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Abstract

Effects of Cu doping, calcination and sintering temperalme on the dielectric
propertics of BaTiO; based ceramic were studied in this thesis Conventional nixed oxide
method was used to prepare disc shape sample. The threc doping levels were 0.05, G 08
und 0.12 rmole [raction of Ca substituting Ba. Regardless tlic stoichiometry or sintering
parameters, the first set of samples exhibited the Curie temperatie (T:) at 55°C, much
lower than 120°C - the usual frunsition lemperature of Ba 103 lnstead of sharp pealk,
they exhubited bell shaped homp at 55°C. These anomulies were due to mon pickup during
milling with stecl balls in water media. For verification, another twe batches of samples
were preparcd following identical powder processing techmque, One bateh was rrepared
using BUET precursor powder and another from M UEC source. The later one was normal
BaTi0; but the other one did uol even sinter 1o 75% of theorctical dewsity. ‘110, and

BaCi0; used at BUET scem to contawn impuntes and detrimenta] phascs,

In gencral the dicleetric constant (k' was better fur denser samples and 5o was
tangent loss. Density scems to be a conjuzate result of calemation snd sintering
Incomplete calemation, or incemplete reaction, leads to the formation o zas or blowhale
during sintering and most mportantly desiced propertics not reaiized OWINZ 10 non-
formation (ot parbal formatisn) of mequired phase(s). Duc to slugeish nature of soljd-state

1eaction, calcination at 1100"C for 7 hows seems to be satisfactory,

Sintering temperature and timing shoukd be tuned to achieve about 95%, of
theoretical density. Properly calvined un-doped BaTi0), can be sintered at 1325°C lor 4
hours to achicve that goul. it was observed that Ca did gct as a sinlering awd for doping
level of 0.08 mole fraction and above. Densities of duped sample did follow a non-linear
relationship with doping concentration and the change over was observed at 0.07 mole

[raction. This effeer was obscrved firespective of sintering thermal profile.

Iron inclusion in samples tumed the cxpected normal ferroclectric ccramic inta
relaxor type, with peak &' nearly 4000. Tn conjunction with Ca doping the Tc was shifled
o 35°C which; with the increase of Ca dopmg level above 0.08 maole fraction shilled the
Te to 90°C. The k' alsa changed non-lingarly with the Ca concentrution level From the
XRD examination, it was seen that Lhe extent uf tenagonal distoetion was the governing
lactar fixing the e Also observed a preferred oricntation of 1002) plang at the smiace of

during sintering. conteibuling to increase k' near 1 ¢ and beyond.

nv
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1.1 Bariunt Titanate - the pioneer electronic cer?ﬁii"'“ifﬂ

T T - bEy

1 Imtroduction

2

Barium Titanate is a ferroclesine material belonging o the sub-class of
piczoelect ic matcrial. Fenoelectricity is a phenomenon discovered 1o 1921, The name
refers to certain magnelic analogics, though it is somewhat misleading, as it lias no
comtcclion with iron {fermum) af all. Ferroelectric materals oxhibu SRONLANCOUs
polanzalion {¢f fercomegnetic watenal - spin oticntalion} on coohimg below the Curie
pont (1), ferroeleelic domams and a ferroclectric hysicresis loop, Poor to 1940,
naturally found crystals were the only sovrce of ferracleetric matenn] that wore
available. Work by Thurmauer and Deaderick | 1] brought the extracedinury electrical
propettics of barium ulanate to lay the foundabion of clectronic ceramic, In facl,
BaTiOy was the fimsl fentoclecine ceramic — electrouic ceramic m that maiter -
synthesized and still used widely, These ceramics are referred as electronic because of
thetr catra ordinary clectrical properties leuding to sigmificant use in elecincal

applications,

Eiclectric constant of BaTi0; was order of magnilude higher than the best
matcrial {Rutile, for instance) available at that time, A buge lewp in the research on
fenoelectric materials (ollowed immediaicly in the 1950's. Jeading 10 the widespicad
use of bartum ulunate (BaTiy) based ceramics in capacilor applications and
piezecleeinic bansducer devices. Since then, many other forroetecioe ceramiss
ichuding lead titanate (PhINCHY, tead zirconate titanale (P, lead lanthanum
ziiconale titanate (PLZT), and refaxor [cnoelechics like lead nmaghcsium niolmie
(PMIN} have been developed and utilized for a variety of applications, The largest use
af’ [trreelectne ceramics have been in the arcas such as dielectme ceramics for
capacitor applications, ferracleetne thin Gilms for non volatile moemories, peelecteic
matelials for medical ultrasound imaging and actuatars, und eleetro-optic materials for

data storape and displays.

