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ABSTRACT

TIle microstructure-propcrty relationship of BaTiO), Bai.,Sr,TiO)(x=O.lO,
0.15, 0.20) and SrTiOJ has been studied in this thcsis. BaTiO) and SrTiO)
powders of 100nm ,,'ere used to prepJ.!'epellet shaped samples using 130-150 MPa
pn:ssure. The green samples were dricd and then sintered in the tcmperature range
of 1100"C to 1275°C, varying the holding time from 2 hours to 6 hours. The
density, dielectric constant and loss tangent were measured using available
equipment> at BUET and the Atomic Fnagy Center, Dhaka (AECD). Optical
Minoscopc, Scanning Electron Microscope (SEt'..'I), Differential Scanning
Calorimeter (DSC) and X-ray Diffractometer (XRD) were used to observc the
microslruclmc, identify the Curie temperature and different phases to find the
correlatiotl betw,eenmicrostlUctureand property ofthc sintered samples.

Ninet}' five pcreent of the theoretical density has been fOlllldfor BaTiO)
samples sintcrcd in the temperature range of J::!25°C-1250°C. It has been
ohserycd from the microstructllTethat grain gro,vth occur, at higher temperature
but porosity still remains inside the grain and in the grain bound<lrie~.rcrroelectric
domain twins have be~n revealed in th~ chemically etched samples by SP/l.

The frequency dependent dielectric constant and loss tangent were
measurcd at room temperature for BaTiO), BahSr,TiO] and SrTiO) samples. The
highest dielcctric constant was found for BaTiO] &intercdat 1100°C for 3 hours
may be due to the small b'l"ainsize, Loss tangent at 1 kHz for this sample Vias ,
re<lsonablecompared to the other BaTiO) sample bllt at 100 kHz loss tangent ",as
foundmaxim\lm among all the BaTiO) samples. The Sr doping was found to havc
an observable ert"~C\on the dielectric propenie~. The highest dielectric constant
obtained for Ba,,\Sr2TiO] at room temperature was 3000. In the case of SrTiO),
the dielectric constant was found considerably lower. The loss tangent was also
foul)d vcry low' for Sr1iO). The tcmperatuf~ dependent dielectric constant was
measured for the BaTiOJ and Ba"Srl.,TiO) samples. Curie temperature was found
at around l30°C for BaTiO). Tetragonal to cubic transformation was accompanied
wilh a sharp peak for the sample sintered at I225CC for 4 hours. Curie
temperature was found to decrease with an increase of Sr concentration in Bal_
,Sr,TiO] sample sintered at 1250°C for 5 hours as expectcd.

-



1. INTRODUCTION
- •

1.1 Barium Titanate

'I'he di.,covc,y of ferroelectric Barium Titanate opens th~ present era of ceramic

dielectric materials. The high dielectric constant WJS first de"cribed in the United

State, in 19.•2 [I]. Recognition of BaTiO, as a new ferroelectric compound

followed, possibly indep~nd~ntly. in several countries [2-4]. A que,t;on ofhiswricai

interest is posed by the lapse of a decade ()r mOre between actively llngoing

development oftilania-ba,ecl dielectrics and the discovery of BaTi0.l' A case can be

made that; lhere may have been earlier syntheses oflhe material without recognition.

of its dielectric character. Barium titanate has become the basic ceramic capacitor

diel~ctric malerial in u,e today. As earlier Wilh rutile, the main mode of its use has

been in combination with othcr materiais. Primary application requisi[cs arc a high

capacitance and, to the degree possible, stable capacitance over the temperature

range of use of the component. Practical temperature ranges of use have becn

specified from _ 55°C lD 125°C, or segment, within that range. 5ince pure,

crystalline BaTiO, has a peak permittivity at about 130°C and another secondary

peak at iOT [5J. correcti~e modi fication is requircd for practical applications_

A huge leap in the resear~h on fcrroeiectric materials followed immediately in lhc

_1950's, leading to the widespread lise of barium titanate (SaTiO,) based ceramics in

capAcitor appiicaticms and piezoelectric transducer devices. Since then, man) other

ferroelec[ric ceramics inciuding Jeud titanate (PbTiOJ), lead zirconatc titanate (PZT),

Icad lanth~num zirconate titanute (PLZT), and relaxor ferroelectrics like lead

magnesium niobale (PMN) have been developed and utilized for a variety of

applications. The largest uses of ferroeiectric ceramics have been in the areas of

dieledric ceramics for cap~citor appl ications, ferroelectric thin films for non-volati Ie

memories, piezoelectric materials for medical ultrasound imaging and actuators, and

electro-optic materials for data storage and displays.



1.2 Business scenario of titanate materials

Understanding the dielectric materials business is some limes a complex process and

appears confusing for any c()rnpanics in the industry. Titanate demand for the

merchant market is dependent upon unit gro•••.th, since down sizing to smaller, less

expensive case sizes by end user of ceramic ,apacitor require a lower quantity of

cernmic capacitor. Each year ceramic capacitor manufaclurer is able to produce

increasingly larger number of ceramic capacitor with a single pound of dielectric

materials. Thus cemmic dielectric material vendor such as Ferro Corporation (which

now owns TAM Ceramics), Kyoril'iu corporation. DegLLssaCorporation and Fuji

Titanium arc dependent upon significant unit growth in th~ ceramic capacitor

industry to incrcase their ,hipment volume or to devdop technically advanced

formulations of didewics that are ,up~rior to dielectric materials developed in

house by lhe ceramic capacitor companies. Ceramic dielectric materials used in the

production of Y5V ceramic capacilors are usually produced in-house by ceramic

capacilOr. Y5V ceramic didcctric material is predominantly a barIum calcium

zirconium titanate material. X7R ceramic dieleclrics are much harder to produce and

require additional udditives 10be placed in the composition. Even so, about 50% of

ceramic capacitor manufacturer prodllcc their own X7R formulation in-house, but

slill source the titanate vendors for lhc additive neccssary to produce the

formulali"ns. The remaining 50% of ceramic capacitor materials for production of

X7R ceramic capacitor are ,,,urecd directly from the titanate malerial vendor. The

"process of prodllcing X7R dielectric materials involves taking the curie poInt of

barium titanate and suppressing it down to create a core shell type structure [6]. The

phenomenon growth of integrated circuit technology has been accompanied by

increased consumption of discrete circuit component such as resistor and capacitors.

Ceramic capacitors account for a major segmcnl of this volume, approximately 2

billion discrete ceramic capacitor b~ing consumed world wide in 1987 with a value

exceeding $2.5 billion, and this consumpli"n rale is projected to grow at an average

6% a ~eQr[7].

2
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1.3 Limitations of Barium Titanate

Although BaTiOJ has, superior dielectric properties compare to other dielectric

materials it has some limitations, which must be eliminated, to obtain optimum uses

from it$dieleetric properties_ Diclectric constant of SaTiOJ dcpends 0[\ electric field

[8] and frequency [9, 10J. At high electric field strength, the domain is more

effectively oriented and higher dielectric constant rcsult. Dielectric constant is

strongly temperature dependent. That is why circuit characteristic changes even

over a moderate temperature range. The tempcrature dependence of Curie

temperature (Tcl and dielectric constant (k') oan be modified by forming solid

solution over a "ide range ofeompositions. for examplc Pbl--e, 5r2+, Ca2+, 5n2+

can be a ,uhstitlltc tor Bal--ein the titanate laUicc. The pos,ihility of forming solid

solution in all of thi, cl)._,taloffers a wide range of valucs tor ki
, P, and Te. For

example, substitution of 5r2+ for Ba2+ lowers the Curie point. On the other hand,

substitution of Ph2+ for Ba2+ increases the T, to a maximum of 490°C. The effect is

due to the lower M-O bonding for Pb<Ba<5r which offer less resistance to thc

motion of the Ti ions in their six fald oxygen coordination field. The strain energy

intraduced by electrostrictive effccts on caaling through and below the Te. when

some damains change their orientation in relation to the others causcs tlme

dependence far [he dielectric constant kno'Wnas aging. The rate of change increases

as the initial value ofk' increases. Both composition and hem treatment aftcct aging

_and also k'. In a polycryslalline ceramic, domain orientatian is afIected by grain size,

impurities, and porcs. which prevent domain moycment due to stresses, imposed by

surrounding grains.
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2. LITERATURE REVIEW

4

2.1. Introduction

For many year>, theoreticians avoided the sludy of ceramIc materials, their

propenies, and their behavior and, understandably, preferred instead to treat the

material phenomena associated with melals, single crystals, and the like. ]n our

present highly technological age, it is not possible to ignore ceramics, however

complex th~y arc. since more and mOre applications are being found for these

materials in devices affecting our everyday lives in such area' as electronic

CClmponenlS, environmental sensor" gas ignitors, intrusion alarms, loudspeakers,

ultrasonic cleaner" and medical diagnostic equipment. In fact, many of these

applications have come ahol.lt because of the special nature and properties of

ceramics, which set lhem apart from olher materials such as metals or plaslics. Thc

relationship of ceramics to other materials can readil} be illustrated as shown in

Figure 2.1. [7]

'0""""'''"'"m"'"

,,'''''''"'0o-',,~'"

'''''.00,,"''

Figure 2.1: Relationship of ceramic and eleclronic sllbclasses to all InorganiC

nonmelallic solids.
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In general. ull SQlidmaterials can be grouped into three major categories: metals,

()rgal\j~,; (plastics), and inorganics. Similarly, the inorganic solid, may be

subdivided inlO the three categorie, of gla"e" single crystals, and ceramics,

depending on their microscopic and macroscop'C structure. Glasses are

distinguished from other inorganIc materials by their amorphous nature or lack of

long-range internal 'lmclure, whereas sIngle crystals ar~ characterized by a well-

ordered internal structure on both a long-range (I 0-4. [ em) and a short-mnge (1 0-8 -

10-' em) scale. Ceramics are composed of an aggregal~ of randomly oriented

crystallites (small single crystal of Ie,s than 100f1rn or 10-' em a~erage diameter)

intimately bonded togelher 10 form a solid. Although th~ crystallites do possess an

ordered internal structure just as single crystals do, their random ori~ntalion

prodllced during the high-Iempcrature sintering or coalescing operation causes the

c~ramic to have an overall isotropic (equal in all directions) charaGt~rin regard to its

properties. Thi\ isotropic character can b~ modified. if desired, by special

t~chniqucs employed during the sintering operation (crystallite orienlalion by

mechanical, eleclrical. or lhermal crystalli7ation means) or after cooling to room

temperalure. Many of the unique propenics of ceramics are thus a direct result of

the properties of the small cryswlliles them,elves. their orientation with respect to

each other, or the grain (cryslall ile) boundaries betwe'en lh~m.

Ceramics may encompass a "ide range of polycrystalline materials: however, our

interests h~re are centered on those types known as e1edronic ceramics. These

<materials are highly specialized, being prepar~d from specifically formulated

compositions (usually not found in nature), processed under controlled conditions

and fabricated into complex ,hapes with specific properties, particularly electrlcal

propertie,. Among these are included insulators, ferrites, capacitors, substrates,

varistors, PTCs (positive temperatlLrc-eoefticient materials), ferroelcetries,

pyroelectrics, piezoclcrtrics, and electrooptic ceramics. We deal here specifically

with ferroclectrics, material. The inclusion ofpiewel~etrics under the category of

terroeJectrics as given in Figure 1 is nol rigorous, since pieweJeclricity is th~ more

general phenomenon; howe,a, today's usage of the term f~rroeJectric t~nds to be

all-inclusive since most ceramics exhibiting pyroelectric, pieweleClric, and

ele~trooptic behavior are ferroelectric. The actual relationship bclwcen these effects

5



is discussed in succeeding sections.

2.2 Piezoelectric Ceramics

2.2.1 Symmetric Considerations

Pie:wclcctricity [11] is a property possessed by a select group of materials. It was

di~cov~red in 1880 by Pierre and Jacques Curie during their systematic study of the

etlect of pres,ure on the generation of electrical charge by cry'lals such as quartz,

zinc blcndc, tourmaline, and Rochelle salt; however, the term "pie7oelectricity"

(pressure electricity) was first sllgg~s(cd by W. Hankel in 1881. Cady [12J defines

piezoelectricity as "electric polarization prodlL~edby mc;hanlcal strain in crystals

belonging to cerrain classes, the polarizaIion being pmportional to the strain and

changing sign with it." Two effects are manifest in piezoelectricity: the direcl effect

and the converse or in.-erse effect. The direct effect " idcntified with the

phenomenon whereby electrical charge (polarization) IS generated from a

mechanical stress, whereas the convcrse effect is associated with the mechanical

movement generated by thc application of an electrical ficld. Both effect, are useful

and have found application in present-day devices_

An understanding of the concept of piezoelectricity must necessarily begin deep

down inside the strl.lct\lre of lhe material; and for our purposes here, let's consider a

single crystal or single cryslallite in the case ofa cemmie. This crystal has a definite

chemical composition, and hence Is made up of ions (atoms with positive or

negative charge), which are constrained to OCC\lPYposition, in a specitle repeating

relationship to each other, thus building up the structure or Jattice of the crystal. The

smallest repeating unit of the Janice is called the unit cell, and the specific

symmetry pos>essed by the unit cell determines "hether it is possible for

piezoelectricity to exist in the crystal. Furthermore, the symmctry of a crystal's

inlernal structure is reflecled in symmetry of its external properties_

The elements of symmetry lhat are utili7ed by crystallographers 10define s)mmetry

about apoinl in space, for example, the central point ora lmit cell, are (I) a point

(center) of symmetry, (2) axcs or rotation, (3) mirror pla~es, and (4) combinations

of these. Utilizing these symmetry elements, all cry,lals can be divided into 32

6



different class"", or point groliP', as shown in Figure 2. These 32-point groups are

subdivi~;ons of seven basic cryslal systems, which arc. in order of ascending

symmetry, triciinic. monoclinic, orthorhombic, tetmgonal, rhombohedral (trigonal),

hexagonal. and cubic. Orthe 32-poinl groups, 2\ classes do not possess a center of

symmetry (a necessary condition lor piezoelectricity 10 exist) and 20 of these are

piezoelectric. One cia", although lacking a center of symmetry, is not piezoe1cctric

because of (lther combined sjrnrnetry elements.

n
SYM)"lETRY
POl:-"J' GROUP

7 ~

" "NONCENTROSYMMFTRIC CENTROSYMMl:,TRJC

'"PIEZOELECTRIC
(POLARTZED UNDER 5TRESS)

I
W

PYROELECTRIC
('iPO:\TANEOUSL Y

POLARIZED)

WFlGROUP
FERROFLECTRlC
(SPO:-Jl A",'EO[;SL Y

POLARIZESD,
REVERSlfll E

POLARl7 AnON)

Figure 2.2: Interrelationship ofpielOclectrics and subgroups on the basis ofinlcrnal

crystal symmetry.
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It can be se~n that a lack [)fa center of symmetry is all-important for the presence of

piezoelectricity when onc considers that a homogeneous stress is eentrosymmetric

and cannot produee an unsymmelric result (e.g., a vector quantity such as electric

polarization) unless the material lacks a center of symmetry whereby a net

movement of the positi~e and negatil'e ions" ith re.'r~ct to each other as a result of

the stress produces an electric dipole (polarization).

For plczaelectricity. this effect is lin~ar and reversible; the sign of the charge

produced is dependent emthe direction of the stress (tensilc or compressive). When

one now considers a ceramic consisling of a multitudc of tiny, pieznelectric

crystallitcs at random orientation, quite a differcnt situation from that of a single

crystal is obtained, This random orientation causes the overall ceramic to be

inactive, with nQ piezoelcctrlcity detectable until some means is found to polarize

the ceramic as a whole entity_ With piezoelectric crystallites, this is possible only

through techniques such as extrusion, hot forging, or directional recrystallization,

which will orient the crystallites.

2.3. Ferroelectric Ceramics

If we again refer to Figure 2.2, we scc that there are 10 crystal classes, out of a

possible 20, that are designated as pyroelectric. This group of crystals possesses the

unusual characteristic of being pennanently polarized within a given temperature

.:range. Unlike the more general piezoelectric classes. which produce a polarization

under stress, the pyroelectrics develop this polarization spontaneously and fonn

permanent dipoles in the structure. This polarization also changcs \vith temperature-

henc~ the term pyroelectricit)'. Pyroelectric crystals such as tounnaline and wurtzite

are often callcd polar materials, relerring to the unique polar axis existing within the

latticc. The length of the polar axis (dipole moment) varies with temperature,

changing sign as the temperature is either elevated (ir 100\iered. Present-day

pyroelectric devices utilize this cffect in 'such applications a, intrusion alanns,

thennal imaging, and gCllgraphical mapping.

A subgroup of the spontanellu~ly polarized pyroclectrics is a special category of

8



materials known as <f(,rrodectrics. Materi"l, in Ihis grollp arc characterized as

crystals that posseso a 'pontancOlLs dipole, and this dipole is re'ersible by an ele\:tric

field of some magnitude kss thon the dieloxtric breakd,mn of the material ilSelf,

Because of the empirical nature of determining the reversibility of the dipoles, as

dete~ted in a hyst~rcsis loop measurement, one' cannot pr~dict the existence of

ferroelectric;ty in a ne" material with much accuracy. We do see. however, that the

basis for the existence of ferroelectrici!} rests primarily On structural (symmetry)

considerations. rhe number of adual ferroelectric> today is known to be in the

tho\lsa~ds when One includes the l~rge number of c"rami~ solid-solulion

compClsitions, and it is nO longer the great "accident of nature" that it was OnCe

thought to be. Ferroel«tricity was first discovered in Rochclle salt b~ Yalcsck in

1920. Further significant developments In the history of ferroelectric materials came

in the 1940s when ferroelectricit) was di,covcrcd in single-crystal and ceramic

barium titanate and in the 1950s when the ferroelectric lead zirconale titanate

ceramic solid-solution compositions Ivere developed [!OJ.

