heating rate 50°Cimin, Compaction pressure 450MPa

(Sec(mdary electron image)

-
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BallO) ~lntcred .1 diITncnt temperature .• lit same brntlnll ratr. ; .~

fig 4-2c

,

A\". Grn;n
$i~IJlm

A,". Grain
sil~5.0Sllm

A\". Grain
sizc-6.5Sllm

Fig 4-2: SEM inicrognph. ofas sinlert<! undoped BaTiO) sintcred a1a) 1200.C,
b) 12225"<:, c) 12SO"C; IOOOXSintering time 2 Hr, Hellting rale SO"CImin.

Comp:tction p='" 450MPa

•

,,
• ,
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BaTiOJ sinicred at 1250°(: at different heating rate

Coarse
gram

Av,Grain
si~c-9.J7J.'rn

Fig 4-3a: SEM micrograph of as sintered undopcd RaTiO.1 sinlcrcd at 1250°C; 2000X
Smtering time 2 Hr, [[eating rate 15°C/min, Compaction pre"8urc 450MPa

Av.C'n:am
si1e-o.581ffil

rig 4-3b: SEM mic'rogmph of as sintered undoped BaTiOJ sintered at 1250°C; IOOOX
Sintering lime 2 Hr, Heating rate 50°C/min, Compaction pressure 450MPa

..
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Fig 4-4a, SEM micrograph of as sintercd undoped RaTiO., ,intered al 1250°('; 2000X
Sinter;ng hme 2 Hr, Heating rate 15°C/min, Compaction pressure JOOMl'a

(Secondary ~kctron image)

FIg 4-4b: SEM micrograph "fa, sinlcrcd undoped RaTiO] s;mered at 1250"C, lOOOX
:'>mtering UIDe2 Hr, Heating rate lye/min, Compaction pressure 600MPa

(Secondary electron image)

., ,
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Fig 4-5: SEM micrograph of as sintered undoped BaTiO, sinlcrcd at J 2QO'C: JOOOX
Smlcnng time 4 Hr, Heating mlC 50T/min, Compaction pr€>SlITc450l>1Pa

(Secondary electron image)

Fig 4-6: SEM micrograph of as sintered ulldoped BaTIO) sinlered at I200°C: lOOOX
Sinter;ng time 2 Hr, Healing rate 50'C/m;n, Compaction pressure 450MPa

(Secondary electron image)

Pore

•.,.' ,
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FIg 4-7a: SUM micrograph of as sinlered undopcd RaTiO., s;ntered at 1225°(:; IOOOX
Sintenng lime 2 Hr, Heating rate 500C/min, Compadion pressure 450MPa

(Secondary electron iliJage)

Fig 4-7b SE1f mICrograph of as simered undored BaTiO,' ,inlercd a11225°C; 2000X
Sintcring time 2 Hr, Healing rate 50'Cimin, Compaction pressure 450MP"

(Secondary electron im"gc) •

,
"

,

•••••
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Fig 4-8: SEM microgntph ofu sintm:d un<!oped UlITiO) sintcred al 122S'C; 2000X
Sinl.,nog time 2 Hr. HalinG flItt SO'Clmin, Compscl;on pressure 4S0M Po

(Sccondnrydedmn imnge)

Fig 4-9: SEM microgmph of as 5in~d undoped 811TiOJ 'sintcrcd nl 122S'C: l000X
Sintmng lime 2 II., Ilc:uing TIlleSO"CJmin. Comp:lcliofl P~"'iUn:4S0MPa

(S«ond:ny elec!Jon image)

,
,

"
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Domains

Fig 4-10: SEM micrograph ora; silltered undoped BaTiO) sinlered at 1250"C; IOOOX
Sinlenng time 2 Hr, [[eating rate 50°Cimin, Compacti()n pressure 450MPa

(Secondary ckclwn image)

Fig 4-11: SEM micrograph of as sin!ered undoped BaTiOj sinlered at I250"C; lOOOX
Sintering time 2 Hr, Healing rate 50'Clrnin, Compaction pressure 450MPa