Among the elecironic ceramic used world wide, undoubtedly BaTih in
potverystalline form is ranked highest in volume and valieky of appheation wise, To
et @ high volumetric efficiency {cupacitance per unit volume} the diclectre material
botween the clectrodes should have a large dicleelric constant, a large atca and a smaldl

thickness BaTi()h hased ceramics liaving a pelovskite bype structure show diglectric
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comstant values as tigh as 15,000 as comparcd w 5 or 10 for common eciamic and
polymer matenials. The high dicleelne constant BaTi0; based coramic disk capacitons
are simpic 1o make The volumetric vllicieney can be furiher enhanced by using mubu
layer ceramic (MLO) capagitors MLC have cuptmed more than 5% of the cupus i
matket in the year 2002 as shown in Figme 1-1 salued more than US 36,7 bitlon in

Bangladesh Taka that would be 40,200 crore![2)

CAFALITOR MARKET {20Q2)
615 Billion uvnits = $8.3E billion

Tant C-Cap
Film 254
Alum E-Cap Ay
LT
SLE p— —_
)

Ref NIC Camponents Corp USA

Figure 1-1 : Market share of WMLCC in the year 2002 (NIC Components Corp LUSA)

1.2 Demcrits and shori falls of BaTiQ,

Liielectric constant ﬂfrHﬂTiO_l. shaiply puuks ut T and loss characionstics
follow the same pattern These anomalics of elvctrical properties 1esult m extreme
chanpge of elechical clurcteristics of components For inslunce, the capacitance of 4
capacitol waould increase by wrder of magnitude ot around T, than what was ut Lhe
1oom wmperature. Owverall, electrical performance of the circwit would change 1o
extremuty, if temperature rises to around 1. This 1w not desirable a1 all, az comiponent

m uleetrical cireint seldom heat up o close proximity of 'L,

I the past few decades, many baoks and reviews have been writlen explaining
the coucepls of electronic cerumic materials [3.4.5.6.7]. An excellent review on
preroglectric ceramic with emphass on BaTiOw s compiled by fafle (8], However. it
15 recognized that the true values of propertics ol a polycivstalline ceramie are difficult
W quate, Alost ull chemical and physical deviation from punty has sulstantial effect
on the papertics. For inslance, universally accepted Curic poml {T.) of Bali(; is
E20°C but ultra pure BaTi0): crysial grown using Remeika's process extubit Curie

peint at §30°C [9]. Curic point of ceramics also depends on paricle or grain size.
P 1 I )
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Hennings. ¢ of [10] has described solid state preparation using oltea fine raw matenal
yielding better results. G size s 2 major factor affecting the dielectie properties of
Ba IO, ceramics [117. On the other hand, Ba’tiwatia plays a role determining the
grain size and density besides sinlenmy parameters [ 12] Seldom do these events ocour
al the same time during ceramie processing and hence 1t is dilficult to wolate the effect
of a singte factor ut a time. Seme time a combination of Tactors yickd dilferent
properties than a single lactor would  Research iollowed on for increased
performance, higher diclechic constant (k') smooth diglectne chatge near T, case of
manukacture in bulk and sa forth, Doping was one pepular and casy option. Qther than
Cu, many dopants were used siretvhimg from sear carth metal 1o colamon ones 1n

search of better Ba'l 103 for vaoous applications,

1.3 Scope of this study

Paocess vanables such as sinlermg teniperature, holding time and mitling
procedures were varied 1o observe theil ciloet on diclestiic propetics along side
variation of Ca doping level, Un-doped Ba'liQ)s were also prepared to compare the
properties For each combination of varations, [n the lileralne review chapler, the
basic principles goverming ferroclectricity and means o iinprove the propertics,
covering (e various matenals exhibit these popotlics were discussed, Particulur
cmphasis was given on BaTi0, and 115 diclectne propertics The gencral processing of
fenoelectric ceramics with a few cxamples weie deseribed, sinee PrOCessing 1s s major
lacton affecung the final properties of a ceramuc. Finally, a lew important applications
of fumoclectric matenals a1e briefly duscussed. dManufacturer's chemical analyses of

puwers used for smmple prepunntion were meluded in Appendix 7.1 thrauyzh 7.3

Sintering lemperature was varied form 1200°C to 1250°C and hold time form 2
hours to 4 hours, Calelum doping level was 3, 8 and 12 % mole fraction of Ba. Iheir
effect on sintercd body density, diclectric constanl and dicleelric lags were measured.
Extent of processing was also assessed For instance, pasticle wire was analyzed for
ball milling cfizet, e and post calzination XRDY were canied oul o examme the
extent of reaction, Results were cxplained in the light of Iinding of cryslal structure

through XRID inveshigation, merostructmal stady by SEM and optical microscopy,




2 Literature Review

2.1 Electronic Ceramics - Classification

Propertics of matenal have its origin i the erystal stucture, Having identica)
chenuical composition may yicld cotieely diflerent moperties owing o the dilTerence
in crystal structure and vice versa A property of ceramies 15 diclated by its crystal
structure and so its classification 15 based on symmetry etement of crystal. The seven
crystal aystem can be classitied into 32 pomt group according to sy mmetey (Appendix
1.3). The thirty-two point groups can be [orther classified into {8y crystals having a
center of symmetry and {b) crystals tat de not possess a center ol symmetry, Crystals
with a center of symmetry melude the 11 point groups lubeled as centrosymmetiic,
These point groups do not show polarity. The remaining 21 point groups do not have a
center ol symmetry (e non-cenlrosymmetric)  possesses  one of more
erystullographically omeue diveclional ases Al nop-cenlrosymmediic point groups,
show pecoclectiic eftect along unique directional axcs, The following clasaification,