Ferroelectric ccramics have a number of properties, which make them very useful in

a variety of applications. These include (I) a high dielectric constant, (2) high

piezoelectric constants, (3) relatively low dielectric loss. (4) high electrical

resistivity. (5) moi.'lUre insensitivity, (6) high electromechanical coupling, (7)

medium hardness, (8) fairly high pyroelectric coefficients; and in some sp«ial

compositions, also (9) high optical transparcncy and (10) high electro optic

"coctlIcients. Although these propertie, do nOt always combine to produce an

optimum effeet in anyone application, one can see that the number of desirable

properties pro, ides the possibility for many new and unique applications. This is

particularly true when one consider, the interactive properties of (I)

electromeehan.ical (piezoelectric) beha,ior relating mechanical and electrIcal

properties, and (2) electrooptie effects relating electrical and optic"l properties. ln

"ddition, these properties In ceramics can be contimlOusly modified over specified

ranges because many ceramic compositions form continuou, solid solutions (solid

solubility) of one or more compounds in each other. Less obvious, but perhaps

eq\lally important, is the tact that mOj( ceramics can be fabricated into complex

,hapes and are more economical to produce.
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The most outstanding feature of a ferroelectric ceramlC IS ib hysteresis loop. It

describes the nonlinear polarintion switching behavior as a function of field. The

initial application of an electric field to a virgin ferroelectric electroded disk

produces very little effect until the electric field becomes sufficiently high to switch

the dipoles in the c,>Slallitcs. At this field, the polarization (measured as voltage on

a large, kmmn. series capacitor) changes sharply and reaches saturation at higher

fields. Reducing thc field to zero leaves the material wilh a net permanent

polarization kllDwn as remanent pobri7.ation (PRJ. As the field is reversed.

polarization is fiF5t reduced to zero and lhen changes direction (sign) as the field

produces s.aturation polurintion in the opposite direction, thus tradog out a

hystercsis loop. The lield at which the polarizaIion equals zero (changes sign) is

known a$ the coerdve field E,. Poling consists of applying one.quarter of a

hysteresis loop, leaving the material in a remanently polari7ed condition at P/!I)

Although a large number of ferroelectric ceramics are used in piezoelectric

applications today, it should be pointed out that de, ices which are strictly dependent

on the ferroelectric (polarization switching) properties of ceramics have not found

acceptance in the markdplace. This has been due primarily to (1) undesirable

fatigue eITects resulting from stress (strain).induced microcracks developed during

switching, and (2) the lack of a dd'ioite electrical switchiog field (Ec), which can

cau,e 10$sof remnant (memory) polarization .,rates in the material over a period of

time when subjected to partial reversing fields. Undoubtedly, these detroctor$ would

<needto be [Wercomebefore ferroelectric-switching devices will bc successfuL

2.4 Ferroelectric phenomena
2.4.1 Curie point and Phase Transitions

AI! ferroelectric materials have a transition temperature called the Curie point (T,).

At a temperature T > T, the crystal docs not exhibit ferroelectricity, below Te it is

ferroelcctric. 00 decrea$ing the temreraturc through the Curie point, a ferroelectric

crystal undergoes a phase transition from a non-Ierroelectric phase to a ferroelectric

phase. If there is more than one ferroelectric phase, the temperature at which the

10



Cl)stal lmnsfonns from one ferroelectric phase to another is called the transition

temperature.
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Figure 2.3: Variation of dielectric constants (a and c axis) with temperature for

BaTiO,. [13]

The phase transition in BaTiO, is of frrs! order, and as a result, there is a

discontinuity in the polarization, lattice constant, and many other properties, as

become, dear in Figure 2.4. It is also clear in the figure that there is three phase

trall,itions in barium limnatc havlflg the follO\~ing sequence upon cooling:

--rhombohedral, orthorhombic, tetragonal and cubic. There is a small thennal

hysteresis of the transiticm temp~rature, which depends on many parameters such as

the ratc of temperature change, mechanical stresses or crystal imperfections. From a

crystal chemical view, the Ba-O framework evokes an interstitial for the central Ti4+

ion, whieh is larger than the actual size of the Ti4+ ion. As a result, the series of

phase transformations takes pla~e to reduce the Ti cavity size. Certainly, the radii of

the Ions iovolved impact
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Figure 2.4: Vario\ls properties ofBaTi03 as function of phase transformation

"thepropensity for fonning ferroelectric phases; thus both PbT10) and RaTiO, have

ferroelectric phases, while CaTiO, and SrTiO, do not [14]. Early research work on

ferroelectric transitions has been summarized by Netllelan [15, 16]' Figure 23

shows the variation of the relative permittivity E, with temperature as a RaTiO)

crystal is cooled from its paraelectric cubic phase to the ferroelectric tetragonal,

orthorhombic, and rhombohedral phases. Near the Curie point ar transition

temperatures, thermodynamic properties including dielectric, clastic, optical, and

thermal constants show an anomalo\ls behavior. This is due 10 a distortion in the

crystai as lhe phase structure changcs. The tempcrature dependence of the die1cctric

constant above the Curie poinl (f> T,) in felToeiectric crystals is governed by the

Curie-Weiss law.
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2.4.2 Crystal structure and phase transformation

Large classes of ferroelectric crystals are made up of mi"ed oxides containing

comer-sharing octohedra of Ol. ions schematicJlly she'" n in Figure 2,5, Inside each

octahedran is a cation [10+where 'b' varics from 3 to 6. The spaces between the

octahedra arc occupied by A" ions where 'a' varies from 1 to 3, In prototype forms,

the geometric centers oflhe A'., BO' and 02. ions coincide, giving risc to a non-polar

lanice. Whe[\ polarized, the A and II iOlls are displaced Ii-om their geometric centers

with respect to the 0'- ions, to give a net polarity to the lattice. These displacements

occur due to the change, in the lattice structure when phase transitions take place as

th~ t~mpcrature is changed. The formation of dipoles by the displacement of ions

- will not lead to 'pontancous polarization if a compensation pattern of dipoles are

fonned which give zero net dipole moment.

• 11 (B)

00
I.) • Ba I•••.)

Figure 2,5: (a) A cubic ABO, (BaTiO) perovskite-type unit cell and (b) three

dimensionai network of comer sbaring octahedra of Or ions [ 13].

Pero~skite is a family name ofa group of materials and the minerai name of calcium

timnate (CaTiO,) having a structure oftne type ABO). A wide variety of cations can

be incorporated into perovskite structure as long as they obey the rciationshlp:

t = (RA + Re)/ V2(Ru + Ro)
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For an ideal perovski(e structure t - I, and RA, RB and Ro the ionic radius of large

cation, small cation and oxygen [17]. The structure takes cubit from with (he t

value bel\veen 0.95 to 1.0; lower this slightly di5torted cubic b\lt not ferroelectric but

slightly over 1.0 tends to be ferroelectric [18].

Dirr~rent phase transformations and cell dimensions of BaTiOJ are illustrated in

figure 2.6. DaTiO) ha' a paraelewie cubic phase abo,e its Curie point of about

130"C. In the temperature range of 130'e to O°Cthe ferroelectric tetragonal phase

with a cia ratio of -1.01 is ,table, The spontaneous polarization Is along one of the

[OOlJ directions in the original cubic struct\lre. Between oGe and -90"C, the

ferroelectric orthorhombic phase is stable with the polarization along one of the

[110] dir«tions in the original cubic structure. On decreasing the temperature below

-90"C the phasc transition from the orthorhombic to ferroelectric rhombohedral

phase leads to polarization along one of the [Ill] cubic directions.

,
• ,y- -
'?~"'"r "., '""'_ r.,m.,..,,,,=•.

., -""'.{ •• ., •••• :!-•••., ".on..,'
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Figure 2,6: Different Phases, transformation and cell dimension ofBaTiO)
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On cooling from high temperatures, the permirtiviry increases up to values well

above 10,000 at the pha,e mmsilion temperature T,. The inverse susceptibility as

well as the dielectric permittivity follows a Curic-W~i" law. The appearance of the

spontaneous (Xllarization is accompanied with a spontaneous (tetragonal) lattice

distortion. The phase transitiotl in barium timnate i, of fir,t order. and as a result,

there is a discontinuity in the polarization, lattice constant, and many other

properties, as becQme~clear in figure 2.4.

Many piezoelectric (including ferroelectric) ccramiC8 ~uch as Barium Titanate

(BaTiO,), Lead Titanate (PbTiO), Lead Zirconate Titanate (PZT), Lead Lanthanum

Zirconate Titanate (PLZn, Lead Magnesium Niobate (PMN), Potassium Niobate

(KNbO,), Potassium Sodium Niobate (K,Nal.,NbO)). and Potassium Tantalate

"f\'iobate(K(Ta,Nb 1.,)0)) have a perovskitc type structure.

2.4.3 Fermdedrie H).~tercsis Loop

Ian" ~(n,-(',-1), •
•

Figure 2.7: A Polarization '"s_Electric Field (P-E) hysteresis loop lor a typical

ferroelectric crystal. [19]

The result of spontaneous polarization of a ferroelectric at T, is the appearance of

very high k! and a he,kri,i5 loop for p"larization (Figure 2.7). The hestcrisis loop i~

due to the presence of crystallographic domains within which there is complete

alignment of electric dipole. The ferroelectric h}'stcrcsls originates from the



existence of irreversible polarization proces;es by polarila(iorr reversals of a single

ferroelectric lallicc cell. I!m,ever, the exact interplay bctlveen this fund<lmental

proce,,>, domain walls. defects and the overall appearance of the ferroelectric

hysteresi, is still not precisely known. The separation of the total polarization into

reversible and irreversible contributions might fucilitale the understandillg of

ferroelectric polarization mechanism,_ Especially, the irreversible processes would

be important for fermeieclric memory devices, since the reversible processes cannot

be used to store ;nfimna[ion. For ferroelectric>, mainly twa possible mechanisms for

irreversible processes e:-..ist.First, lattice detects, which interact ",ith a domain wall

and hinder it from murning into ils initial position, after removing the electric field,

which initiated the domain wali motion ("pinning"). SecClnd, the nucleation and

grOl'th of ne" domains that do not disappear after the field is removed. In

ferroelectric materials, the matter is further complicated by defect dipoles and free

charges that contribute to the measured polarization and can interact with domain

walis [20].

Reversible ferroe leclrics arc the basic requi,ite of dielectric materials for application

such as capacitors. Re~ersible contributions in ferroelcctrics are due to ionic and

electronic displacements and to domain wall motions with small amplitude. These

'mechanisms are very fast. Th~ reorientation of dipol~s and/or defect or free charges

also contributes to the total polarization. These mechanisms arc usually much

,lower, but they abo might be reversible (relaxation).

Remnant polarization and,coercive voltage are of critical importance to the design of

external circuits ofFeRAMs.

2.4.4 Fermelectric domain

Ferroelectric crystals po"ess regions with uniform polari>:ation calicd terroelectric

domains. Within a domain, all the electric dipoles or the polar a~is transformation

<xcur and spontaneous polarization takes place. The electrical stray field energy

caused by the non-eompensateu polarization charges is redu,ed by the formation of

ferroelectric dClmain, a, shown in Figure 2.8. The ,onfiguration of th~ domains

follows a head-to-lail condition in order to avoid discontinuities in the polarization
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at the domain boundary. The polarization may be orientated in any of the si" pseudo

cubic <001> directions. Therefore, the polar axis may be aligned orthogonally (900

domains) and anti-parallel (180' domain,) with respect to each other (Figure 2.9).

17

figure 2.8: Reduction of electrical energy by domain formation.

Unpoled Stated Poled Stllte E

Figure 2.9: DQmain polarization direction changed by poling

Atomic force microscopy [21] and TEM [22] was used to characterize domain. A

very strong field could lead to the ,e,er,ai oflhe polarization in the domain, known

as domain switching [23]. The relationships between etch pattern and the domain

orientation in l3aTiO.l crystal in tetragonal state had been described by Hooton [24].



Domains can be obser,ed under the optical microscope and in SEM after the

polished sample being etched with concentrated Hel [25]. During etching processing

the positive ends of the electric dipoles etch rapidly, fonning a rough surface, the

negative ends etch slowly, foroling smooth surface and the sides (dipoles parallel to

the surface) etch at an intermediate rale, forming a >em; smooth surface.

The buill-up of domain wall. elastic stress fields as well a, free charge carriers

counteracts the process of domain formation. In addition, an influence of vacancies,

dislocations and dopants exits [26].

2.5 Sciellce ofBaTi03 Materials
2.5.1 Formation ofpbases and Phase Diagram

BaTiO, formed during reaction abo~e through fi,rmation nllmber of intermediate

phases_ Templeton [27] detected the intennediate second phases BalTiO" BaTi.09

and BaTi,O,.The final con~ersion to monophase BaTIO, determined by

decomposition of the intermediate phases, ie, the diffusional exchange between Ba

and Ti rich region in the powder. The calcinations temperature 3nd the amount of

intermedi"te phases critically depend on the morphology "nd degree of mixing of the

raw material. During ball milling this is an important point aimed to accomplish.

According to Bauger et al [28], during this solid-solid reaction BaO act as the mobile

agenL At the contact interface BaO is fonned which diffu,es into the TiO, fonning

, a, intermediate layer of Ba2TiO., which slowly reacts" itn the residl1ll1TiO, to form

RaTiO). Hence, particle size is an important factor especially the size of TiO, as it

determines the particle si7e ofBaTiO,.

The phase diagram of BaO-TiQ, is sho\\'tl in Figure 2.10. As per phase diagram

stoichometric BaTiO) can accommodate little more TiOl with the compound.

fonnation of Ba,TiO. is inhibited below 1100"C by the presence of a Co,

atmosphere. This phase is particularly harmfill, since it is hygroscopic and

decomposed with swelling in slightly moist air. Incomplete mixing and reaction will

yield small amounts of Ba,TiO, and l3aT(,O, and other intermediate phases. The

same kind of harmful phases mal also oeeur when alkaline earth oxides, such as Ca,

Sr used In substituted BaTiO, [29]. Effect of calcination temperature \Va, studied by

18
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Maison et.a! [30] suggests at 700'C tetragonal BetTiO, do not foml "hereas at

11oooe it does at the expenses of particle agglomeration.

Dopen! and other additi~e, arCadded at this stage of processing. A great a<hamage

of this method is that dopes and additive, can be homogeneously incorporated into

the perovskitc lattice during calcinations. The calcining temperature is important as

it influences th~ density and h~ncc the electromechanical properties of the final

producL The higher the calcinations temperature, the higher the homogeneity and

dellsity of the ILnalceramic product. Many ca!cinatiQns temperature and time scheme

has been suggested. Higher temperature and longer lime usually yield completely

reacted powder but coarser particle size posing difficulties during sub>eguent milling

So, proper calcination at the right temperature is necessary to obtain the best

electrical, mechanical propertie~ and minimizing the presence of harmful phases
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2.5.2 Effect of grain size

Reducing the grain size of the barillm titanate ceramic belaw about 1 ~m diameter

has a flattening effe.;:ton capacitance versus temperature. The origin ofthis effect is

in the nature of the symmetry transition associated with the 130°C permittivity peak

or' BaTiOj. The microstructure of a large-grained ceramic contains "90a" twins

formed to relieve the ,trains generated when the C axis elongates on passing from

lhe clibic to the tetragonal symmetry; in the "trained the highest permittivity is

displays. The domain boundary plane has have surface energy proportional to the

sqllare of tile grain diameter; the strain energy resPQnsible for domain fDrmation, a

volume eITeet, is related to the cube of the grain diameter. With decreasing grain

size a critical si7.e,Dc 1 reached where it is energetically less costly to support an

claslic strain than to relieve by rv,in formation. The ceramic in which ,ituation

e:<istswill haveavcrage grain Si7eoflhe order of I ~m or Ie,s and be untwined; that

is each grain will comprise a single domain and have one orientation ofsponlaneous

polarization, be stressed and tend to be cubic ,ymmetry. The perinittivity of

ceramic in thi, condition will be grater than when un,trained, having a room

temperature ~alue of average 2000, compared with 1400 for large grained, freely

twinned BaTiO).To take advantage of this effect, BaTiO, starting material of very

fine grain size and processing that minimizes grain gro"'1h are required. Fig 2.11

shows the ferroelectric trans ilion of l3aTiO, at 120°C for ultra fine particles.
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Figure 2.11: Ferroelectric behavior of ultra fine particle size BaTiO,



When this is compared with the single crystalline BaTiO, we can sec a markedly

different behavior. For single crystalline material, {he transition is extremely sharp.

In fact, the derivative gQe, to infinit}. In the case of fine particle, (I to 2 j.i.m) the

transition is graduaL This indicates that th~re is relationship between the ~ize ofthe

crystalline structure and th~ equilibrium position of the titanium ions in the polarize

,tate. In ullra fine po\vder (0.2 flm), there exists little or no orientatlonal

relationship. Like \\.ise, the increase in dielectric constant is much less for ultra fine

particles, This again shO\\iSthe interrelation<;hipof lhe microstructure and the

ferroelectric domain" The domain orientation of the ultra fine pO\vdcr is random.

This randomintion lends 10broaden the ferroelectric lransition.

Figure 2,12 shO\~sthe variation of dielectric constant with lemperature for BaTiO,

ceramics Wilh a fine «I fIm) and coarse (>50flm) grain size. Large grained BaTiO,

(>IIill1) show' an extremely high dieleclric eonstant at the Curie point. ThIs is

because of the formation ofmllltiple domains in a single grain, the motion of whose

\~al!s increase; [he dielectric constant althe Curie point. For IIBuTiO, ceramic with

fine grains «lfIm), a single domain forms inside each grain. The movement of

domain walls are restricled by the grain boundaries, thus leading to a low dieleclric

constant at the Curie point as compared to coarse grained llaTlO) [31]. Thc roam

temperature dielectric constant k' of coarsc grained (>50I1ln) BaTiO, ceramics is

'Jound to be in the range of 1500-2000. On the alher hand, fine grained (-11ll1t)

BaTiO) ceromics exhibil a room temperature dieiectric constant between 3500.6000.