(Secondary electron image)

I D<Jrnains
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4.2.2 Microstructure of Barium Strontium Titanate.
Solid soluti,," of 90% BaTIO.\ with 10% Sr"] iO, and 80% BaTiO)

with 20% SrTIO, is prepared by appropriate roulc,. Figure 4-12a show< the

micro,trncture of Ba,jSr,IT10) sintered at 1200"C fo; 2 hours. Figure 4-15

shQWS the microstructure of Ba,9Sr,ITiO., sin!ered at 1250"C [or 2 houl's.

Again, we can see lhat at higher sintering temperature abnormHl gram

growth occurs. Here, we GJn s~~ a bImodal si7e di,t,ibution of grain" Some

grains have grown exten,ively on the expanse of smaller grain, And some

smalln grains ha\'e hypo"ed the growth and remain small between those

larger grains, The same case oceu," ill case 0[Ba'18[,21)0) Microstructure,

of BH,Sr2TiO) sinlerd at 120()OC and 1250'C for 2 hours are shown In

figure 4-13 and 4-16 rC8pcct1vcly. But in all doped sample, poro,ity IS

present significantly, which al,;(} IS a kcy rcason for their lower density.

And, In casc ot doped samples pore, are pre~ent al both grain boundaries

and within graim. Bu[ whcn wc dccreased the heating rate, abnormal grain

growth ",as suppressed.

[iig 4-12a SEM micrograph "fa, ,in!ercd Ba 09Sr 0 ITiO) sintered at [lOOT; 11)1I0X
Sintcring time 2 !Ir, Heating rate SWC/m;]], Compaction pre"ure 450MPa

(Secondary elcctron image)
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Fig 4-12b Sl'~\t micrograph olas sintcrro Un o' Sf 0 ,liO) sintcred al 1200.C; I(lOOX
Sinlcring lime 2 II,. 1le:JI;ng role SO.Omin, CompllClinn ptes~ure 450MPa

(Back~lItto:=l electron image)

Fig 4-13 SliM microgruph of as sinll:rro BII III Sr 021'iO) sinlered III 1200"C; IOOOX
Sinterinlllime 2 Hr, He.'ling rale 50.Clmin, Compoction pressure 450MPn

(Sccondllryc1ectron image)
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Fig 4-14 SEM micrograph of as sintered Ba u.9Sr Q, ITiO, ,intered at 1200°C;

lOOOXSintering time 2 Hr. Heating rat~ 50°C1min, Compaction pre3Sltre

450Ml'a

(Secondary electron image)

Fig 4-15 SEM micrograph o[as sintered Ha 0') Sr G.lTiO) s;ntered at 1250'C; lOOOX
Sinlcring time 2 Hr. Heating rate 50'Clmin, Compaction pressure 450MPa

(Secondary electwll image)

Abnonnal
gram

Pores

Fine
Grain



"

I'ig 4-16 SEM microgt'llph of auinlC1'Cd 113Q~Sr 0 1TiOJ sinl •.•.oo at 12SO"C; lOOOX
$inlering lime 2 Hr. Healing ",Ie SWClmin, Compaction p=surc 450MI'a

(Serondary electron image)

Fig 4-17 SEM microgmpll ofas sintcrod Ba 0' Sr 0 ITiOl sinlerc<i at 122S'C; 2000X
Sinlering lime 2 Hr,Heating fllle IO~min. Compaction pressure <l50Ml'a

(Secondary electron im.ge)
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fig 4-20 SEM m;~rogrztph ora, sinlcroo Ba 09 Sr 0 ITiO, sinlerro at 122S'C; 2000X
Sinlering time 2 Hr. IIealing mIl.' SOC/min, Compaction p=sure 4S0~IPa •

(Sccond3ryelcclron image)
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4.3 Microstructure-Property relation

The sample, were pohshcd carefully so that both the sudaces of the sample

w~"Tcparallel. Silver p""lc was painted on the ,ample, and dried in the oven at 500T

for 1 hour SOIh"! all the ab,orbed moi,lurc evaporated. Samples were then connecleu

with impedance analY7er and (he dieleclnc properties were me"surcd. Temperature

dependence of dielectric properties of HaTiO, based samples were al00 measured with

the help of a vcry highly insulated lube furnace, A very slow heahng rate IV",

maintained during (he cxperiml"Tlt. especIally in the temperature range ".here the

tetragonal-cubic phase lmns!ormation was expedcd to OCCllT.