The grain sizc effect on th~ dielectric constant at roOm tcmperature has been

explained by lhe work of Arlt d. ai. [22] and Buessem et. at [32J coworkers

proposed that the internal stresses in fine grained BaTiO) must be much grealer lhan

the caarse grained ceramic, thus leading to a higher permittivily at room

temperature. Arll studied the domain structurcs in BT ceramics and showed that the

room temperature k' rcached a peak vallie at a critical grain size of -0.7!-ill1. He

concluded that thc enhanced dielectric constant was due to thc increased 90" domain

wall density.
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Figure 2.12: Grain ,ize dreel of bulk ceramic (a) line grain (b) course grain

The mobilily of the 90" domain walls in very fine-grained BT is hindered and only

less (han. 25 % of the k' was achieved. As the BT ceramics have a very large rOOm

temperature dielectric constant, lhey arc mainly used multilayer capacitor

applications. The grain size control is very important for these applications.

Frey etal [33] reported the results of an in~estigation into the grain-size

dependence of lattice structure for barium l;lanalc (BaTiO)) cefam ies prepared by a

>oJ-gel method. Raman and infrared spe<::troscopy, x-ray di maclian, and differential

scanning calorimetry were used in combination with electron microscopy (Figure

';:.13) to study the evolution of lattice structure and phase transformation behavior

with heat treatment and grain gro"1h from the nano scale to the mlcron scale for

BaTiO, polycrystals. Raman spectroscopy and optical second-hatmonic generation

measuremenb. indicated the onset of local room-temperature acentric crystal

symmetry \' ith heat treatmcnt and cry~tallite gro"th, \\.ell before the obscrvatlon of

an} tetragonal structure by x-ray dIffraction. Analysis of the room temperature

Raman spectra for ultrafine grain (gtain sIze < 0.1 J.lm)polycrystals suggested that a

locally orthorhombic structure preceded the globally tetragonal form with grain

growth. In support of this obsetvation, differentIal scannIng calorimetry suggested

the orthorhombic-tetragonal phase tr~nsformation shIfts up through room

temperature with decreasing grain SI7.e. Hot-stage transmission electron



miCroscopy studies (Figure 2.14) revealed that fine grain (grain size = O.ll-'m)

ceramic:>.which sh,,\\eu a thennal anomaly associated with the cubic-tetragonal

phose transformation, werc Ult twinncd at room temperature, as well as on cycling

through thc normal Curie temperature, wggesting a single-domain ~tate for

individual grains.

Figure 2.13: SEM photograph illuslration the grain gro\,th with Increasing heat

treatment temperature for sintered for xerogel pieces (a) 800'C (b) 1000°C (C)

12000e

Figure 2.14: TEM photograph illustrating the ue,elopment of a poly domain

subgrain structure for BaTiO) of grain siTe I.llm.
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Arlt et. c1 [22] reporkd that at grain Sil~ <10J-lrn the width of the ferroelectric 90°

domains decreases proportionally to the square root of the grain diameter. The

decreasing width of the tlomain can be lheorelically explained by the equilibrium of

clastic field energy and domain wall energy. The sm<lllcr the grain, the more the

dielectric and elastic constant; 3r~ ddermincd by the contribution of 90° domain

walls. The permitti,;l} below the Curie point shows a pronOlInced ma:<imum Ii,-

"'5000 at grain sizes O.8-lflm. At grain sizel less than<O.7J-lrn the permittivity

strongly decreases and the lattice gradually changes from tetragonal to pseudocubic.

Figure 2.15 shows the microstructure of fine grain BaTiOJ.

Figure 2.15, Thermal etching offine grain BaTiO" 1 h in air at 1 100°C; BaTiOl

hot pre5sed at 1 J JO'c.

2.5.3 Effect of electric field

'1he magnitude of the applied filed E h"" a large effect on the switching of domains

and also On the temperature of the onset of electricity. Tc as shown in Figure 2.16,

step A-B designmc (he switching transition, that is re'ersing domain orientation, due

to changing at a constant temperatme. Step CoD is a transition to thc non-

ferrodectric state, which is due to thermal disordering ofthc dipole in the domains.
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Step A-H is II.transition from ferroelectric to non-ferroelectric state under a field

bias. As indicated, the transition temperature is higher. Step F-G is double loop

switching, This field effect in pol;"ization switching is shown in Figure 2.17. When

the bias does not exceed 6kVlcm [34], the bias cause finite polari7.ution even at

temperature above Tc: a linear diele;;tric response of the material result. When the

bias is suFficiently large the spontane(lUS polarization P, and the dielectric

polarization merge and "1', loses meaning (Figure 2.18).

Ferroeloctric
.P

"Ferroelectric
-p

Figure 2.16: Ferroelectric transitions

'"-"'"'''>'''~',",,,.~,
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Figure 2.17: field effects on polari7.ation of a ferroelectric
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figure 2.18: Effect of bias on Tc

2.5.4 Domain structure effect

Man} of the properties of fwoel~trjc ceramics such as dielec!ric constant, aging,

dielectric loss, etc., are related 10the motion of domain boundaries. It is therefore

of great importance to be able to examine and accurately interpret ferroelectric

domain structures. The domain slructure of BaTiO) is of particular intere,t because

of its extensive application in electronic application. Between 14600
( and 130"C

BaTiOj adopts a cubic perovskite structure and is parae\ectric. On cooling beloy,'

130°(, it undergoes phase transition accompanied by an elongation along one cubic

a~is (c a"is), and a contraction along the other twO (a) axes. The result is a tetragonal

unit cell with cia ratio of "'!.lO)' The tetragonal phase is ferroelectric, and the

--dir~tion spontaneous poiarization being parallel to the elongated c axis. The phasc

is stable down to 5'C, where transformations to an orthorhombic structure take

place. Thc knowledge of ferroelectric domains in tetragonal RaTiO, [35] can be

summarized as foUows:

(i) In an individual domain, the direction polarization occurs along c axis and

parallel to anyone of the three original [iOO]cube axe,.

(ii) There are two types of domain boundary, 90° and 180°, The angles refer to

the ,mgie between the domain polarization veetors on either side of thc

boundary.



(iii) 90° boundar)' walls lie on (110) planes and lend to be straight. The energy

of t SO' boundary walls, however is Jess sensitive to crystallographic

orientation; tnll> 180" boundaries are usually '\'a~ y.'
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Figure 2.19: Domain pattern of line grained (left) and coarse grained (right)

BaTiO) ceramic.

(Iv) The polarization vectors adopt a head 10 tail arrangement across a 90°

boundary in order to minimize the charge at the domain wall.

In polycrystalline bulk ceramic, the pattern of domain> is quite dllTercnt"becau,e the

domain structure of each grain is formed under elastic clamped conditions by its

surrounding neighbors, wher~as a single crystal is tree [9J. It should be noled that

only nan-180" domains, i.e. 90° domains (for tetragonal structures) or 71 and 109

.domains (for rhombohedral structures), have the potential to reduce clastic energy.

There exist two types of domain in coarse-grained BaTiOJ, called herringbone and

square net pattern. The fitst one is by far the nlOStcommon in unpoled ceramics. As

shown in Figure 2.19, by decreasing the gtain size the domain pattern changes from

a banded to a laminar struct\Lre[36].

2.5.5 Doping and compositional effect

The temperature dependence ofT, and k' can be modified by fonning solid solutions

over a wide range of compositions. For example, Pb2+. Sr+, Ca2+, Cd2+ can be

substituted for Fla2+ in the titanate lattice. Also, 5r4+, Hf+, Zr4+, Cc4+. Th4+ can

(



be substituted for Ti4+.The zirconales (XZrOJ), lliobates (XNbO), tantalates

(XTaO»), tungstates (XWO,) and lllDlj'bdates (XMO,) also form ferroelectrics [7].

It is reported that substitution of Sr+ for Ba2+ lowers the Curie point. Substitution

Pb2+ for Ba2+ increases T, (0 a maximllm of 490°C. The effect is due to the lower

11.1-0bonding for Ph < Ba < Sr which offers less resistance to the motion of the Ti

ions in their six told oxygen coordination field. Effect of doping on the transition

temperature is sho"n in the Figure 2.20.

The strain energy introduced by clectro-strictive efTects on cooling through and

below the Tc when some domains change their orientation in relation 10 others

causes time dependence f()r the dielectric constant known as aging [7] The rate of

change increases as the initial value of k' increases. Both composition and heat

trealment aflect aging and k'. In a polycrystalline ceramic, domain reorientation is

affeeted by grain size, impurities, and pores, which pre,ent domain movement due

to .,tresses, imposed by surrounding grains.
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Figure 2.20: The etTeetof doping on the transition temperatures ofBaTiO] cerdmie
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2.5.6 Observatinn of Microstructural feature,

Several investigators have d~scribcd the ferroeledric or twin domains thaI can be

seen in the single cry,lal of l3arium titanate. for mQst practical application

polycrystalline Barium Titanate ceramics are the mo;! irnportanllhan single cl)stal.

R.c. DeVRIES et.al [38] described elaboral~ly the micro structural features of

polycrystalline barium titanate. Polising and etching are very important part of

Mierastmelum! observation. It is interesting however thaI the different methods of

polishing and etching do not reveal all the microstructural features ofthe structure.

It sho\lld be noted that the [hcnnaH} etched sample reveal grain boundaries but no

domains, where the chemical elched samples exhihit domain pottem und felv or no

grain boundaries. The reaSOnis that at elevated temperatures "here thermal etching

(partial melting) takes place there are no domoins since the material is in the non

polar, cubic phase, whereas at room temperature \\.here the chemical etching occurs,

domain ha~e spontaneousl} formed when the material is bought bdow its Curie

point [7]. The investigators [37] fabricated tile sample in such a condition that

resulted in a ceramic of about 15% porosity containing large domuin (70 to 100).1)in

"hi~h ferroelectric domain structure could be readi!} distinguish. In the commercial

based ceramics is usually comiderabl} smaller than this ..

Figure 2.21: J\llycrystaltine 3aTiO, after polishing and etching. fine black and

"hite strips arc 90° domains; irregular line crossing 90° domains are 1800

boundaries (dOO).
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The microslructllre of the polycrystalline aggregates has t;\O obvious features not

shown in a ,Ingle crystal microstructure (1) por~, "hleh arise from [he ceramic

having been made from powder and (2) grain boundaries. 'fhe finest black and white

stripes (about 0.5 to 2il wide) arC 90° domain as sho"n in figure 2.21. Another

observation of domain in BaTIO) reported by Arll et,al [35] ,hOlvn in Figure 2.22.
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(,) (b)

Figure 2.22: ferroelectric domain pattern Cal BaTiO, ,inlercd 2 hour at 1330"C,

chemically etched. (b) BaTiO] hot press~d at I080°C; sintered 60hour at 1250°C;

ion beum etched.

_They are re,ealed in this way because the differentl) oriented I;\~indomains etch to

give ditrcrent surface roughness, which rctlects light differently. In considering the

thickne" orthc domain boundaries, it is hdpfui (0 recall that these domains are also

crystallographic twin>. A frequent characteristic structure is a straight iine, which

always extends completely through a grain with the structures on the either side of

this trace changing direction in to it. Such a str\lcture is vcry similar in appcarance to

the (111) annealing twins frequently observed in face centered c\lbic metais. An

analysis of the tracc direction, in the grain ,hOllin. with the aid of a stereographic

projection and making thc assumption that ail 90° domain boundaries are traces of

{IOl} types planes, leads to the solution that the line ref~rred to is indeed a trace of

(ill) plane, and thus S\lpports the conclusion that these markings are interfaces



between (II J) twins. One micro structural feature, which. is very evident in the

ceramic aml absent in most single crystals is the arrangement of families of {lOll

l\,ins in bmad band8 as ;hown in Figure 2,21, These bands (about iOJ.l.\~ide) are

define by the change in dir~(i()n of the included fine twins (never more than two

difTerent directions within a band) and the interfaces are reasonably close to straight

lines with the e~ception of a few orientation, which have wedge like shape.

2.6 Dielectric Properties

Ceramics are mostly covalently bonded malerial hence electrically non-conductive

or insuiat(>r. Importance of particular proper!} depends on the application demand.

For instance, dielectric strength i5 an important parameter for application of ceramic

a, insulators used in power transmission line, load bearing general insulators, in

house h"ld appliances, etc. In this kind of application, where frequency do not

exceed I kHz, the breakdowo strength, measured in kV/cm, together with

mechanical strength are prime important factors. The dielectric constant (k') or loss

factor (k") doe, not matter much. On the other hand, for capacitor and electronics

applications just the opposite requlrcd. The values of k' and k" are of prime

importance. not only their rOOm temperature value, but also as function of

temperature and frequency_These arC intrinsic propertie, of material, especially of

p"lycrystalline ceramic, can be modil1ed by daping. micro structural variation, etc.

Ba'( iO, is used extensively as a principal ingredient far multi layer ceramic capacitor

(I\1LCC) manufaclUred commercially in billions. In the followiog sections basic

concept and factors governing dielectric constant. dielectric loss is discussed.

Materials are treated as polycrystalline and linear dielectric.

2.6.1 Die1ectriccoostant

The overall Dielectric constant (k') of an insulator material is given by the relation:
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D represents the electric displacement, E the electric field in the dielectric, k' the

dielectric constant and "0 permitti,ity of vacuum. The electric displacement

describes the extent to which the c1~tric field has been altered by the presence of tile

dielectric material. The dielectric constant k' is an intrin,ic property of a material

and a measur~ of the ability of the material to store c1ectric charge relative to

vacuum. !l is measured indirect!} from the capacitance of a capacitor in which the

material is used as electrode separator or dielectric. From eq.{2} and the capacitive

cell illustrated in Figure 2.23, the dic1ectric constanl k', total ,harge Q (coulombs)

and capacitance C (farads) can be developed us follows:
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Therefore,

\\'here,

ood

• D QIA
K.----~~-

£,E g)'ld

Q=CK,AV=CV, d

C=CK,A, d

{2}

{3}

{4)

{5}

{6J

Here, A represents the area of the capacitive cell, d its thickness (or gap between lhe

electrodes), Co and C the respective capacitance of the capacitor with air and

material, V the voltage aeros> the cell and € the material permitti~ily (Flm). Thus, k.

represents the ratio of the permittivity or charge storage capacity reiative to air or

vacuum as dielectric. It is dear from eq. {5} thaI for a given size capacitor and

applied voltage the higher the k. the higher the capacitance of the capacitot. This is

the only variable left with the material scientist to increase the capacitance per unit

volume value of capacitor for modem e1cctronics applications.
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Figure 2.23: Equi,alcnt circuit diagrams a) Capacili,e cell, b) Charging and 10s5

curren! c) loss tangellt

2.6.2 Dielectric Loss

An ideal dielectric would allow no flow of el~tronic charge, only a displacement of

charge via polarization, If a plate of such ideal material "ere placed between the

capacItive cell shown in Figure 2.23(a) and a de voltage was applied, (he current

thrQugh the circuit would decay exponentially to zero with time. But this "QuId not

be Case ifan allernating (sine wave) electric field were applied. In this case the eq.

{4} rna) be written as:

i8}

Therefore,

J = dQ = lwCV = iwC E K'V
dt " "

{9)

here, J represent the current flow on discharge of the capacitor in time t. For real

dielectric male rial, the current I has t\\'D vector components, rcaliR and imaginary lc.

The condltion ofa lossy (not so good) dielectric illustrated in Figure 2.23(c) as an

equivalent circuit analogous of a resistance in parallel \\iith the capacitor. The current

'c represents a (watt less) capacitive current proportional to the charge stored in the



capaci\c>f. it is frequency dependent and leads the voltage by 90". On the other hand,

the current!R is ac conduction current in phase with the voltage Y, which represents

the en~rgy loss Or power dissipated in the dielectric. The resultant angle between the

current and the ~olwge i, 'I' somewhat less than 90". Ideal dielectric under this

circumstance would not absorb an} power and the capacitor would have zero loss.

The current would lead the vollagc exactly 90'. The currenl in real capacitor lags

slightly behind what it would be in an ideal capacitor. The angle of lag is defined as

8 und the amount of lag becomes Ian 6 or loss tangen!.

Eq. {9} Can be written for real and imaginary part,
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Dielectric 10" often attributed to ion migruti(ln, ion vibration & deformation and

electronic polarization. Ion migration is partIcularly important and strongly affected

by temperature and frequency. The losses due to ion migration increase at low

frequency and the t~mp~ralure increases.

2.6.3 Mechanism of Polarization

. ln generaL there are five diff~rent mechanisms of polarization whIch can contribute

te>the dielectric re'ponse .

• Electronic polarization exists in all dIelectrics or all solids up to optical

frequencies - J 0"[ 17. [Buchanan].!t Is bascd On the displaccment of the negatively

charged electron shell against the positively charged core. The electronic

polarizability a.., is approximately proportional to the volume of the electron ,hell.

Thus, in general [.to Is temperature-independent, and large atoms have a large

electronic polarizability .

• Ionic polarization is observed in IonIc crystals and occurS up to the infrared

region 1010_ IO"Hz. It describes displaccmcnt of the posItive and negative sublatticcs

.--.- - under an applied electric field.

"



• Orientali(1n p[)lari~ation is both frequency dependent and temperature

dependent, since it represents dipole orientation and ion jump pol"rization .

• Space charge polarization could exist in dielectric materials which show

spatial inhomogeneities ()f charge carrier densities. Space charge polarization eftects

arc not only of imporlance in semiconductor field-effect devices, they also OCCurin

ceramics with electrically conducting grains and insulating grain boundaries (so.

called Maxwell-Wagner pDlarization) .

• Domain wall polarization plays a decisive role in ferroelectric materials and

contributes to the oyerall dielectric response. The motion of a domain v>fal!that

separates region~ of differenl oriented polarization takes place by the fact that

favored oriented domains with respect to the applied field tends to grow.

2.6.4 Materials Aspect

Intrinsic properties such as k'and k'. can be e;;:plained in terms of chemical

composition and structure. Material behavior in a dielectric field is a direct res\llt of

three vector quantities a) dielectric displacement D. b) electric field E, and c)

polarization p,

]5

{13 }

Affect of dielectric in capacitor illustrated ill Fig\lre 2.24. The contribution of

~acuum IS the term Eo!': and is the electrical polarization contribution of the

dielectric.

Ther~fore, {l4}

It is clear from eq_ {I} and {l4} polarization is the key factor attributing to the

dielectric property of material. For ceramic material, polarization can be further

,
•
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Figure 2.24: Parallel plate capacitor: a) "ithout dielectric b) with dic1ectric E

constant c) with dielectric with D constant.

described in terms of a volume charge density related to the concentration of dipole

per unit ,olumc N and the local tleld E' in the dielectric:

and

P=aNE'

E'= K'+2 E
3

{l5}

{l6}

_Where, a represents the polarizability, arising from different poiar;>:alion mechanism

of the material: a=a:,+u,+u,+a, { t7}



k'

k'•
10'

Frequency, Hz

10'

37

Figure 2.25: Frequency dispersion behavior of dielectric material as function of

frequency.

representing the susceptibility associated with electronic, IOniC, orientations! and

space charge polarization, respectively, For cubic structures and for induced dipoles

(ionic and electronic polarization), the calculation reveals a relation between the

atomic polarlzability n, and the macroscopic pcnnittivity E ~ £OLe which is referred to

the Clausius-Mossotti equation [14]'

<:=c,+2Na
6.-No:

{IS}

In Figure 2.25, the frequency dependence of k" and associated polarization

mechanism are illustrated. Affect of different polarization mechanism to the overall

dielectric constant is related to the composition, frequency and temperature of the

dielectric materia!. In general, a., increases with ion concentrat1on, ion ,izc and ion

polarizability, hence ions like Bal<-, Pbl+, La'+ are used in order to achieve a higher

die1cctric constant and rerraetive index. In ionic solids, (sueh as MgO, AbOJ) ct, is



the predominant polarization mechanism, where ion size and separation. have the

,ignificant effect. For ceramic materials with mobile ion, the oricntationa!

polarization can be a factor. This can be aUributcd to ion. jump polarization (t)"

where
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a = p'
" 3kT

(e::d)'
---
3kT

{ J 9J

p = ezd. represents the dipole moment associated with the jump of an ion of charge

ez through a distance d. The relaxation time r and the number of successful ion

jumps per second are gi,en in Arhenius form:

(20}

Here, '" is the acti~alion energy, k Boltzman co[\stam and T absolute temperature. In

other word, for ceramic t decreases with temperature, the rebxation move to higher

temperature with increasing frequency and n increase, wilh the temperature. Hence

it is normally observed k' to increase with the lcmperature at a given frequency and

at a given temperature k" d~rease; as frequency increased

2.7 Science of Barium-Strontinm Titanate Materials

2.7.1 Formation of Solid s(}lutioll

Solid solution \vith an iso structural compound broadens the CurIe pick. This was

first perceIved in HaTiO,-SrTiOJ solid solution (Figure 2.26).
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figure 2.26: Effect Qf solid solution on dielectric constant versus temperature

characteristic [7]

Ceramic based on BaTiO,-SrTiO, solid solutions are frequenlly used to manufacture

ceramic capacitors and thermistors. Mixed titanates arc also considered for other

applications such as delay lines, slow wave strl.lct\lre_~, optical modulators, etc.

(Ba.Sr)TiO) solid solution ceramics are usually made by shoping and firing ceramic

bodies fwm mi;.,tures of DaTiO, and 5rT103 powders. D Kolar et.al [38]

investigated in detail the Mechanism of (Ba,Sr)TiO) solid solution formation.

During sintering, a solid solUlion is fonned which results in a shift of the Curie

. temperature and e~anges in ot~er properties. BaTiO, and SrTiO) ery~>lailizein the

same perovskite structure. Bot~ compounds form a complete series of solid soiutions

[39]. The lattice parameter oft~e perovskite cell decreases monotonieaiiy from pure

BaTiO} to pure SrTiO). The system sho"s a minimum in melting temperature at

1585°C and 2.5 mol% SrTiO). In view of the similarity of crystal structures and

ionic sizes, (Ba,Sr)TiO, solid solutions ",ere expected to form by the simple

interdiffusion of Ba2+ and Sr+ ion, in a relatively rigid Ti-O lattice. It was

confirmed by the present authors using X-ray microprobe analy>i~ that BaH ions

diffuse faster into the SrTiO) lattice than Sr2+ ion; imo the BaTi03 lattice. This

conclusion was based on the shift ofSrTiO, X-ray dilIraetion lines.



On the l3a-rich side of the system BaO-BaTiO" only one compound, Ba,TiO.•

(barium orthotitanate), with a high melting point (higher lhan 1860°C) is known.

This compaund fonns an an e"tensive solid solmioo with SrlTiO, which end at a

composition \,ith a Ba2+ :5r2+ ratio of about 1:3. On the srO rich side of the

system SrO-SrTiO" There e;::ia! several polytitanatcs such as Sr)Ti{}, and

5r.Ti,OlO All ofthem may take some Sa in to solid solution.

(I) Mechanism oFsolid 'miution formation in the syslem BaTiO)-:'rTiO)

X-analysis of sin(ereci BaTiO) 1:1 powder mixture confirmed Namura's

obser\'ation, i.e. a shift of SrTiO) rel1ectiG[\stowards (he higher d values at the same

time, BaTi03 reflections intensity_ However, some additional vcry faint diffraction

lines also appeared after firing at T= 1300°C to 1400"C. After a 30-h anneal at

l400°C, BaTiO, was reduced to only a trac~ quantity and the pO_Iitionof

(Ba.Sr)TiO, diffraction lines revealed the composition Ba",Sro,TiOj, indicating

.that homogenization wus practicall} complete. The faint auuitional lines

disappeared. The faint diffraction lines were found to correspond to BasTinO" and

(Ba.Sr), TiO, solid sol\ltions, which are th\lS formed as intermediate compo\lnds in

(Ba,Sr)TiO) formation Ii-om mi~ture$ of BaTiO) and SrTiO) powders. X-ray

microprobe analysis of the neck formed during sintering of a pol}crystalHne BaTiO)

sphere to a poli,hed SrTiO) plate at 1300°C shows that Ba ion diffused al(mg the

surface of SrTiO,) and into its bulk. To maintain the electrical nC\ltrality, it is

assumed that 02- ions accompany the diffusion of Ba:2+ ions or that oxygen is

1ransported via the vapor phase. Penetration of Sr ions into the BtlTi03) sphere was

much slower (Figure 2.27). II may be further observcd that the n«k area bccame

rich in titanium. Quantitative analysis of this area revealed a BaO: TiO, ratio of

approximately 1:2.5. The analysis of a hot-pressed (1200°C,5h) BaTiO).SrTiO,

region. Kexl to the Ba poly titanate layer. which is formed on the BaTiO) side, there

is a layer ri~h in Sr and containing some Ba. The Ti concentration level is slightly

lowcr than in WI iO) (Figure 2.28). Careful examination of this layer under an

optical microscope showed a small amount of apparently sol idifieu liquid phase.
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Figure 2.27: Ekctron beam microanalysis of BaTiO, sphere -5r1i03 plate neck area

(1300,1211)

The composition of the Ii.rich compound (poly titanate) formed on the BaTiO) side

of the contact area and the alkal ine earth-rich compound (ortholitanate) formed on

the surface of Sr1 iOj grains and in the contact area depends on temperature and the

phase relations in the ternary sy,tem l:laO-SrD-TiOl. On the basis of Ihe

experimental evidence and lhe phase equilibrium data discussed in the introduction,

the first step of(Ba,SrlTiO, formation is:

8a1iO,+5rTiO, B"Ti,O,,+,+ (Ba,Sr)lliO)(ss) (I)

where ss=solid sQlution and x=25 in barium poly titanate depends on the

temperature and the diffu,ion rate of Ha2+ ions into SrTiO). On the basis of the

composition indicated by X -ray microanalysis, the probable compounds are

BasTiI7O"" and BaTi,O,. However, on the basis of the faint diffraction lines which

appeared in the po"der~d specimen after firing, it is concluded that the compound is

BasTiI704l). Poly titanate forms a low-temperature (1320'C) eutectic liql1id with

BaTiO) The consequent BaTiO)-:.rTiO, ;olid solution formation above 1300"C is

assisk'd by solution and precipitation. Accordingly, the mechanism of consequent

BaTiO)"SrTiO) solid solution formation may be described al:

(BaTiOj-BaTi02x+1 j(liq! + (Ba.Sr), TiO.(ss )-+(il~,Sr)Ti03("s)
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(2)

Dissollition of (lla,Sr) TiO"(ss) in a rcueti, e (fbTiO,- BaTixOlx-!-l) eutectic creates a

ternary system with a stilllo,,~r eutectic temperature.

Figure 2.28: Electron beam micro3nalY5i~ of hot prcs,;cd (1200.511) BaTiOrSrTiO)

diffusion couple.

Figure 2.29: Scanning electron micrograph of neck formed during siotering

(1300~C,24 H) between pol}crystallin~ BaTiO) and SrTiOJ spheres)

Ditfcrential thermal analysis of mixture, or Ba,Til'O,,, and BaSrTi04 (ss) showed
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an endothennic effect, inJicnting melting at ]280°C. A further indication that (Ba,

Sr)TiO,(ss) crystallizes from the melt i, given by Figure 2.29, which shows the neck

grown between polycrystallinc HaTiO, and SrTiO., spheres during sintcring at

1300"C for 24 h. The pcd}gonal large grain.1 of the neck seem typical for mell-

grown crystals. Similar large grains fOnTIed in [he comacts between BaliO) spheres

and SrTiOJ plates, as shown on figure 2.30(A). On the contrary, such large grains

never fonned in contac!.. bdwcen the spheres and plates of the same chemical

composition, as shown on Figure 2.30(B).

Figure 230: Micrograph of polished neck area between (A) BaTiO,

pphercs/SrTiO,platc and (8) BaTiO) spherelBaTiO,plale (1300~C, I2h)

Formation of (Ba,Sr)TiO,(ss) from nOn equilibrium compounds according to Eqs.

(I) ,md (2) wa, analyzed in more detail by examining the microstructure of the

diffusion couple prepared by pressing and sinlering layers of naSrTiO,. and

BaTi,,04<lat DOO":'"20°C tor 4 h.
In Figure 2.3\, (he presence of a liquid pha,e is clearly visible between the grains of

thc teaction product. The presence of liquid is eosily explained as a consequence of

(he formation of (Ba,Sr)TiO,(ss), "hich in turn gi~es the eutectic liquid with

BaTi,,04{). The tcactive eutectic dissolve, both starting phase R" Ti"O'G and

BaSrTiO._
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Figure 231: Mic""lruclure of sintered 13aSrl iO".B<I.$1'i170,0 sandwich (1300°C, 4

h) with liquid layer among groins 0fr~ac(ion product.

Equilibrium (Ba.Sr)TiO)(ss) precipitates from the supersaturated solutions. X-ray

analysis of the fired sample, continned the pre,ence of a pcrovskite (Ba,Sr)TiOJ

phase besides the pha,es initially present. The HalSr ratio In

(Ba,Sr)Ti03(ss).dcpends on the local composition of the melt. Ekctron microprobe

analysis revealed the composition of reaction product as B"')7,SrQ,;TiOJ. The

solidified liquid phase among (13a,Sr)TiO, grains in Figmc 2.31 was difficult to

analyze accurately due to the jjmited size. The approximate composition was

'delermined as BaD: SrO:TiO,. ~ 1 ,0. 1: 2.5, "hleh is in accordance with the

proposed explanation. Lin~ analysis across the diffu~ion couple revealed, besides

the facts alread} discussed, a thin la}er rich in Sr between the (Ba,Sr)TiO, and

(Ba,Sr)TiOJ(ss) byer. Analy,i, of the Sr-rich layer gave the compo>ition BaO: srO:

Ti02 0.35: I: I, indicating the e,,-i;tenee of (Sr,Ba).,Ti]O). solid sol\ltion. Transient

formation orthi, pha,e during equilibrium in the sy,tem (Ba,Sr)Ti04-BIl6TII70,o is

possible on the basis of BaO-SrO-TiO] eq\lilibrium clawS am.! compatible with

compo,ition analjsis of other ph~s in the (B~,Sr)TiO,-Ba6TiI70",o diffusion

eO\lple.

. The anal}si, described above may al,o explain the existence or the Sr-rlch layer in

the BuTiO,-Sr ria) diffusion cOllplc, as indicated in Figure 2,28,

44



45

(2) Consequences of the Mechanism of (Ba,sr)TiOJ Solid Solulion Formation of

Densification and Microstructure Development During Sintering of BaTiO,-SrTiOJ

Mixtures.
It is sho"," in Figure 2.32 that 50: 50 mi"tures sinter to much lower density (73% of

theoretical) than mixtures \~ith 5% BaTiO) or SrTiO), respel:ti~ely. Comparison of

Fig" 2.30{A) and 2.30(B) demonstrates the di~turbance in neck geometry caused by

differences in chemical composition.

1 955,]01, 51.1,G, 9~5'1.1.O.-
Z 51rl,0,lllol.o,"0,I'I.1.11.
l SOS,TiO,SOI.lon,/l't.! 0,
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Figure 2.32: Shrinkage curves of BaTiO,-SrTiO] powder mixtures during sinlcring

at a rute of SOC/min.

The neck formed between the BaTiO, sphere and the SrTiOJ plate is uneven and

resembles "mushroom" shapes. On the contrary, lite neck bet>veenlhe BaTiO) sphere

and lhc BaTiO) plate (Figure 2.30(B) is "normal," such as postulated in model

sinlering experiments. It is to be expected lhat disturbance in neck geometry in the

early sintering stage and Kirkendall-Iype porosity brought about by preferential

diffusion in BaTiOJ"SrTiO) powder mixtures opposes denslfication during firing of



green compacts. Hence, high density i, not ea,ily achieyed in sintering

heterogeneous Huri03-$r I iO) mi"ture_,. as confirmed by e~periment. The

microstructure of sinkred BaTiO,-SrTiO, pO\,der mixtures is Une"en. Figure 2.33

shows exaggerakd grain gro" til in sintered SrTiO,-5 Wl% BaTiO] after 3 hand

1350°C.

Figure 2.33: Microstructure ofSrTiO,,-5 "t% DaTiO). mixture .-intered for 3 hat

Microstructure of (his is believed to result from the presence of minute amounts of

-!iquid phase during sintering. The SrTiO,-Ba'] iO, mixture was sintered well bele",

the liquid phase formation temperature in this system. However, the present analysis

of BaTiOJ-SrTiOJ solid s.olution formation explained the nccessa,) presence of a

eutectic liquid below 1300'C. Therefore, the structure shown in figure 2-30

represents further e,'idcncc for the proposed mechanism of (Ba,Sr)TiO] solid

solution formation dming 5inter;ng.

Electron beam microanalysis of the large triangular grain in Figure 2-33 confirmed

that the grain represent, (Sr,Ba)TiO) solid solution (Figure 234). The groin is richer

in Ba(ss) than the SUIToundingSrTiO" which is in accord'lnce with the mechanism

of liquid phase-assisted solid solution formation.

46



Figure 2.34: Ele<;tronbeam microanal}si, of large grain In SrTi03"5wt% BaTiO,

sample sintcred for 3 h at 1350GC. Ba tracing is shown.

Lernanov et.al [40] studied a dielectric (Figure 2.35) and ultrasonic study of phase

transitions in Sr,., Ba,Ti03 with X ranging from 0.0 10 1,0.

'"

I
I

':0
Temperalure (K)

Figure 2.35: Temperature dependence of dielectric constant at frequency of 1 kHz

in ceramics (a) and single crystal (b) (the number ncar the curve refer to BaTiO,

concentration)
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The full phase diagram is derived Irom dielectric measurements for ferroelectric

phase lran,ilion, and from uitra,onic measurements for structural phase transition.

The cubic-tetragonal feIT(}cicetric phase transition, whi~h is oflhe first order in pure,

BaTiO, (x= 1.0) transforms to the second order phase transition at x dose to 0.2. The

transition temperature T, is a linear f,melion of x at x values from 0.2 10 J.D. For

x<O.2 the transition temperature is proportional to (x-x" ,'12 ,where x ..=O.035. For

x-<:x.a glasslike behavior is observed. The stfllclural phase transition temperature Ta

goes down as compared to pure SrTiO) when" increase, and Je~els off near x

=0.05.

2.7.2 Dielectric properties

The microelectronic industry has been emphasizing on reduction in Slze of the

device element such as transistor re<;ist or and capacitor. However there are practical

difficultie<; to these achievements includiflg the lack of ultra fine precursors to

manufacture these eOmPOflents, poor dissipatiofl of the tremendous heat generated

due to faster speeds, poor reliability etc. Thus, lhere is a need to pure materials of

nanometer size, which have high energy density and better thermal c(mductivity.