Two djffer~nl categmie, of sample, we!'e u,ed in the present study experiment;

pure barium titanat~ (BTl, barium strontmm titanate (BST), In the figure" sample,

were identified in the following way. Two examples were given below;

Example I: Suppo,e a sample name is lJT- I225/2hrI50

H~re BT m~anS BaTiO! (Barium Titanate),

1225/2hr/50 mean, the sample IS sintered at I225'C for 2 hou", and the healmg rate

from hinder burn out lempemlure to maximum ,inlering temperature wa,

50°C/minUie.

Example2: A ,ample name ISBST! 0- I25012hr!5(J.

Here BS'rl 0 mcans l~a,!Sr [TiO) [So, IlST20 means Ba sSr,)l iO) and so on]

125012hrl50 meanS this sample was ,intered at 1250°C for 2hours and heallng rate

was 50'C/mmute.

Figure 4-24a ,hows frequen~y dependen~e of dielectrIc eonstanl k' ofthe pure BaTiO)

m the frequency mnge 1 kHz to 511Hz. 'I wo sample, "ere sintered at the ,ame

tempcratule for the ';arne ume peri"d. But healmg rate MlS varied (15 and

50"C/min),The dielectric eOll,tanls were measured at room temperalure, Higher

dieIectri~ constants were oh,en'ed at room kmperature I'm the Barium titanate

"ntered at higher heating rale (50°(:lmin), This result was quite ~'-Pccted h,l llring

suppr~>s grain growth that o~cum:d in the ~asc of the ;ampIe sinteret! at slow healmg

rate (15°C/min), Microstructural study reveals pre,encc (If ahnormaI grain grm,th 11\

samples sinlered at slow heating ratc B'11l250i2hr1l5 shown in figure 4-3s, fast

heating mhibited (he grain b'T()wth and henec resnllet! in higher dielectric con,tan!.

The fJT-1250/2hr/50 sample has smaller groin Si7e as secn from the microstructure

(Figurc 4-]b) whcre the groin size di,lribution is almost unifonll. 'Ihe t!lelectric
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constanl remains almost constant at rOOmtemperature In the fj-e~lIcncyrange I kH" to

5MHz, l1Je loss tangents [figurc4- 16b)] are al,o found to follow the same trend.

Figure 4-25 shows frequency depend~'1lceof dIelectric constant k" of lhe pure

BTI1222512hr/50 and BTillOO/4hr150 in the frequency range of 1 kHz to 5MHz. llere

the trend of curve ;s same hut higher ,hclcctr;c constant was obs~rvcd in case of

BT/l2225/2hr/50 UlOughthe grain size M'S smaller in case of RTi1200/4hr/50.The

cause of the lower dielectric constant ()ftlle <ample llT"120014hrI50 can be attributed

to the presence ofpomsilj'. The presence ,,[porosity 1Jlthe grain inhibited the motion

of the domain "'all, 'I he dielectric constant remains almost c()",lunt at room

temperarure in the flequcncy range I kHz to 5MHz. The loss tangents are also found

to foliow the ,ame trend, The frequcncy uepcndence of dielectric con,tant of BaTiO)

samples IlT-1250/2hr/SO anu BT-122S/2hr/50 are ,hown in the Figurc 4-26.