Hence, it has become extremely important to synthesize dieleclrie materials with

higher density and higher surface area, more uniform size distribution and less

hritlleness at elevated temperatures. This necessitate, investIgation of nano-sized

,particle<; of well-known dielectric materials. Ganguli et.a!. [41J carried out detail

studics of the gel, precursor and they fine powder using po\\der X-m) difTractiofl

(Figure 2,36) (PXRD), transmission electron microscopy (TEM) (figure 2.37) and

dielectric measurement (figure 2.38), They discussed their result on the s)l1thesis

and the characterization of barium strofltium titanate Bal_,Sr,TiO,(O;::x:"J) (BST),

harillm lead titanate Bal.,Pb,TiO,(OS:XS1)(BPD and PbZr'_xTi,O) by the polymeric

citrate precursor method. Ganguli et.al [41] found that with the increase in stromium

substitutiofl the dielectric constant decrease. The value of dielectric constant varies

!Tom 510 for BaTiO) to 190 for SrTiO,.The eompo>Ition of x~O.5, namely B""5

Sro"TiO" the dielectric con"lant decrease,> in a regular fashion with increase in

temperature from room temperature to 300°C.
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Figure 2.36: Powder X-ray diffraction paltem for lh~ composition Bao5SrosTiO]

after being heated at (al 500"C (b) lJOO'C.

Figure 2.37: Trunsmission electron micrograph ofSrTiO).

For BaTiOJ the dielectric constant shows a minor change with II temperature 150°C

beyQnd which it shows a d~crease. The dielectric conslant shows a very slight

variation with a trcquency till 300kHz,The dielectric loss also remains almost



constant till 200 kHz beyond which i[ follows a considerable risc with increasing

frequency. For B~OlSro,TiO" [he dielectric c(m,lanl shows negligible variation In

the frequency range 100 to 500 kHz in th~ entire range of temperat •.•re ~ll1died.
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Figure 2.38: Variation of dielectric constant and dielectric 10%"ith temperature

for composition Baa 1St 05TiO, (sintcred at 1100°C) at 100 kHz

Similar behaviors are seen for BaTiO) and SrTiO,. Also no peak has been observed

in the dielectric constant versus temperature curve in the temperature range of 50°C
to 150°C for BaTiO) [41]_

It has been pointed earlier that the cubic structure and absence of fcrroelectridry for

IlaTiO.l occurs for ,mall grain size. As grain size decreases polarization decreases

and thus ferroelectricity is lost.

Manfred [42] reported about the high dielectric constant materia!> which are

relatively homogeneous barium titanate formulations that have grain more than 3

~m, Their high dielectric constant stems from the addition of substituents with the

same valences. These shift the Curie point to the room temperature region. Sr2+ or

2r4+ i,often used, making peak dielectric constant as high as 18000 available. Such

materials can loose up to 50% of their dielectric con.ltan! at SOOC, but find general



application in computers and other low power electronic equipment requiring a

Iimiled tern perulme range.

In an article of Igor Lubomirsky eLal [43] showed that due to the graded

compositiun the ceramic doesn't show a shurp change in dielectric constant near the

relaxation frequency. Instead they ob;ervcd gradual decrease in dieledric constant

with frequency with the loss tangent remain practically un~hanged (below 0,02

everywhere within the frequency range 0.0003-3 GHz). The investigators

s}nthesized high pllrity (Ba,Sr)TiOJ and SrTiO) powder with a average grain size

O.2f.lrnby solgc1 method. BaTiO] and $,TIO, were thoroughly mixed ill a molar ratio

()f 4:1. They Were thun pressed in to disks of 6.3mrn diameter. Pure BaTiO; powder

was also pressed in to disks by the same method. The length of time und temperatme

of ,inlering ",ere adjusted in the range of 0.5-4h at 1300_1400°C so that different

degree of BaTiO)/SrTiO) interdiITusioncould be obtained. The experimental finding

by the above re,earebcr were as follows

(1) The partial interdiffu,ion of BaTiO; and SrTiO) powder fom" a ceramic

material with intragrain concentration gradient.

(ii) Graded composition ceramic exhibit a very broad dieleclric relaxation

region with almost flat Cole-Cole diagram.

(iii) An lInusually flat Cole-Cole diagram appear, when an intra gram

composition gradient is present. The diagram app";>aches arc-like shape

"hen the intra grain composition gradient declines. Thc £'"-£" dependence

follows the debye ,emicire1e \vhcn the imragrain composition vanishes

completely

Ferro c1edric thin 111mis currently being considered for variety of el~tronic

application. Some of this application takes advantage of the voltage dependence of

dielectric constant. This feature can be used to produce ~ollag" tunable microwave

device, such as resonator, filters and pha,e shifter. For this application it tS

desirable to produce thin film, whIch have maximum tenability (change in

capacitance undcr applied de bias.) with minimum loss tactor. Since the tenability

of a ferroelectric is maximum near the Curie point. H.N AI Shareef etal [44] found

that high temperature post deposition annealing 0 f both sputtered SrTiO) and Sc>l-
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gel cieri,cd BaTiO, mms markedly improve their tuning and loss factor

characteristics.

2.8 Processing of Barium Titanate based ceramics

Propert) of the final product depends on the processing from raw material to the

final sinterlng. bery step in the process cliain has its O"n influence on the

S\lccessi,e step and the final prodllct. Many methods arc used to syntheses BaTiO,

Raw Material. Ball " Ball
Weight+Mi:< Milling Calcine

" Milling

~

,/ Shaping I
Finishing I Sintering Forming I
lnspeclion f Pallctizing
Characterization
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Figure 2.39: Flo" chart orMixed Oxide roUle

a) Conventi"nai mixed oxide, b) sol-gel, c) chemical precipitation. d) hydrothermal

and e) combustion reaction. Choice of route depends on the application. Nano-

.powders ;Ire prepared using the e1eclrophorectic (EPD) method for making films.

Even thin film ",as prepared from b•.•lk ,ingle crystal •.•sing ion slicing method [45J.

Uhm fine BaTiO) powder obtained by combustion reaction are used to make bulk

material waS described as relatively efticient method [46]. By far the first method is

widely in the industrial application as well as at laboratorIes. However, powder

obtained in other routes Is superior in tenns of homogeneIty and fineness. This

method also known as solid-state method was used to prepare sample ln this study.

Processing route of this method illustrated in FIgure 2.37. In the following sections

important steps are discussed brietly \,.ith their influence on dielectric property of

BaTiO] ceramics. The raW materials are BuCO" Ti02 and SrCO). Almost same



procedmcs are follc",cd in the solid soilltion of BaTiO, and SrTiOJ. In the solid

solution reaction process mixing is completed by ball milling. Solid state reaction is

Cllmpleted during the sintering process.

2.8.1 Ball Milling

The weighted powders are mixed mechanically by either ball milling or attrition

milling. Milling is carried out to reduce the particle size of the powder.; to the sub.

micron range for the solid phase reactions to occur by atomic diffusion. The

schematic of a ball mill was illustrated in Figure 2.40.
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Figure 2.40: Schematic ofa Ball Mill

Size and distribution of the ball is an import factor determining the product quality.

Thumb rule is, smaller the size of b,,11;finer the particle but it take longer time to

break down big pmticl~s, hence use mix of different size balls. Motion of ball is

controlled by the rotation sp~ed of the mill. At higher sp~ed balls cling at the Inner

side of the mill due to centrifugal forcc, too 101' speed would set the balls almost



stationary at the bottom. In both case insufticient friction between balts and particle

would not break d()"n the particle. Optimum speed is aehie-ed wben balls are in

circular motion and roll back to bottom from about three quarter way to the lOp as

shown in figure 2.40. Media is another important consideration for two rea,ons. It

must no! reacl wilh the ball, tbe container, or the po,~der. Secondly, must avoid

decrease of colloidal stability. For instance. milling ofBaTiO, in water media set of

lriboebemical reaction. The rea,tion forms ,trongly alkaline Bo(OH)J which upset

the pH bolanee, decreasing tbe colloidal stability ofthe suspension [47], Either non"

polar liquid such as acetone, alcobol, i, used or polyeleetrol>te stabilizers are used

with water. Usually the same set up is used for milling the calcined powder. Finer

particle Can lo"er the ,interillg temperature ,md firing time significantly. Extent of

ball milling is usually assessed by particle size analysis. If very fine initial raw

malerial> i, used in the case of solid solution then ball milling is used for mixing fine

powder homogeneously.

2.8.2 Shaping and dl')'ing

After calcining. the lumps are ground by milling as des"ibed previously. Tbe mJlled

powder reudy tor fiJrther proeessing is commonly referred at 'green' body. The

green bodies SbOlildhave a certain minimum density before they can be sintered.

Common practice is to achicvc 60% of the theoretieal density during ,baping and

pre-sintered statc. The desired shape and a minimum gr~en density can be provided

-.by various tecbniq\les incl\lding powder ,ompaction, slip casting, extrusion, doctor

blading, dipping, ete. Hot pressing (both axiol and isostatic), although e"pensive

method is becoming popular for better qualiEYeeramie material \lsed in high-end

application. The ehoice of the method depends on the type of powder u'led, p"rticle

size distribution, and state ofagglomemtion, desired sbape, and thickness of the part.

Hydrallli, or mechanical presses are used to press powder in to desired shape at the

preSS\lreof -100 to 300MPa, Owing to the nature of tbls process, only simple and

symmetric shape ean be prepared. No sintering aid or liqllid is added to the powder

for solid phuse sintering route. /fence, strengtb of the green powder compael is

achieved throllgh addition ofa suitable binder s\lch a, PYA, glycol pbthalate. etc.
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After shaping, the green bodies arc heated very slowly to between 400.600'C in

order to remove any bind~r present. Initial heating rate to burnout the binder is about

-1-2"C1min in order to allow the gases to come out slowly "ilhoul forming cracks

and blisters in the ceramic part. After the binder burnout is over, the samples are

taken tel a higher temperature for sinle,ing to lake place.

2.8.3 Sintering

In thi, ,t~p. powder ,0 prepared finally transforms to usable ceramic body. In

cerami~ industries this step is also known as firing. BaTiO, mature, in (he J350'C to

1450"C ra~ge [22]. This is [he most important processing step In making of ceramic

material. All properties of ceramic depends on the sin!crcd body which is the direct

result of the sintering parametcr such sintering temperature, hold time, atmosphere,

themlal profile, etc. There are many sintering methods used but thIs discussion

would be limited to solid phase method.

Heat causes the powder particles to develop inter granular bond, by surface diffusion

and other physical driving force. Mechanism of sintering and allied topics detailed

elsewhere [48]. The typical green density of ceramic body at the start is about 60%

of TD. Strength starts to devcIop gradually as more and more particles bond. At

about -80% to 90% density the pores are still open and the ceramic has a typical

"chalky'" appearance. The dielectric con Slant is usually low an.d thc T, is n.ot

_pronounced ~trongly. The pores of a eeramic are gcn.erally closed at -95% of TD.

Additional heat work causes grater den"ificmion a< trapped gasse< diffuse out along

grain hOLLm1arie<.At densities below 95% of TD the presence of open. pores would

cause the dielcctric loss and undoubtedly inferior dielectric properties.

Setting of sinterin.g temperature is nol that straight forward. Low temperature

sinlcring results in ceramic of poor density and fonnation of BalTiOJ. On the other

hand, 100 high temperature and long hold time may cause open structure with low

density [12]. Also, at high temperature grain growth Is acceleraled resulting in low

dielectric propcrtIcs. Another hannful hexagonal phase of BaTiO, may ronn at the

temperature higher than 1460'C. The sintering temperature and time should be

optimum for prop~r densifieation to occur without abnonnal grain gro\\1h. This is
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best done by trail and error for particular material, volume and other process

parameters.

Sinterirng temperature or"nanopowder is much Icmer than that of the micron size

particles. Gangulj et al [42] sintered the BaTiO,. l3a,:.rl.,TiO, and Ba,Pbi.,TiOJ

Pb,Zrl .•TiO) compacted sample in the temperature rang~ of900"C to 1100°C.

In MLC manufacturing industries, sintering high temperature such as 1300"C is not

practicable, due to use of low melting point electrode materiaL Commercial

fonnulalion is aimed Ie>lower temperature (-11 OO"C) sintering "ilh the addition of

many sintering and docents, for instance X7R, Z5l1, etc.

2.9 Commercial formulations

As discussed in detail SOtar, the pennittivity of ferroelectric pcrovskites shows

marked changes with temp~rature, particularly close to the phase transition. from

the device point of view a high die1cctric pennittivity \\iith stable properties over a

wide temperat\lre range i, req\lired. There are various commercial specifications

which have to be lul!,lled {e.g. X7R: CICr =,jo(:< "=0. IS in a range between -SSoC

and 125°C}. By

substitution or doping it becomes possible to tailor the ferroelectric materials \()

different properties. In Figure 2.39 dielectric constant vs. temperature behavior of

commercial formulation as illustrated.
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Figure 2.4]; Commercial formulations and their k' vs T ch~racteristies [42]
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2.10 Rclaxor Ferroelectric

These are special type of ferroelectric ceramic in their own right. Strictly, they are

neither a derivative of BaTiO, nor a result of doping eITect. The reason of their

relevance in this stud} wa~ to high light few aspects, which was observed in the

BaTiO} samples of this study. Relaxor ferroe!ectrics are a class of lead based

perovskite l}pe compounds with lhe general formula Pb(B"B,)O.,-where B1 is a

lower valency cation (like Mg'~, Zo'+. N'i'+, Fe3~) and ill is a higher valency calion

(like

"'", •,
• ~-'. ••

Figure 2.42: Variation with dielectric constant PM1\' with tempcmlure[49]

-~--

NbH, Tn", W5+). Pure lead magnesium niobale (Ptl1N or Pb(Mg",NhllJ)OJ) is a

repre;enta(ive of this class af material; with a Curie poinl at _lOne. Relaxor

ferroelectrics like P;YfN can be distinguished from nonnal ferroelectrics such as

Bal iO) and PZT, by the presence of a broad diffused and dispersive phase transition

on cooling belo" the Curie point Figurc 2.39 shows the variation in the die1cctric

properties Wilh temperature for PMN ceramic, It shows a vcry high room
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temperature dielectric constant and a low tcmpera\\lre dependence of dielectric

constant. The diffused pna,,, lmnsillons in relaxor ferroelectric, are duc 10 the

compositiQnal heterogeneity seen on a microscopic scale.

The relaxors also show a very strong frequency dependence of Ihe dielectric

constant. The Curie point shifts to higher temperatures "ilh increasing frequency.

1he dielectric losses are highestjl1s[ belO\~the Curie point, T,. Relaxors which have

a second order phase transition, the remnant polarization, Pr, is not lost at the Curie

poinl bul gradually decreases to zero on increasing lhe temperature beyond T, [50].

2.11 Applications

Barium titanate can be regarded as "role model' of electronic ceramlC from

application point of V;Ck Its piezoelectric, pyroc!cctric and ferroelectric properties

"ere successfully applied in many commercial applications. Vast majority of

commerciall} important appllcatioo are in polycrystalline bulk Or film form. In the

following sections, propel1} wise applications are briefly discussed. Since dielectric

properties of BaTiO, based ceramics were studied io this thesis. capacitor

application especially MLCC emphasized.

2.11.1 Multila)"cr ccramic capaciloTl! (1"1LCs)

Multilayer capacitors structure, as shown in Figure 2.41, enables the ma>.lmum

..capacitance available from a thin dielectric to be packed into the minimum space in

a mechaoically robust form [51]'

\,

" •.•"". 1"1","
w.•••.

Figure 2.43: Schematic diagram of a multilayer cemm ic capacitor construction [52J
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Recent!}, multilayer ceramic capacitors (MLCs) with Ni electrodes have been

increasingly produced to meet growing requirements for miniaturization, large

capacitors and cost reduction [52]. firing the dielectric materials in 11low-oxygen

partial pressure to prevent Ni from oxidizing is one method to miniaturize !viLes.

Then addition ofMgO and Li20_Si02_CaO glass components are effective nol only

in preventing the dielectric material from reducing and but also in controlling the

temperature dcpcndcnc} of the dielectric constant. Hecau~e of appealing of

heterogeneous miCf()struclure, so-called core-shell structure that ,howe<;!a typical

ferroelectric domain pattern, microstructure controlling becomes extremely

important to impru,e the reliability of MLCs within very thin dielectric laycr

thicknes,. It was suggcsted that the microstructure~ and the electrical properties

were Influenced by the change of substitution modcs of Mg and rare-earth oxide in

per(lV,kite [53]. For larger ion (La, Sm)-doped samples larger amount of MgO is

necessary to suppr~ss the grain gro\\1h and fonn the core-shell structure than

smaller one (Dy, Ho, Er),doped sampks. Also, the solubility of rare-earth ions in

BaTi03 has a linear relationship with the ionic radius. It is confirmed that the larger

ion acting as donors mainly dissolves Ba site, while the smaller ion acting as both

donor, and acceptors dissolves both Ba- and Ti,sites. In recent years, MLCs with Ni

internal electrodes composed of about 400 dielectric layers of below 2j.lm thickness

ha,e been developed [54].

2.11.2 Positi,e temperature coefficient (PTC) thermistors

Positive temperature coefficient (PTC) material> prepared from dQped

semiconducting barium titanate ceramics can be used in variQus kind of electronic

circuitry as a switching device Qr as a constant temperature heater [55]. In additiQn,

PTC thermistors applications such a-> the measurement/detection/control of

temperature or parameters related to temperature are also Important. These PTC

materials me known to have a high temperature coefficient of resistance around

Cutie point and the ability of self-limiting, $0 they arc as ",'ell come out to be a very

useflll de' ice ror sensor applications.
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The positive temperature coefficient of resistance (Pl CR) can be classified as

critical temperature resistors because of the positive cocl1lcient being <Issociated

with the ferroelectric Curie point. In fact, PTCR materials can be divided into four

groups: polymer composites, ceramic composites, V20, compounds and BaTiO,-

based compound, (BaSrTiO), l3aPbTiO, ... ) [56]. For BaTiO,-based compounds,

BaTiO) is an illsulator at room temperature. After doping with trivalent donors (e.g.