Dielectri~ constant seem, to be higher for the sample sintereu at 112S°C. Grain, are

much refilled and their si7e distributIOn is comparatIvely ulllform as shown in

miclostructure "fBT -] 22SI2hr/SO,[Fig 4-2b]
According to G.ATltct. al [22] higher diclech;c co,,,tant can be explained in terms of

domain ,~all contribution In the range of I<a<l O",m, the decrease of domain width

call be roughly cxpres,ed by the correlation d-~£t, where d~domain width. a~grain

,izc of a cubIC grain. !\ccording to the dccreasmg width, lhe area of the 90° domain

walls -pcrunit volume slrongly increases in line grain BaTiO" The observed incrcase

of dielectric constant in fine grain microstructure of Ra riO) call be therefore

mterprel~d in terms of the in~reasing con(ri!mtion ot domain walls to the permiltivity

(or dielectric constant)
Figure 4-29a and 4"2% gi\'e " classical cxample of grain ,ize effect on microstructure

and phase tran5fonnation in blll"ium tItanate The IH-1200/41lf/SO sample shows

lov.er permIttivity peak at 125°C and thc BT-1250/lh/50 sample shows lngher

penninivity peak at 126°C. Lower gram size shows higher room (empemtun::

pcrmiuivity and the larger grain _,izeshows lower permittivity at room (empe,atufC as

"lready [)b,crved in lhe f,equency dependence of dielectric constant. Flgme 4-3

show, that the average grain si7e of the UT-1200/4hr/50 i, 3,.,m, On lhe otl,er hand,

the BT-1250/1hr/50 sample has a~erage gram size of 7gm (Figure 4-11), Although

the dielectric constant for the lowcr grain sample should be higher [22] than the

observed value of 2254, the reason for compara(i,ely lo"er dielectric constant for the

small grain ,truc!Ure is due to the pre,enee of sigmficant amount of -porooity It is
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gen~ral1y recognized that as the gram size is reduced to the micron level, the dielectric

constant at the lOOm temperature increas~s. and the temperature dependence of the

dielectric constant is modifi~d significantly below the Curie temperature (T,), ror

large grain materials (g,ain size >l).lm), the cubic~tetragonal transformation thaI

occurs on ~ooling (130°C) drive., the formation of a polydomaill 'l,bgrain structure to

minimize e1edrostatlc clastic cnergi~s in polar al1lsutropi~ state The polysynthellC

twinning that takc rla~~ serves largely to reli~vc stresses ".hieh would other wise be

preocnt throughout the tmnsfonncd hody [33]. The indi,idual grains in the

tran,formed mic""trucmre of a large grain polycrystal are comprised of structural

Invariants, hounded by the domain walls of 90° and 1800 rypes in the tell agonal state.

Thlls, large ['.fain centers are usefully transformed and essentially un,tressed The

dielectric re'ponse of such materials i, readily rationalized in terms of an orientational

a,crage of values tor the anisotropic dielcctric constant, which charactenzes a smgle

domam of tetragonal BaTiO). It was oh,erved that polycrystal1ine BaTiO, exhibited

"n enhanced dielectric rcsponse tor ceramic <pecimen, prepared with a grain size as

small a, ljlm The increase in dielectric constant is under,tood in lerm' of the

twinning behaVIOr ofpolycl)'«alline material with decreasing grain "zc. De'plte the

ability of the twinning m~chanism to ,educe the bulk strain energy that would bc

present after a homogeneous structural transformation occurred, stress still reside,

near gram 1Jmmdarie<, cven in large grain cemmics Minimization [)f (he residua1

strain energy uillmately ~ol\tributes to the resulting twin structure. The mi~rostrncturc

of a large grain ceramic cont"in, 90" hviT1, formed to rehcve the strains generated

when the c axis clongat~s On passing f,om the cubic to tetragonal 'jTIlmetry; in the

,tralned statc highest perm,\t1yity is displayed. 'I he domain boundary planes have

surface energy proportional to (hc squ"re of the grain diameter; the strain energy

responsible for domain f"rmation, a volume effect is related to the cube "f the grain

diameter. With d~creasing grain ,ize a critical size is reached where it is energtt1cally

less costly to ,upporr an elastic strain than to relieve it by twin formation. Thi,

,ituation exists in (hc microstructure haying grain ,i~c of the order of l~m or less

These liner grain size materials arc untwined, slressed; each grain has a single dnmain,

has one orientation of 'ponlllnemLs polarization, "nd tend, to cul"c symmetry, Th~

decrea,mg tendency nfthc Curi~ temperature as the grain size i, decreased that can be

undemood by the above_m~TItioned came. T1,at i, at a higher grain ,ize, tetragonal

structure i, stabilized by the formation of ,ubs\antial amount of domain twining. and
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on the other hand transformational Sire,s cannot be reduced by formation of domam
-' - -

tv.'m in the omall grain si7,estruclure becau,c of !he achiev"ble I"wer volum~ free

energy Thi, (cnds 10 shin the Curie point of small grain sile to the lower temperature

regIOnas seen in fIgure 4-29a, The loss tangent as a function of \CmreIatur~wa,

"hown in Figure 4.2%. At the lower Icmpemtllre range, the loss wngents are ,ame but

al higher temperarore, BT_1200/4hr/50sample e,-hibit, high~r loss. por()sityHnd grain

houndary are believed 10 be the potential source of scattering. At higher temperature,

ion-hopping dYed is also pronounced which enhances the dielcctri~ \",s.

Temperature dependent dielectric propenics oj BT_1225J2hr/50 at three different

[requeueie<10 kHz, 100 KHz and 1000 kHz are shown in Flaure 4-30a and 4-30b.

The diele~tric~on,tants are found to be almost ,ame at higher amI lower frequen~les

Howe.er, loss tangent seems to be greater at higher fn::quencie,. In addition, 10"

peah are sharperal higher frequencies.
Figure 4.34a and Figure 4-34b describe the frequcncy dependcnc~ of dicle~lric

constant and lo,s tangent. The [igur~ shows that B81'20 and BSTIO has the lower

dic1eclneconstanl than barium titanate at high frequencies. 11,e almost flat frequ~ney

re,ponse up to 5 M1I7 is observed ;n the case of IlT/1250/2hr/50 hut for

BSTIO/1250/2hr/50 and BSTIO/l250/2hr/50, mitially didcctric eon,tant IS high.

Dielectric conslant decreases up to lMH7. frequency hlLtthen temls to inerea,e nnd

cune remains flat up lO7 or 8 MHz. If we ,ec the los,; tangent graph (figure 4-34b),

the ,arne pattern is found. But dopw samples show high loss langent that can be

atl,ibuted to pmoslty and cra~ks present in dop~d samples. On the contrary, pun::m

undoped barium titanate ,ample, sho"s neghgible loss tangent. Because, It is seLll;n

mi~rostrlleture that the umloped samples have attained higher density ami contaw,;

almost zero porosity. For doped samples two chemical species i, pres,mt i e. barium

titanale and Strontium Timnate. To form hanum ,lrontium titanate solid ,olution,

intenhffusion hetween BaH and Sr'+ ion, must be aceomphshed. But, al such a high

heating rate that is u,ed in !hi, work (50°C'minlLte) i, too hIgh for achIeving

homog.encltyof difflL,ionlhroughout tnc whole \"oillmeof sample. Because, diffi",iOl1

co-efficient of lWOIOns arc difl"renl. Therefore, 11m" transfer i8 not uniform

lhroughout the sample Thus pOTOsilycan'l he elul1inatcdat such a high heating rate.