La, :.b, Y) that subsIillllC for the Ba+2 or with pentavalent donors (e.g. Sb, Nb, Tal

that substitute for Ti+4, BaTiO, becomes sem;conduct;ve that shows a PICR effect

as shown in Figure 2.42.

'-,
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~
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Figure 2.44: Typical resistivity behavior ofa BaTiO, -type PTeR material [55J.

2.11.3 Microwave deyiec

Ferroelectric thin films are currently being considered for a variety of electronIc

application. Some of these application, take advantage of the ~oltage dependent of

the dielectric constant. This feature can be used to produce voltage tunable

microwave devices such as resonators, filters, and phase sllifters. For these
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applications, it is desirabie to pr(lc!uce thin films, ,~hieh hav~ maximum tunability

(change in capacitance under applied dc bias) with a minimum loss factor, Since the

t\lnability of a tcrrocl~ctric material is maximized near its C\lrie point, diltcrent

materials are pr~ferr~d tor difkrent application temperatures. Thus material such as

SrTiO, usefui tor tuning application at cryogenic temp~rature, whereas material such

as BaTiO., and I'b(Zr,Ti}OJ are more s\litabie for room temperature application.

2.12. Summery 01"literature Review

BaTiO) is a ferroelectric material offers a v~r)' high c!idectric conslant. It undergoes

a series of phase transition as th~ temperature increase,. Th~ cubic to t~tragonai

transition temperature is kmmn as Curie temperatur~. The grain size of the

polycrystallin~ ~ample ha, m\lch eff~ct on the dielectric properties ofBaTiO, -based

on c~ramies. in the small grain size materials, room t~mperature dielectric constant

wa, obsened t(}be high. On the other hand, at room temperature dielectric constant

was found to be low for cour>e grained materials. Int~mal stress models suggested

that in the fine-grained material, it is energetically favorable to accommodate an

ela,tie stress (this str~ss developed during the tetragonai -cubic phase transformation)

than to relieve it by twin formation. So, a mat~riai having fine-grained

microstructure is str~ssed unn-vined and ofter> high dielectric constant. To be

stressed and untwined, th~ grain size should be a' low as I !-1m or !c,s. But crystallite

SilC shouid not be too small. In the uitra fin~ pm.der there exist littie or no

'.orientational reiationship. Ferro~lectrie ery,tals possess region, with uniform

polarization called f~rroelectrie domain,. Within a domain, ali the electric dip(}ies or

the polar axis tran,formation occur and spontaneous polarization mkes plac~. The

elecuical stray tlcid energy caused by the non-compensatec! poiarization charges is

reduced by the formation of f~rrodeetric domains. Many of the properties of

ferroelectric ceramics such as dielectric constant, aging, dielectric loss, etc., are

related to the motion of domain boundaries. It is therefore of great importance to be

able to ~xamine and accurately interpret ferroC!ectrie domain structures. The banded

,tructure, butterfly twins arc som~ of the intere,ting microstructural features

obs~r"ed in BaTiO). Solid solution with an Iso struclurai compound broadens the

Curie pick. Ceramic ba,ec! on Bal iO,-SrTiO, solId soiution, are frequentiy used to



manllfaclurc ceramic capacitors and thennislor,. Mixed titanates are abo con,idered

for other applications such as delay line" slow wave structures, optical modulators,

etc. (13a,Sr)TiO, solid solution ceramics are usually made by shaping and firing

ceramic bodies from mixtures of l3aTiO, and SrTiO) p'",ders, 0 Kolar et.al [38]

investigated in detail the Me~hanism of (Ha,Sr)TiO] solid solution formation.

Lemanov et.al [40] st"died a dielectric and ultrasonic study of phase transitions in

Sri., Bu,Ti03 with X ranging from 0.0 to t,O. Gangul! et.al. [411 carried out detail

studies oftne gel, precursor and they fine powder using powder X-ray diffraction

(PXRD), lmnsmission electron microscopy (TEM) and dielectric measurement.

They discu5sed their result on the synthesis and the characterization of barium

strontium titanate Ba,.,SrxTIOlO.:::".:::I) (BST), barium lead titanate Ba,_

,pbxTiO](O$,,~I)(BPT) and PbZr,.,Ti,O, by the polymeric citrate precursor

method. Man} methods are used to ~yntheses RaTiO,. a) Conventional mi~ed oxide,

b) sol-geL cl chemical precipitation, dl hydrothennal and e) combu.\tion reaction.

Choice of route depend:; on the application,

2.13 Scope of this study

The ferroelectric and dielectric propertie, of metal oxides with the perovskite

structure arc ofutmo:;t important in the electronic industry. Among these materials

Barium titanate b,,-~~ddielectric materials are very important lor their exten,ive as

high dielectric constant capacitor, PTC resistor, ferroelectric memories and MLCC

'multilaycr ceramic capacitor), Structure property relution of BaTiO) was studied

exte~sively. A ha~dsome ~umber of m;cro>uuctures have been anal}zed so that

structure property relation can be understood. Ferroelectric domain pattern is also

revealed in the present study and some olher interesting micro structural feature was

studied.

Substitution of Strontium in place of Ba in flaTiOl through solid solutions BaTIO)

and SrT;O) lowers the Cuire temperature. Effect of diITacnt level of substitution on

sintered body density; dielectric constant and dielectric loss Wer~measured. Resul[s

were explained in lhe light of finding of cry.,tal structure through XRD investigation,

DSC and microstructural study by SEM.
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3. EXPERIMENTAL
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3.1 Introduction and sample identification

Five different compo.ilion includirrg pure Barium Titanate nano powder and

Strontium titanate nanG powder were used to prepare the disk ,hape sample. Table

3.1 shows lhe set name oflhe <,amples. Table 3,2 shows the process variables uflhe

sample" Specificntions ofmw powders used are given in Appendix.

Table 3.1: Sample idell!; [,cation according to the >ubstillitional doping level

Table 3.1: Process variables in sample preparation

sn Compo,it;oll Siol.dog tomp Holding lime Pr."u,e

(Hour) (MPa)

, R,r,O, 12.<O'C , 15G

RoT,O, 125o'c , 130

".,T,O, Il,O"C , 1.\0

H,T,O, Il;o.~ • '"
O,T,O, ",sol , '""
B,T,a, Im'c • ""
H,T,O, m'"C 0 150

Rol,O, "we , '"
""T,O, I LOO'~ , 1>0

, B",,,Sr, "T,O, mO'C • 150

6a,,,$'",,1,O, IICO'C , ""
, B,"~Sr,,<no, 12'O.C , ""

U""Sr",no, l1PC , ""

•



"'""Sr."DO, 1100'( , '"
0 g."Sr"T,O, IljO"C , 1;0

8."8',,T,0, L100"e , '"
e $,lIO, ,lOO'C ; '"

$,110, '250'C , '"
$,TIO, 125GoC ; ,,"

3.2 Sample Preparation

Pure BaTiO) and pure Sr1'iO, pellet were prepared from the nan() powder of

BuTiO) and SrTiOJ. PYA (poly vinyle alcohol) were used as a binder. Other

compositions Me made by mixi~g with the stoichiometric mrio of BaTiO) and

5r1'iO). Samples wcr~ prepared by pressing the powder with 150MPa pre,sure. Also

there are few samples whLch are prepared by using 130 MPa pressure tel see the

effecl of compaction pressure On dielectric properties.

-
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Figure3,]: Disk shape sample.

3.2.1 Ball Milling

Milling PDt wa, made of High Density Polyethelin~ (HDPF) and Y10l-slabilised

zirconia balls manufactured by Inframat (USA) were used for milling. Two ditrerent

size of balls (dia~5Jl\Ill and 3mJl\) and acetone (purity>99%Merk. Germany) "ere

used as milling media as shown in Figure 3.2.

,
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Two dIfferent size ofYilna Slabihzed ZrG) ball.

Locally made motor driven ball mill wa, used for this purpose is shown in Figure

3,3. The speeds of the rotation of the pots were 140rpm. In this milling process,

though mixing of the powders wa, the sole objective. Size redudioll was not

intended. Milling time wa, 15 hours for each cyGle.

Figure 3.3: Locally made ball mill.
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3.2.2 Compaction

Milled calcined powder was mixed with 2% Poly Vinyl Alcoh"l (PV A) and then

dried in oven at 100"C before pre"ed into pallets. Samples were pressed into pallet,

using pressure of -150 MPa for all the ,amplcs using hydraulic press. At highest-

pressure level, holding time was five minutes. Grecn sample was not made too much

thlCk 10 avoid pressure gradient in the sample. The Grecn pallets were dried in oven,

and th~n lightly ground with grit #500 and #&00 SiC paper to a flat and smooth

surface, removmg surface irregularities.

Figure 3.4: Hydraulic press used to make pelld shaped samples.

3.2.3 Sint"ring

Muffle fut1lace( Thermolyne High Temperature Furnace, Model 46200) .was used to

sinter the pallets in air atmosphere .hown in Figure 3.4.
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Figure 3.5: High temperature furnace u,ed for firing the ceramics samples_

Generallhermal profile ofsintering is given in Figure 3.5. Pallels were placed in the

furnace on alumina plate, Binder burnout temperature was 600"C, while the hold

I1me "'<I., 1 hours. Heating and cooling rote used in the sintering process is 2°C/min.

Sinlering temperature and hold time was varied to observe their elIcct on the density

and dielectric properties .The final shape of the pellet is shown in Figure 3.1
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3.2.4 Post Sinlcring

After sintering, the samples ,I ere ground successively with SiC paper of grit #500,

#800 and # 1200 to obtain a flat and polished surface. Dimension of the pallets were

laken for dielectric con slant and density calculation. Prior to electrical measurements

samples "er~ cleaned and dried then, paltlted with high purity conductive silver

paint on the both faces of the ,ample. Edges were ground and cleaned with acetone.

3.3 Property Measurement

3.3.1 Density

Dimension of the sample were laken using micrometer wilh digital read out and

weighed using analytical weighing scule. Density oflne sample "as calculated from

these data. Density results" ere presented as percentage of theoretical density (TO).

TD of dopce! samplcs Ivas calculated bascd on volume fraction ofrespectivc phase as

shown in Table 3,3.

Table].3: Theoretical Den,ity ofBaTiO) and doped sample in glem' [7,50]

68

BaTiO) Da.)'»Srn loTiO, Baa 8;~rO[,TiO, I Baa&OSro2GTiOj SrTiOJ

6.017gm1ec 5.934604gm/cG 5.88395gm/cc 15.8396gm/cc 5.13gm/cc

3.3.2 Dielectric constant and loss

,Sample, Were poli;hcd carefully so that both the surfaces of the sample were

parallel. Silver paste was painted and dried in the Oven at 500°C for I hour so that all

the absorbed moisture is e,aporated, Samples were conncctcd with impedance

analyzer and thc dielcctrIc properties wCrC measured. Temperature dependence of

dielectric properties ofBaTiO] based samples WCrCalso measured \~ith the help of a

very highly insulated tube furnace. Very slow healing rate was maintained during

the experiment, cspecially in the temperature range where the tetragonal-cubic phase

transformation was expected to occur.

Electrical properties of the sample were measured using a Hewlett-Packard 4194A

impedance and phase gain analyzer at AECD as shown in Figure 3.7. Dielectric



wn,lant k' waS calculaled from lhe capacitance value obtained from the analY7er

accordmg to the equation below:

{20}

A mbe-furnace type oven was nscd for heating thc samplc at AEeD,

Tube furnace Impedance
analyzer

hgure 3.7: Impedance Analyzer (LCR meter) Model- Hewlett-Packard 4194A

3.4 Microstructure study

Many "f the properties of ferroelectric ceramics snch as dielectric constant, aging,

dielectric loss are related to the microstructural fcamres such as grain size, and their

shapes, grain boundary, porosity, fcrroelcctric domains etc. II is therefore "f great

importance to bc ablc to examine lhe,e features and accurately interpret these

microstructural erred on the overall properties ,,[materials [32, 34J. Microstmcmrc

,,[the polycrystalline BaTiO) sample was revealed through a series of polishing and

etching (thennal /chemical). After every polishing step the sample, were cleaned

with acetone and dried.



3.4.1 Optical Microscopy

Optical microscopy is a very useful 1001 for exammmg whether the surface is

,ufficiently polished to observe the microstrtLctme. Before going for Scannillg

eledron microscopy the thermal or chemical etched or chemical etched sample \\i3S,

finally check in thc optical microscope.

3.4.2 Scanning Electron Microscopy

Sintard samples (disc shaped) were polished U';mg conventional ceramographlc

technique. At fir:;t, s;ntered samples Ivcrc polished using 500, 800, and 1200 grit

paper & then wheel polishing with Alumina abrasive pajte "ilh 1600 grit was

carried out. Polished samples were thermally etched at lOOT to 50"C below the

sintering temperature with 5 minutes holding time. The microstructure of samples

\'3, examined using Scanning Electron Microscope (SEM). Samples were gold

,putlered (tcw nanometer thick) prior to SEM examination. A Phillips XF 30 was

used with acceleration voltage of 10kV.lfa sample is well, polished then thennal

etching reveals the grain siTe distribution of the -sample, As we know that grain

boundury, is a high free energy area and we can attack the gruin boundary using heat

50 that the boundary is prominent and grains are isolated from one grain another

grain. To observe ferroelectric domain, twin and 'other microstructural fcalUres,

chemical etching ,"as lIsed. Th~ composition of the chemical etching reagent ,~as

reported els~wh~re [57]. A sample having microstructure of small grains with less

'porosit>' is the ultimate goal of all commercial polyerystalline ceramics. This

microstructure was revealed by thennal etching.

3.5 Differential Scanning Calorimetriy (DSC)

DSC was carried out using DSCQIO ofMME department to ob5erve phase transition

at Curie temperature. For BaTiO) th~ heating rate \\ias SOC/min because the phase

transition is observed at relatively high temperature that is at temperature around

130°C. for the Ba,_,sr,TiO,. sample-heating rate was 2°C!min because the

tetragonal-cubic phase transition was e:-..pected to occur at low temperature

depending upon the Sr concentration in BaTiO).
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3.6 X-ray Diffraction (XRD)

Crystal structure of BaTiO, and the doped samples were examined by XRD in

powder form. At Material Science Division (MSD) of AECD Phiflips X 'Pert Pro

were used following identical scanning parameter given in Table 3.4 in all XRD

experiment:

Table 3.4: XRD operational conditions

X Ray Source: CuKa for calculation

Tube Voltage: 40 kV Cu Ka ).,~ 1.541J56 A

Current: lOrnA Used

Degree range: 20't080. Speed: 0,02" per sec
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4. RESULTS AND DISCUSSION
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4.1 Sintered density measurement

Green samples (pellets) were prepared b> pressing the powder using the hydraulic

press. Three parameters are very important for pellet preparation. These are

pressure, holding time and thickness orthe sample. These three paramelers must be

Orllrn ized to gel good green samples. which will. laler On experience extensive heat

treatment during sintering process. In the thick sample. there is a possibility of

density gradient, which is not expected. In the same way proper pressure and

h(}lding time is also very important. Pressure must be applied slowly so that

pressure Can be distributed uniformly throughout the sample. In our case at the

highest load holding time is 5 minutes.

Densities were mea;ured taking the mass and volume of the ,intered sample and

presented as percentage of theoretical density (TO) calculated based on the data

given in Table 3.3. First ofal!' the ~amples were polished smoothly with the SiC grit

pap~r. Thickness of the sample was measured from different locations ofthc plane to

ensure the accuracy of volume calc\llalion. Table 4,1 shows the density of all the

samples sintered at diffcrcnltcmpcratllrcs, holding lime and pressure,

Three ditterenl categories of samples were u,ed in the prcsent experiment; Pure

rlorium Tilanate (BT), Barium Strontium Titanate (BST) and Strontium titanale

'(ST). In the figure, samples were identified in the following way. Three examples

WCrCgiven below;

Exampl~ I, Suppose a sample name is BT-1225/4H

Here I3Tmeans BaTiO, (Barium Titanale).

1225/4H means this sample i.' <;inleredat 1225°C for 4 hours.

Example 2: A sample name is BSTlO-1250/5H.

Here BSn0 means Ba9Sr ,TiO,

1250/5H means this sample was sinter~d at 1250"C for 5hours.

Example 3: A sample name is ST-1250/5H.

It means that Strontium titanate was sintered al1250aC for 5hours.



Table 4. [: Densilie, "fthe Samples_

Sample Sinlering Holding Pressure Thid;ness Bulk

Composition Temperature Cc) time (MPa) (mm) density

(Hour) (%)
BaTiO, 1225 4 130 3Jl 94.24

1225 4 150 2.47 95.07

1225 6 150 2.34 95.53

1250 2 150 ~ ~

1250 ) 130 3.13 95,60

1250 ) 150 2.30 95.34

1250 5 150 2.34 95.3\1

1275 ] 150 4.557 91.69
11 00 ) 150 2,87 77.45

Ba,Sr"TiOJ 1250 5 150 11.59 94.63

Ba9Sr 11'10) IJOO )
1
150 2.01 71.98

Ba8jSr"TiO) 1250 5 150 1.67 94.96

Ba,,,Sr,1.sT1O.l I 1275 ) 150 2.88 89.64

Bas,Sr.,sTiO, 11 00 ] 150 1.91 78.43

BasSr1TiOJ 1250 5 150 1.67 95.63

Ba,Sr"TiQ, j JOO ] 150. 2.34 17.05

SrTiO, 1200 ) 150 4.02 90.49

1250 ) 150 2.73 93.69
1250 5 150 12.71 93.47

Table 4,1 shows that the BaT1O:J,ample sintered at llOO°C for 3 hours have the

lowest bulk density, \~hich is 77% of the theoretical density. Figure 4.1 shows that,

this BaTiO.l is not sintercd properly. The bulk densities of two other BaTiOJ

samples prepared with l30Mpa pressure but sintered at 1225°C for 4 hours and

1250°C tor 3 hour~ were found to be 94% and 95 % respectively. This analysis

confirms that the callIe of low density is the 10" sintering temperature. The bulk
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density oflhe BaTiOJ sintered at 127SoC for 3 hours was found to be 91% of the

theoretical density. This is quite interesting because, the bulk den,!tie, of other

BaTiO) samples are found to be 95%. The reason of the low dens!!) can be

attributed 10 the much higher thickness of the sample, which caused density

gradient. It means some part of the sampl~ has higher sinte,ed density and some

part of the sample has lower slntered density. Therefore, the average density is

lower.

The C311>Cof lower bulk density of the sample Ba9Sr l"riO,. Ba"Sr.L5T10, and

BasSr2TiOJ sintered IIOO°C for 3 hQurs, may be alw due to the very Imv sintcrin.g

lempcratllrc.

SrTiO, sintered at 1200'C for 3 hOLLrs has bulk density 90%, which'is linle lower

compared to the other two samples. The reason cao be expl"ioed io two fold. The

s<lmple thickoess is toO high and SrTiO, is a very hard particle. Therefore,

pressure may oot be adequate for the SrTiO, to have a good sintered sample for

which bulk density might be 95%. Another reason may be, the melting point of

SrTiO) is Q,er 2000'C. So the sample thickness must be lower and applied

pressure must be higher than 150MPa, In such a case, higher sinteriog temperature

is used for obtaioiog high bulk density.

4.2 Microstructural Study
4.2.1 Microstructure ofBariurn Titanate

One thiog that is very important to remember before going to the details of the

microstrucrural study is the si7e of the barium titanate particles that were used to

fabricate the studied samples. If the startiog material were micron size then the

sinlering temperature would be high, In the present study, nano size particles

("'IOOnm)were used. Low sintering temperature of the nanoparticles was reported

elsewhere [41]. Figure 4.1 shows the microstructure of BaTiO, sintered at I tOO°C

for 3 hours. The importance of this poorly sintered sample will be described later

on. Figure 4,2 shows the microstructurc of thc BaTiO) sintered at 1250'C for 2

hours. This is a good microstructure as far as thc grain size is concerned. From the

microstructure. it is sccn that there are some pores on the surfaee. Some small grains
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have no pores and in large grains, there are few pores inside the grain. So 11IS

expected that if the holding time is increased at the same lempemture of 1250'C the

porosity may be d,""reased. The SEM Micrograph of the BaTiO.1 _'<amplesin!ered at

1250°C for 3 hours is shown in the figure 4.3. The SEM picture showed the mark

improvement in the microsbucture. When the holding time is increased from 3

hours to 5 hours, no significant change "<ISobserved in the sample. Grain gro"1h

continue, bul the pores were not removed in the sample. The microstrucmres shown

in Figure 4,2 and Figure 4.3 were prepared usmg pres>ure 150Wa. To see the

effect of compaction pressure on the microstnlcture of the sample another sample

was prepared at 130MPa and sintcrcd at 1250°C for 3hours. The microstructure of

this sample is shown in Figure 4.4,
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Figure 4.1:

(150MPa)

SEM micrograph of BaTiOl sintered at llOO°C for 3 hours

."



Figure4.2, SEM Micrographof BaTiO, sample at tempemture 1250"C f()[ 2

hours (150MPa).
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Figure 4.3: SEM Micrograph ofBaTi03 sintcrcd at 1250"C for 3 hours (150MPa)

•
•
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Figure 4.4: SEM MicrogJllph of BaTiO) 5intcred a11250.C for) ho\lf$ (130MPa)

From the Figure 4.3 and Figure 4.4 it is clearly ';sib1e thaI higher compaction

pressure lowers I~ porosity. In both the CMeginin growth OCCUIlI.

To lower the porosity conlcnt, the holding lime is furtlt...- inc.used 10 5 boon;. 'The

microstructure (Figure 4.5) 5OO,,"S that porosity is not remm'ed bul some of the

grnim an: 15big 85 20llm. Most of the rom; an: at the gmin boU,ndDl)' or at the triple

point Still some of the pores aTl.'inside thl: grIlio. which dClcrionltC'Slhc.propcny.

So another option 10 control the gJ1Iingrowth is to sinter the sample at lower

lempcl11lun:. Figun: 4.6 and Figure 4.7 show the micTostructurt' of the D BaTiO)

sample s;nlcred al 1225"C for 4 hours and 6 houri respectively. From Figure 4.6;1

is clearly visible that grain size is GlI1lIllerthan the Sllmple sinteml at 12S0*C for 3

boul'll. The sample sinleTro at IZ2S"C for 4 houn; has f;llIDllcT grains and only less

gruin have been found to grow.

•I



Figurc 4.5: SEM Micrograph ofBaTiOJ sintered at 1250"C for 5 hours (l50MPa)

Figure 4.6: SEM Micrograph ofBaTiO] sinlcrcd at 1225"C for 4 hours (150MPa)

•,
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figure 4.7: SEM Micrograph of Ib'] iQ) sinlered at 1225°C for 6 hours (150lVlPa)

On the other hand, for a sample si~tered at 1250°C for 3hours gram growth occurs

exten31vely (Figure 4.3). Figure 4.7 shows that when the holding time is increased to

6 hours at 1225"C; groin growth occurs but the rate of grain grmvth is ,lower in the

,ample sintered at 1225"C for 6hours (Figure 4.7) than 12500C for Shours (figure

4.5). Figure 4.8 shows the grain size distribution of BaTiD) sample sinlcrcd at

1225°C for 4 hours and applied pressure for compaction of 130MPa. The average

grain size is less than 4j.J.ffi as it is expeded. The porosIty remains at the grain

boundary and the bulk density of the sample is less than that of the sample prepared

by using 150MPa.

••,
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Figure 4.8: SEM Micrograph of HaTiO" 5intered at 1225°(: for 4houn; (130MPa)

This microstructure is better than the Figure 4.6 as far as (h~ grain sue l~ concerned.
The sample prepared by the compaction pressure 150MPa has higher grain size

(Figure 4 6). The increased grain size may be due to the higher compaction pressure.

So, beHer microstructure can be obtained if lower sintering temperature and higher

compaction pressure are being used.

4.2.2 Ferroelectric domain in BaTiO)

The finest black and white stripes Sh()"~lin Figure 4.9 are the 900 ferroelectric

domains, These microstructures are revealed by chemical etching. These 90"

domains arc so much finer in the polycrystalline aggregate than they are found in the

single crystal.
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(b)

FIgure4,9: SEM micrograph

(chemically etched)

(,)

of BaTiO, sintered at 1250°C for 5 hours

In con.,idering the Utickness of the domain boundary it is helpful to recall thaI these

domains are also called t\>,ins, From Figure 4.9(c) it is evident that twinning

interface has zero thickness. Its ,eems reasonable to assume that as a first

approximation that this configuration may be obtained for the interfaces between 90°

twins and is even more likely for 1800 domain, in barium titanates. The banded

,tn1cmre shown in Figure 4.10 is also another micros!uctural feature of barium

titanate polycrystalline ceramics.
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Figure 4.10: SEM micrograph of polycrystalline BaTiOJ sintcred at ]250'C for

Shours after polishing and etching.

These bands of aoout lOJ.lrnwide are defined by the change in direction of the

included fine twins (never more than two different directions within a band) and the

interfaces are reasonably close to straight lines with the exception of a few

orientations, which have wedge like shape. DeVoes et al [37] ah" found the similar

feature in the BaTiOl. They noticed that the band characteristic of the ceramic

structure was associated with the restrain imposed by the surrounding materials

during transformation. It was also observed that grains near cracks in the ceramic

materials frequently had relatively unhanded structure similar to those in single

crystal. From Figure 4.10 it can be seen that the orientation of the straight line is

slightly changed at the grain boundary. According to Devries et. a1.[37Jthis can be

explained in the following way, when one grain has transformed from cubic to

tetragonal and has a banded structure, the stresses at the periphery of the grain will

not be unifonn. This non-unifonn stress will make certain orientation in neighboring

grains marc favorable. Thus when they transfonn there will be tendency for hand

edges to maintain the stress to a minimum. An interesting feature found by us called



buller tly twin [37] in the sample of [laTiO, sin/erect at 1225°C for 6 hours shown as

shown in Figure 4.11 and Figure 4.12

llutterfly twin

Figure 4, 11: SEM micrograph shows (winning in po\ycrystalline !.laTiO, in the

polished and chemically etched section,("2000)

Figure 4.12: SEM micrograph shows twinning in polycryslalline BaTiO) in the

polished and chemically etched section ("3500).
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DeVries et al [37] found the same feature in polycrys\a1tine HaTiO,_ Such a_

structure is very similar in appearance to the (Ill) plane frequently observed after

annealing in face centered cubic metal.

4.2.3 Microstructure of Barium Strontium Titanate

Strontium is doped in BaTiO, by the solid solution 0[0,9 mole fraction of

BaTiD] with 0.1 mole fraction ofSrTiO,. Figure 4,13 shows the microstructure of

Be.,ST, TiO) sinlered at 1250°C for 5 hours, Extensive grain growth is observed.

figure 4.13: SEM micrograph ofBe,9Sr.1TiO) sintered at 1250"C for 5 hours.

Figure 4,14 shows the microstructure of Ba"Sr.15TiO, ,inlered at 1275°C for 3

hours. Extensive grain growth is also observed in this rn;CfO,tructure Therefore, for

doped sample the sintering temperature and time should be optimized to get a small

grained microstructure,

J



Figure 4.14: SEM micrograph ofBa.!lSr 15 TiO, sintered at 1275°C for 3 hours,

4.2.4 Microstructure of Strontium Titanate

Pure SrTiO, sintered at 1200"C for 3 hours have very poor bulk density and this

sample is very thick so a concentration gradient IS set up during sample preparation

and hence the density is reduced. The sample is thermally etched and microstructure

could not be revealed. SrTiO, is sintercd at 1250°C for 3 hours and at 1250"C for 5

hours, After sufficient polishing aud chemical etching it seems iliat, thc SrTiO)

.ample is not siutered properly. But some intercsting microstructural features were

revealed after the chemical etching a" shD\vn in Figure 4.15 and Figure 4.16, Some

needle shape, X-shape, triangular shape morphologies have beeu revealed after

chemical etching. This morphology was prominent in the sample sintered at 1250°C

for 5 hours. For the sample sintered at 12500C for 3 hours these special features arc

getting lighter but still prominent (Figure 4.17).
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Figure 4.15: SEM microgmph ofSrTiOj sintered at 1250°C for 5 hours.

Figure 4.16: SEM micrograph ofSrTiO) sinlcrcd at 1250°C for 5 hours.
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figure 4.17: SEM micrograph of STTiO) sintered at I250°C for 3 hour.

•
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4.3 Microstructure-Property relation

Fig:lUC4.18(a) shows frequency dependence of dielectric constant k' of the pure

BaTiO) in the frequency range 1 kHz to 5MHz. The dieleclric constants were

measured at room temperalure. Higher dieleclric constants were observed at room

temperalure for the Barium titan ale sintcred at 1225°C for 4hours than for 6 hours.

This result was quite expected.
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Figure 4.18(a}: Dielectric constant as a function oftrequency for BaTiO,
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Lower holding time at the sintering temperature inhibited the grain growth and

hence results in higher dielectric constant. The BT-1225!4H sample has smaller

grain size as seen from the microstructure (Figure 4.6) where the BT-I225/6H

sample ha, larger grain size (Figure 4.7).
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from both the figures, it can be secn thallhe average grain size is less than lOl1m.

Ac-cordingto G.Arlt et. al [22J higher dielectric con,tant can be e~plail\ed in terms

of domain wall contribution. in the range of I<a<1O)lm, the decrease of domain

width can be roughly expressed by the correlation d-I,'a. wh~r~ d~domain width,

a=grain size of a clIbic grain. According to the decrea,ing width, the area of the 90'

domain walls per unit volume slrongl} increases in fine grain BaTiO, The observed

increase of dic1ectric constant in fine grain mi~rostructure of RaTiO, can be

therefore interpreted in lerms of the increasing contribution or domain walls to the

permittivity (or dielectric constant). The cause of the lower dielectric constunt of the

,ample BT-1225/6[1 ea~ also be attributed (0 the presence ofpmosity and the grain

size. The pre,enee or porosity in the grain inhibited the m()[ion of the domain "all.

The dielectrlc constant remains almost constant at room temperature in the frequency

range 1 Hl7 (0 5MHz. The loss tangents [Figure 18 (b)] arc also found to follow the

same trend, higher loss tangent value "ere observed for the sample of larger grain

size (Figure 4.7). On the oth~r hand, 10" loss tangent was observed for the sample of

relatively smaller grain size, The highest change in dielectric constant and loss

tangent was observed at the reSOnanCefrequency. At the resonance frequency, the

polarization reached at the m<p.imumand maxim\lm loss tangent was observed due

to (h~ dissipation of field energy as frictional heat. The frequency depcndenee of

dielectric constant and the loss tangent of BaTiOJ samples BT-1250/3H and BT-

1250/5H are shown in the fig\lre 4.19(a) and figure 4.19(b), Dielectric constant

. seems to be same for both the two sample sintered at the 1250°C for 3hO\lrs and 5

hours. Relatively high dielcctric constant was observed. The reaSOn can be

attributed to the presence of less atnO\Lntof porosity. The lo;s tangents are more or

less same in the [ower frequency range, but as the freq\lency increased, the loss

tangent tends to be higher value for {he sample BT-1250/5H. The reason i.<that

somc of the grains are 100 large so the lOtal grain bO\lndary area is small. As we

know, that highcr grain boundary area increasej the resistivity of the pol)crystalline

materia!. Therefore, {he smaller grain boundary area enhances the de resistvity loss

[58]. lfwe look at the m;crostructUl"<:,(Figure 4.3 and Figure 4.5) the average grain

size obtained is highcrthan lOj.lm. Ofcollrse in both figures, some of the grains are

small but in Figure 4.5 grain S;l.Cas big as 20~lm are observed. The fcrroelectric
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domain width remains essentially constant al the grain size larger than IOllm [22].

1he simple correlation of the damain width and grain "ize seems to end at the grain

size of about l(lj.lm. It meanS that decreasing grain size in the range above lO",m
will not decrease domain width that will not in return increase the total area of 90'

domain wall per volume. That contribulion of domain wall area to the real part of

permittivity ends at IOj.lrn. It i, also clear from the micro structural observation that

higher temperature actually initiated the grain gro\\1h. Grain size is larger in ca<;eof

the sample BT -1250/3H than the sample BT-1225/4H.
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Figure 4.20(a): Dielectric constant as a function of frequency for BaTiO J
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figure 4.20(a) and 4.20(b) show the two extreme cases of the frequency dependence

of dielectric constant for the samples BT-IIOO/3H and BT-1250/3H as fur as the
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microslructure is concerned
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The somple BT-IIOO/3H is a BaTiO] sample sintercd at 1100°C for 3 hours exhibits

higher dielectric con;tant than the >ample BT-j25013H in the frequency range

(lkHz-5MHz). But this is to note that the sample BT-IIOO/3H displayed higher loss

tangent than that of/he sample BT-1250/3H which increases above 1MHz.
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The microstructure orlhe sample B1'-IIOO/311 is shown in tile figure 4.1. ThIs

sample is very poorly sinlcrcct and the sintcred bLII!;:density;' 77% orthe themeticai

derrsit)'. The higher dielectric constant may be attributed to the smaller graIn size and

[he higher loss may be dlle to the higher porosity. The difference belween the two

samples increased In the frequency range 1.2 MI.lz to 3.2 MHz.

Figmc 4.21(a) and 4.2I{b) give a classical example of grain SI>:eeffect On

microstructure and phase transfomlation in barium titanate. The B1'-IIOO/31-1

sample show, lo,,-cr permittivity peak at 129°C and the BT-1225/4H ;ample shows

higher pennitl;.-;t}' peak at 130°C. Lower grain ,iLC shows hIgher room temperature

pennittivily and the larger grain ,iLC shows !o"er permittivity at room temperature

u'; already observed in the frequency dependence of dielectric constant. Figurc 4. I

shows that the average grain si~e "fthe BT-I lOOm! is If.lm. On the other hand, the

BT.i225/4H sample has average grain ,ize of 5f.lm (Figure 4_~). Although the

dielectric constant for the lower grain sample should be higher [22) than the

observed value of 2400, thc reason for comparatively lo\ver dielectric constant for

the ,mali grain structure is due to the presence of large amount of porosity. It is

gencrally recognized that as the grain size is reduced to the micron level, the

dielectric constant at the rOOm temperature increascd, and the temperature

dependence of the dielectric constant is modified significantly below the Curie

temperature (Tc). For large grain materiuL, (grain size> 111m),the cubic-tetragonal

transformation that occurs on cooling (130°C) drives the formation of a polydomain

1Jubgrainstructure to minim i7.eelectrostatic ela'tic energies in polar anisotropic state.