So, it IS suggested that ,intering of dope<!samplcs should be carried out at lower

heallng rate.
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T~mp~m[ure dep~ndence of dielectric propertie, at 11)1)KI17 for the BST sample

sintered at 1250"C and 12I)O"C for 2 hours is displayed in the FIgure 4.32 10 Figure 4-

33. for pmc BaTiO) Curie lcmperalure is around 125°C, which was already shown in

figure 4_29, As the temperature mcrCHsca, !he loss tangent at 100 KH? a150 increases

fur lh~ sample BST10-1250/2hr/50 and IlST21)- llon/2h, /50,

for pure S,TiO) the tetragonal-cubic transformation tcmpcralure is 105K r591
Therefore, the substltllhon of Sr m,lead of Ba in BaTiOJ can reduce the Curie

t~mperallLTe_figure 2-20 shows that the Curie point decreased linearly with the

increase of $•. content. I'igure 4-32 and FIgure 4-33 show th~ Curie point ,hifting

towards the lower tcmpcratmc as subslltution of Sr"> i5 increased. The reason of

~hiflmg of the Curie temperature towards the lower temperature e~n be explHined

considering tile ionic radius of Sl' and Bi<. In perovskite crystal structure of

BaTIO, (Figure 2-5(a)), Ti (titanium) atoms reside in octahedral mter,tilial position

surrounded by six oxygen Ions. The large "z~ of the Ba'. ion make< the octahedral

mlers(iha! posItion ~uit~ large comparoo to the size ofTi ion, The TiO>iou>~r~on lh~

margm of being too ,mall 10 be stable i" the octahedral position. H ISbelieved lhal

lh~re exist minimum ene'gy positions off-cenler 10 (he direclion of each of the six

oxygen ions surrounding the Tl ion, The Ti4+ ion positions randomly in one of these

six po>Slbleminimum-energy sites. Above Curie temperature (120'C) the Ila I"iO)is

cubic and every six possible minimum energy site< are equally probable. Below the

Curie tempcrature, th~ structure change.<to tetragonal. The oclahedral ,ite is now

d'$tOTkclwilh th~ 'l'i ion in an off center posit,on. If Ball ion i, replaced by the SrH

ion, beeaus~ of the lower ionic radius of the Sr ion, Ti iou resides in a smaller

octahedral in!m"tilia! position. "[1,;,will result in a rdati.e1y s!abl~ position for Ti

iOll. This ,table Ti ion stabilizes the cubie strllclme in the lower temperatun:: range.

,
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Dielectric 10$s vs Temperature
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Room Temperamre Dielectric Properties of Ba riO] and doped samples

Composition !:\imering % of Gram K' at K' at Tano Tanoal

temp/time/ Theoretical Size 10 100 at 10 100kHz
Heating rate Density KlIz KHz KH,,m

l3aTiOJ j 250/2hr/l 5 91,36 ') 37 2111 2089 0075 ,0074

BaTiO) 1250/2hr/50 92,68 6.58 2202 2177 ,0078 .0073

!laTiO) 1200/4hr/50 91.89 3.18 2220 2191 .0098 .0114

BaTiO, 1225/2hr/50 93.77 5,08 2280 2255 .0068 ,0082

lla,Sr,TiOJ 125012hrJ50 gS.] 0 - 1160 932 .2246 .1002

Ba~Sr,ITiOJ 1200/2hr/50 89,19 -1 1307 1137 .343 .204J

Ba,9Sr ITiO) 1225/2hr/5 87.26 3.34 307 287 .1078 _1854

Ba.,Sr, TiD) 1250/2hr/50 88.24 - 1487 1025 .3143 ,2404

Ba,8Sr,)TiOJ 120012hr/50 89.24 0,67 I 7 1 I 1629 4218 .2522

Ba$Sr.1TiOJ 1225/2hr/IO 89,30 - 889 7&1 .2251 .0735

Ba gSrlTiO) 122512h[15 89,88 2.98 645 590 .0808 .0497

Ba,7Sr,.,TiO) 122512h[/5 90.62 - 1739 1544 .1205 ,0739
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4.4 Differential Scanning Calorimetry (DSC)
Diffelential Scanning Calorimetry was used to find the tetragonal-cubic transition

lcmpcrature for both BaTiO, and Ba,Sr,.,Ti(),. Crystallographic pha,e transition

during heating was detected by a negative peak, thereby indIcating that the process i,