The polysynthetie twinning that take place serves largely to relieve stresses \vhich

wOlild other \\ ioe be present throl.lghout the transformed body [33]. The Individual

grains in the transformed microstructure ofa large grain polycrystal are comprised of

structural invariants. bOllnded by the domain walls "f 90° and 1800 t}pes in the

tetragonal state_ Thus, largc grain center:<.are usefully tran,formed and essentially

unstrcsscd, The dielectric response of such matcrials Is readi I)' rational ized in terms

of an orientational average of valucs for the anisotropic dielectric constant, "hich

characterizes a single domain of tetragonal l3aTiO,. It was observed that

polycrystalline BaTIO] exhibit~d an enhanced dielcctric response for ceramic

specimens prcpared with a grain size as small as I~m. The increa<,c in diel«tric

94



constant i.1understood in lemlS of the twinning: behavior of polycry~tal tine material

with d~reo,ing grain size. Despite the ability of the [winning mechanism to reduce

the bulk stmin energy that would be present after a homogeneOlls structural

transfimnulion QCcLlrred,stress still resides near grain boundaries, even in large grain

ceramic,. Minimization of the residual slr"in energy ultimately contributes to the

resulting lwin slnKture. The microstructure of a large grain ceramic contains 90°

twins formed to relieve the strains generated when the c a:l.iselongates on passing

from the cubic 10 tetragonal symmetry; in the strained state highe,t permittivity is

di,pla}ed. The domain boundary planes have surface energy proportional to the

square of the grain diamet~r; the strain energy respoosible for domain formatioo, a

volume effect is relates to the cube of the grain diamcter. With decreasing grain size

a critical size is reached "here it is energeti,ully less ,ostlr to support an elastic

strain thao to rei ieve it by twin fonnation. This situation e"ists in the microstructure

having grain size of the order of 1fim or le~s. These finer grain size material-; are

untwined, stre"ed; each grain has a single domain, has ooe orientation of

spontaneous polarization, and tends to cubic sjmmetry. The de.;:reasingtendency of

the Curie temperature a' the grain size is de<:reosesthat can be understood by the

above-mentioned cause. That is at a higher grain sIze, tdmgooal stru,ture is

stabilized by the lonnation of substantial amount of domain twining, and on the

other hand transfol1national stress cannot be reduced by tormation of dom'lin twin in

the small grain size structure because of the achievable lower volume free energy .

. Thi~ tends to shift the Curie point of small grain size to the lower temperarure region

as seen in Figure 4.21(a). The lo,s tangent us a function of temperatur~ was ~hown

in figure 4.21{b). At the lower temperature range, the Joss tangents are same but at

higher temperature. BT-1225/4H sample exhibits higher los~ because of large grain

~ize and less amount ofporo,itj. Porosity and graio boundary are believed to be the

potential SOurce of ~cattering. At higher temperature, ion-hopping effed is also

pmnouneed which enhanced the dielectric loss. Temperature dependence dielectric

properties ofBT- I 100131-1at two different frequende~ I kHz and 100 kHz arc shown

in figure 4.22(a) aod 4.22(b). The diele,tric constants are found to be same at both

higher and lower frequency. A same trend is also observed in ca,e of the loss

tangent up to 150"C. Above 150°C loss tangent at lo\\' frequency range beeome
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higher. The higher loss tangent can be attributed to the ion jump mechanism at high

temperature.

figure 4.23(3) and Figure 4.23(b) describe the frequency dependence of dieketric

constanl and loss tangent. The figure shows thaI B51'20 that is BaSSr2TIO, has the

higher dielectric constant and BSTIS sample has lower dielectric constant.
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Figure 4.23(a): Dielectric constant as a function of frequency for Ba9Sr.]T10],

Ba "SrO.15TiO, and BagSr.lTiOJ
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fig\lre 4.24(b): Loss tangent as a function of frequency for Ba9Sr.ITiOJ,

Ba.31Sr .IJTiO) and Ba 8Sr2TiO)

The almo,! flat frequency response up to 10 MHz is observed in the case of1351'15

sintered at 1100°C for 3 hours. If we see the loss tangent graph (Figure 4.23b), the

BST10 and BST20 sampl~ has ah1105t same loss tangent property but for BSTI5

sample los; tangent is increased from 400 kHz. Lower dielectric constant values

were obse",ed in CaSeof the IlST sarnpks s;ntered at 1100'C for 3 hours. From the

DSC data it was confirmed that solid-state reaction was not completed as any sharp

transition was obsened (Figure 4.31). Therefore, both the high (BaTiO)) aod the

low dielec[ric constant (SrTiO,) phase were present in the SST sampie sintered at

I iOO°Cand as a result, the dielectric con,tant values decreased. Figure 4.24(a) and

4.24(b) shows the frequency dependence of dielectric properties of the SST samples

sintered at 1250"C for 5 hours. It was observed that as the sintcring temperature

increased, all the thrce BST samples sho"ed marked increa;e io thcir dielcdric

c[)nsmnt values. lhe BST20 sample shows dielectric constant as high as 3000

(figure 4.24(a)). It wa, also observed that dielectric constant was strongly

dependent on Sr doping con~entration_ Dielectric constant is decreased as the Sf



concentration ;ncrea",cl up to 15%. For 20% Sr doping. the dielectric constant

increased as seen in figure 4.23 and Figure 4.24.

Temperature dependence of dielectric propertie, lor the BST sample sinlered at

1250'C for 5 hours is displayed in the Figure 4.25a.b, 4.26a-b and 4.27a-b. For pure

BaTiO, Curie temperature is arollnd 130"C, \vhich Ilia, already shown in Figure

4.21{a). In generally, it is obsened (Figllfe 4.25a-b, 4.26a-b and 4.27a-b) that the

loss tangent displayed higher value at lower frequency and lower value at high

frequency. This is because ion jump mechani.<m1, prominenl at lower frequency

and absem at higher frequency. As the temperature increases, the loss tangent at

lower frequency also increa,es for the sample BSTIO-1250I5H and BST15-1250/5H.

It is well kmmn that the number of succes,ful ion jump increases constantly with

tcmperature [7]. This mechanism prevailed up to 15% Sr doped BaTiO).

Completely different tendency is observed for Ba,oSr"oTiO,. Figure 4.27(b) shows

that loss tangent remains constant even at higher temperature for low frequency and

for high frequency measurement, the loss tangent decreased as the temperature

increased. For pure SrTiO, the tetragonal-cubic transfonnation temperature is 105K

[59]. Therefore, the substitution of Sr instead ofBa in RaTiO, can reduce the Curie

temperature. Figure 2.20 shows that, the Curie temperature decreased linearly with

the increases of Sr content.
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Figure 4.15, Figure 4.26 and Figure 4.27 show the Curie point shifting towards the

lower temperature as substitution of 5,2+ i, increased. The reaSOnof shifting the

Curie temperature towards the [ower temperature can be explained considering (he

ionic radius of Sr2+ amI BaH. In perovskitc crystal structure of BaTiO) (Figure

2.5(a)). Ti (titanium) atoms reside in octahedral interstitial position surrounded by

5i~ o~ygen IOns. The large size of the Ba ion makes Ihc octahedral interstitial

position quite large compare 10 the size Ti ion. The Ti ioos are on lhe margin of

being (00 small to be stable in the octahedral positiclO. It is believed that there is

minimum energy positIons off-.<:cnlerin the direction of each of the six oxygen ions

surrounding the l'i jon. The Ti ion po,ilions randomly in one of these si" possible

minimum-energy sit~s. Above Curie temperatur~ (t20"C), the HaTiO, is eubie and

every six p<lssiblerninirnum energy sites are equaliy probable.
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Below the Curie temperature, the ,>tru,tur~changes to tetragonaL The octahedral

site is now distorted with the Ti ion In an otT center position. IfBa ion is replaced by

the Sr ion, beca\lS~(lfthe h)"er ionic radius orlhe S, ion, Ti ion resides in a smaller

octahedral interstitial position. This" ill re,ult relatively stable position for Ti ion.

This stahle Ti ion stabilizes the cubic stnLcture in the lower temperature range.

figure 4.28(a.b) shov,s the trequency dependence of dielectric constant of pure

strontium titanate sample sinlercd at 1250'C for 3 hour and 5 hour,. The room

temperature dielectri, con~tant up to the frequen,y of 10 MHz is 210. The stable

frequency range is quile long, up to 10 MHz, which is quite large as compared to the

other sample investigated tested in this study. Lower dielectric constant can be

understood by the paraelectri, state of SrTiO, at room temperature ,ausing no

spontaneous polarization to take place.
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4.4 DifTercntial Scanning Calorimetry (DSC)

Differential Scanning Calorlmetr" was used to find the tetragonal-cubic transition

lemperatur~ for bOlh BaTiO, and Ba,.,Sr,TiOJ_ Crystallographic phase transition

during heating was detected by a negative peak, thereby indicating that the process is

endothermic. For BaTiO), the heating rate used was JOC/min and that for Bal.

,Sr,TiOj heating rate was ZOCimin, The reason for taking higher healing rate ",as

the thermal energy needed for the phase transformation can easily be acquired at the

high temperatllre. Figure 4.29 shows the differential scanning calorimctry dala

recorded for BaTiO, polycr}stals 8intered at different temperature and holding time.

From the microstructural study of BaTiO), it was observed that eOnliderable grain

growth oecur at higher sintering temperature. Endothermic peak arouod 125"C may

be attributed 10 the letragooal-cubic phas~ lransformation. There were clearly

marked changes, which took place in the transtormation behavIor for materials Wilh

decreasing grain siz~. In parti~ular, the lelrag()nal-cubic traosfonnation shift to

lower temperature with decreasing grain size as has b~~n ~oncllldcd previou.\ly based

on diclcmic constant data, It is also interesting to nole that the peak shifting is

accompanied with peak broadening. The heat flow, during lhe ~I)',lallographic

phase transfonnation de~reased with deerea,iog grain size. This reduction of heat

flOlv during tran,rormation ,ugg~5ted thaI ,mall grain SI7.e BaTiO) exhibits

,urrre."ed lran,fonnation cilaracteristic, (tetragonal d istonion) .

.!hc effect of substilUtion of Sr in BaTiO, is also sh,mn the Figure 4.30. Increasing

coo~enlralion of Sr decreases the Curie temperature. which has already been

confirmed from the temperature dependence of dielectric constant experiment

(Figure 4.25 to 4.27), The observable peak sugge,ted that siogie phase is fonned in

the ",lid ,olution of BaTiOrSrTiO,1. No peak is observed in case of Ba9Sr"TiO,

and BaJSr,TiO) sintcred at IIOO'C for 3 hours in the DSC dam (Figure 4.31 ;md

Figure 4,32). The~e rewlts confinned that the diffusion or S, io BaTiO) has not

been completed.

The Table 4.2 shows the Curie temperatures found using temperature dependent

dielectric constaol (k') mea,urement;md DSC experiment.
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Table 4.2: Curie temperature of various BT and BST samples

106

Composition Si~lering temperature Curie temperature Curie temperature

and lime (Using k' (Difterential

measurement b, Scanning

LCR meter), Calorimetry DSC)

BaTiO) 1100"( for 3 hours 129'( 125"C

BaTiO) 1225"C for 4 hours 130'C 126°C

BaTiO., 1250'C tor 3 hours , 127"C

BaTiO, 1250°C for 5 hours , 127°C

Ba,.Sr.lTiO] 1250"C for 5hours 96°C 92°C

8a,,,S,,,TiO) 1250 °C for Shours we l79"e
Ba~Sr,TiOJ 1250°C for 5hours 69°C Iwe
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4.5 X-ray diffraction analysis

Figure 4.33 shows the pm,der diffraction pattern of SaTiO) at room temperature

sintered at j 100°C for 3hours. It is observed that at lower angle, letragonalily is

suppressed but prominent at higher angle, lhat is (001) refl~tion is absent in Figure

4.33. On the other hand, at higher sinterlng temperature BaTiO, show telragonality

at [ower angle. Figure 4.34 shows the XRD pattern of RaTiO, sintered at 1225°C

for 4 hours, XRD data confirms the presence of (001) reflection. Microstructural

study confim\s that grain growth ocCurs at high~r sinlering temperature [figure 4.1

and Figure 4.6]. Therefore, it can be concluded that telragonalily increases with the

increase of grain size. Th~"e intere,ling results can be understood by 'internal stress

model' propo~ed b} l:lue~~emet al [32]' When barium titanate is cooled through the

Curie temperature, the indivIdual grain cxperiences a complex Stress system in it and

its neighbors are transformed to the tetragonal state. The stress is minimized if the

overall dimensional change of each grain is minimized, Le. if the grain t"ins

repeatedly. This very close mimetic twinning is an obvious feature of coarser grained

(IOfl to 50fl) barium titanate. ln fine-grained barIum titanate thc frequenC} of

occurrence 90° t".-ins is very much reduced. Thus the fine grain barium titanate must

be under mueh greater stress at room temperature than the coarse grained material.

In general. however -it is expected that the stress system would be of a type tend~ to

suppress the spontaneous deformation, which decreased the tetragonality, This

suppression oftetrdgonality is also observed in the temperature dependent dielectric

.-<:onstantdata [Figure 4.21 (a)l

Figure 4.35, 4,36 and 4.37 sho'~ the X-ra} diftractlon data of BaL_xSr,TiO,(x~O.I,

0.15, 0.20). The data confirms that solid state rcaction i~completed in (Ba,Sr)TiOJ
sintercd at 1250°C for 5 hours. XRD data also shows that as the Sr concentration is

increased the tetragonality becomes weaker. The X-ray diffraction data ofSrTiO,

nano powder is ~hown in Figure 4.38.
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5. CONCLUSIONS

113

The study finally reached to the following conclusions:

1. 95% of theoretical density is obtained for BaTiO.• in the temperature

range 1225-1250"C. Few samples show [ower theoretical density. This

may be due to low sintering temperature and lor presSlLr~gradient.

2. At higher temperature grain growth occurs as the hc>ldingtime increased

3. Porosity was present in the microstructure indicates that grain growth

rate is faster than the pore removal mechanism.

4. Ferroelectric domain twin was observed through chemical etching in

large grained microstructure. Twin formation can be explained in terms

of energy minimization and it is related to the grain size.

5. The presence of porosity may be the cause of not obtaining high

dielectric constant,

6. At resonance frequency highest k' value and maximum Joss due to the

dissipalion of field energy as frictional hca!.

7. At low frequene} (1kHz) loss tangent increases as the temperature

increases- may he due to the ion migration. At High frequency

(100kHz) loss tangent is low because ion migration is absent.

8. The dielectric constant at the Curie temperature found to be suppressed

when the grain size is small. At room temperature, the fine grain DariO,

shows high dielectric constant. On the olher hand, room temperature

dielectrIc constant "as found to be low and at the Curie temperature the

dielectric constant was found be higher than that or its fine grained

counterpart.

9. At low sintering temperature,Ba,_,Sr,TiO shows low k" and high loss

tangen!. This result can be attributed to the presence or more than one

phase. This was confirmed by DSC, as no detectable endothermic peak

was ob,erved in DSC CUf'e.

10. As the Sf concentration increased the Curie temperature (Td shifted to



the lower temperature. This result was cotlfirmed from the temperature

dependent dielectric constant graph and from DSC data.

11. X-RD confirmed single phase of Ba,.xSrJiO, (x~O.I, 0.15, 0.20)

sample sintered at 1250"C for Shours. The sharp endothermic peak also

confirmed the presence of single phase.

12. The endothermic peak waS observed to be decreased as the Sr

concentration was increased. This indicates that cubic stability increased

in lower temperature region.
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6. SUGGESTIONS FOR FUTURE WORK

115

The tapic just described here requIres a great deal of research to find out more

information abo,,! it. There are not much research \,ork have been done in

Bangladesh, regarding the ~lructure property relationship of BaTiO:J-based dielectric

materials. The fulure work should be directed to investigate the following lmponant

l~sues:

1. Effect of compaction pressure should be investigated more rigorously.

Investigation should be carried on with the sample having pressure of

200MPa or more,

2. As the initial particle size is lOOnm,the slnlering temperature sholiid not be

more lhan J225°C.

3. lnvcstigation should be direx;ted toward, the heating rate during the sintering

proce5', because it might have important effect on the microstructure (grain

size, porosity) orthe sample.

4, Ultimate goal of the research should be directed to find out the mechanisms

~ of fabricating sample with porc free, fine-grained microstructure.
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8. APPENDIX
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8.1 Raw Powder Chemical Specification

Data pro~ided here are taken from the label on the container.

Specification of the t'ano powder

Barium Titanate

Manufacturer: [nframet i\dvarrced Materials

RaTiO, nano powder

Calalog#56220N-Ol

Lot #lAMII066NBTO
Avg.Size -lOOnm(SEM and BET)

Strontium Titanate

Manufacturer: lnframet Advanced Materials

SrTiO) nanO powder
Catalog#38220N-Ol

Lot#IAM60S5NSTO
Purity -99.95%

Avg.size -IOOnm(SEM and BET)

8.2 Basic Data of Elements involved

Mol.cular Atmn;C Crystal Atomic 10'"0 Rod'" Common MelMg
Element

Wolgh' Hum",' SUueture Rod'"' om '" Va"n"" Poln"C

e, '37.33 '" e~ 0.217 01l4(CN_1.) ,- m

" .788 I " "C. a 1~5 .- 1a6~
.074\(CN-61

" I 87,62 " ,-
O,140{CN=12)

C ". • .. . , I _2164a lU(CN_4)



8.3 Etching Reagent [57J

Etehant composition CondiricIn Uses

95ml distilled H2Ot3ml 5sec to lmln BaTiO)

HCl(32%)+2ml Hf\40%)

IOOml distilled lOsee to 5 min SrTiO)

IhO+25ml Hf{40%)

8.4 Properties of Barium titanate [601

Molecular formula Ba'! 10)
Appearance White crystals

Dens;l} 6.02gmlcm

Melting poinl T625QC

Solubility of "ater Insoluble

The data are given for materials in thei, standard state (at 25"C, 100kPa)

8.5 Properties of Strontium titanate [60]

Molecular fannula SrTiO)

Appearance BrOl'D, redish, grey

Density 5.l3grnlcm forsyothetics
Melting point Synthdics melt at 2080°C

Solubility of water S)nthetic resistant to most solvent

121


	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134
	00000135
	00000136
	00000137
	00000138
	00000139
	00000140
	00000141