endothermic. The healing rate used was 2, Sand 1Qoe/min. Figure 4-43 shows the

dilT~Icntial scanning calorimetry cial" recorded for !:laTlD] polycrystals sinlCTcdat

different tempemlurc for same holding lime, From the microstructural silldy of

BaTiO, it waS observed thal considerable gram grOWtllocculTed at higher sintering

temperature. Endothcrrnic peak around 125"C may be attributed to the \etragonal-

cubIc phase tramfonnullOn. There were ckarly marked changes, which took place m

the transfomlation hehavlOr for materials with decreasing grain ,ize, In particnlar, the

tetragonal-cubIc trandormation shitt to lower temperahlre with decre""ng grain si7.e

as ha, becn concluded previously baled on dielectric constant data, It is also

interesting to nole that the peak shifting is accompanied ",ith peak broadening. The

enthalpy change of lransition, during the crystallographic phase !ransformation

deel'eased with decreasing gram Sl~e. This redllcllOn of chthalpy chang~ dunng

transformation ;uggested that ,nmU gram Sl7e 13aTiOJ exhibits suppress~d

lran,formation characlenstics (tetragonal distortion). The heating rate during DSC

experimcllts affects the transition eharacteri,tic,. Higher heating rate causes the

transition temperature to shift toward hIgher temperature. Also, the peak hecomc,

sharp rFig4-44 to 4-46]

The effect of substitution of Sr in BaTiO, IS also sh(}wnin FigufC 4-47. Increasing

concentration of Sr decreases the Curie temperature, which h"s already been

eonJirmed from the temperature dependencc of dielectric consl"nt experiment. TI,e

observable peak ,uggesled that single phase is formed in the solid 3OIutionof BaTiO,,-

SrTi(),. Thc orthorbomhic to tetragonal transition can alw be detected from DSC

study, It is shown in figure 4-50. llere, it ISclear that the orthorhombIC to tetragonal

transitlOn also shiJh to lower tcmperature with increasing Strontium addition in solid

solution.
The Table 4-2 shows the C"rie temperatures found usmg temperature dependent

dielectric constant (k') mea,urement and DSC expenmcnt.
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Composition Sinteting Curie Curic Enthalpy

temperature md temp~ratu{e l~mperature Jig

time (Using " (Differential

measurement by Scanning

LCR meter). Calorimetry

USC}

13aTiO.\ 1200'C fm 2 , 125°C 0.414(,

hours

BaT,O, 1225°C 'm 2 126'C 126'C 0.4387

hour,

BaTiO" 1250°C 1m 2 126°C 127°C 0,6218

hours

BaTIO) 1200°C for 4hollrs J 25'C , ,

Ba,Sr.ITiO) 1200°C for 2holl" 97°C 9JOC 0,6318

Ba"Sr ITiD., 1250 'C fm 9TC , ,

2hours

Ba,Sr,T1O) 1200"C for 2hours 66°C 63°C 03190

Ih!Sr,jTiOJ 1250"C for 2hou," 66°C ,
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5. Conclusions

Sinteling parameters (temperature, time and heating rate) have marked inf1uence ()n

the microstructure and hence on propertie, of the sintereli BaTiO" and Bal.,Sr,TiO,.

For HaTiD J sample>, increasing heating rate reduces the warscning of grains and thus

grain 1efincment i, achieved. I lowewr, for lJa ,.,S[, TiO) samples, the high heating rate

~aUSCSthe sample to ~rack. This IS because BaTiO) and S[1'iO.,have ditre,ent

difTuS1Vityfor tram;por1 ,,[ (wo different chemical specie, during the la,! ,lagc of

sintering, heating rate ,hould be ,lighlly slower 10 achieve homogeneity in

micro,trudurc. In addItion, decre"~ing ,intering tempemllLrc results III Ene grain

,lnlcture fm both SaTiO, and Ba,.,Sr,TiOJ. Nevertheless, at lower smlcring

temperatures pores arc pre,enL These pore, arc removed either by increasmg sintering

temperature or by increasing holding time. However, both adions cause !he grains to

coarsen Coarsening IS hIgher when the temperature is increased, Jlowe,~r, for the

removal of pores, increase 1Il ,intering temperature acts as a stronger driving force.

Thus, an optimization i, n~eded to .,e1ectthe appropriate sintering temperature and as

well as the holding time to get the de,;r~d mierostructur~ (pore free and line grain) in

the sinter,edproduct. H should be m~ntioned that high pres,ure (-450MPa) that is used

during pre,smg of samples in this ,tudy also act< a, a driving force for attaining pore

free mierostnLcturc. High compaction pr~ssure assures much unifonn packing of

indiVIdual palticl~s m green compact. Therefore, during ,intcnng removal of pores

becomc> easier. In lhis study, pore, arc present only in grain boundary region" but not

imide grai,,,.

The absence of pomsity improvcs the dieledric pmpenies of BaTiO). l30th dielectric

constant and loss tangent of smtered l3,fiO) have improved but loss tangent has

become \'ery negligihle when pOl'o.,it1'is ehminated. A, thc grain size decreases Curie

temperaturc of the sample is suppre»eJ. Moreover, lhe peak at Curie lemperature

becomes flaltcncd a, the grain size is reduced. A deL-reascin grain size increases the

,tabllity of cubic structure in BaTiO) samples, Hence, Ie» energy i, required for

transition from tetragonat to cubICphase. Therefore, Curie temperature is decreased

and peak flaUening occur, 1lltine-grained structures The same phenomcna also exist

for l3a,-,Sr,TiO, samplcs but duc to the presence of cracks and porosities, dlClcctric
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loss i" quite high and permittivity is lower Improvemenl of the," properties C"nbe

achiev~d in doped BaTiO, samples by reducing cracks and purcs,
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7 Appendix

7.1 Raw Powder Chemical Specilication
Data provided here are taken from the label on the container.

Specification of the Nano powder

Barium Titanate
Manufacturer: Infmmel Advanc~d Material,

BaTIO] nanO powder

Catalogl,'56220N-Ol

lm ttIA,,111066~BTO
Avg,Si7,e -100nm{S~_M and BE'!)

Manufacturer: Intrarnet Advanced Malenal,

STTiO., llano powder

Catalog#38220N-Ol

Lot IIIAM6085NSTO

Purity -99 95"1<.

A~g,Sizc lOOnm(SEM and BET)

Strontium Titanate

7.2 Basic Data of Elements involved

.
Atom"

Molecu'.r Atomic Cr""1 100;0 Common Melling
Element Rad,u,

Weight N,mb.r Struc'"'. Raolu, Valance POint 'c
"~ "~

"' 13733 ;0 e" 0,217 ,. '".136

n 47 S8 " ~,e 0.145 ,. 166B,,"
Oc 87,0' CO ,. 00
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7.3 Properties of Barium titanate [60]

7.4 Properties of Strontium titanate [60]

Molecular formula
A earance
Density
Melting pomt

-", Solubility of water

7.5 Symmetry of Crystal System

118

- --- -

Crystal Point Groups Centro- Non-certlrosymmetric
Structure Symmetric

Plezoelee1ric Pyro04eclric

TMclinlC , , , , ,
Monoclinic 2, m, 21m "m ',m " m

Orthorhombic 222, mm2, mmm 222, mrn2 mm2.
mmm

Tetragonal 4, 4, 4!m, 422, 41m, 4, 4, 422, 4mm, 4,4mm
4mm, 42m, (4/m)mm "m
(4!m)mm

Rhombohedral 3,3,32. 3m, 3m 3, 3m 3,32,3m 3,3m

Hexago~al 6, 6, 81m, 622, "m 6. 6, 622, 6mm, 6.6mm
6mm, 6m2, (6Im)mm 8m'
(6Im)mm

Cubic ", m', 432, m3,m3m 23.43m

1

m

I
43m, m3m
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