Based en the symmetry ol crystals, i3 usell in considering electroe ceramics

2.1.1 Piezoelectric Ceramic

Crystals that Jack center of symmetry of ion distnbution are electrically
polarized (1.£. they develop surface cliaipes) when they are mcchanically stressed
This is the deflimueon of piezoclecineity. ‘The mast importint pierocicelne ceramics are
those that arc also fenoeteeiric. This means that the fenoelectoie fand theiefore aksn
piereeiectne) domains within a polyerystalline sample of material can be reotiented
("poled”) under the influence of an cxternal clecuic ticld, and the reorienlation is
permancnl Thus, polyerystulline piezoclechic transducers can be preduced. One very
imporant applications of picroclectne ceramics trunsducers for (he conversion of
clectrical enerpy mmto mechanical vibration, as in ultrasonic cleancrs. ulrasound
grnerators (imaging devices, detection devices) and for (he conversion of nechanical

vibration into ¢lectricu] signals, as i ultrasonic sensors,

2.1.2 Pyreelectric Ceramic

Some of erystals that lack center of symumetry of jon distribution. (1.
plezoelectric} can also spontancously develop clectric dipoles Mpolanze), with the
deares of polarizution dependent on emperatute. This 15 called the pyroelectric eflect,

which was first discovered in tourmaline by Teophrast in 314 B.C. and so namecd by
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Browster in 1524 [8]| The spontuncous polarization s given by the value of the dipale
mament per unit velume or by the value of the charge per unil arca on Lhe surlace
perpendcular 1o the axis of spontunecus polavation. Lhe axiz of spontancous
polacization 15 wsually along o mven crvstal axis, Although a crystal with polar axes
(20 non-cenlrasymmelrie ponl froups) shows Lhe pesoelectric etfect, 1t 15 not
neeessiny [0 it o have a spontancous polanzation vector, [t could be due to the
canceling of the clectric moments slony the dillerenl polar axes 1o give a zero net
polunzation. Only crystals with a wnique polar axis {10 out o 2] non-centrosymmelng
polnt groups) show o spontanenus polarization P, vectar along s aag and its value
depends on Lhe temperatire. The pyroglectrie effiet can be deseribed in terms of the
pyroclectne coeflicient A small change i the tempenture A T inoa eryatal, o oa
gradual mannet, leads 10 a change in the spontancaws polunzation vector A 1 given

by,

o

AP.=waA === s

B yC em)

', .
b4 I |\ I [ | T gt 70 RO %01 05 LD

T

Figure 2-1 1 The termperature dependence of spontanecus polarization Ps for BaTiQ,
ferroelectnc crystal [1.3]

Figure 2-1 shows the variation of the B, with temperature Tor a BaTiln
ferroelectric crystal. An ncicase in the temperaiiie loads to a decrease i Lhe

sponlaneous polarization BaTidy has a negative pyroclecine coeflicieni,

The polanzaton suddenly falls to zero on heating the crystal above T, T13]
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2.1.3 Ferroclectric ceramices

A subgroup of pyracleeirics has an unusual propeny of spontancous alignmenl
of the electitc dipoles within domans (~1pmy and le pelaizaton direclion can
change under the influence of an cleetne field This is the definition of [emeelectricity.
The spontaneous alignment of eleciric dipoles (n a pyroclectric material) by their

mutaal mieraction results in the high diclecine constaur and P-£, hysteresis loop. All

ferroelectrics are pyroclectrics and piczosiectric, but not vice vepsa, For enample,
tourmaline shuws pyroelecteicity bul is nol ferroclectric The ahpenment of eleclng
dipoles is opposed by thermal vilnations and al the Cune tempersture 'L, the ailmnment

disappaars. Tor T = T, Curie-Weiss law holds:

Pof ey 0T,
(e.EY 1, (T-7

e}

X:

[l

X represent the electrical swscepubility, P orepresents pelarization, L closlne
lield, € and ¢, permittivity of material and vaceum respuelively and K represents

dieleziric constant.

The classie example of a lerroebect iv ceramic is BaTiOs, A relatively small

TidF ion is tocated in a lurge netahedrul sile, with somc room for {ree movement. The

rattling Ti hypothesis suggests that there ere minimum energy positions for Ti off

cenler, by less than 0.01 i, giving an cleste dipole in cach unit el

Because of spontuneous alignment of the dipales, the diclectric constant (k'=
£fEg) [or barium titanate eaceeds 2000 ul room temperatwe The lareest diejeetrne
constant 1x achieved when critical empeature is approached, at T = T, = 125°C, k' =
12,0000 However, structinal modificavons of the classie BaTiOq me required i

variations e diclectric constant vs temperature and polanzation voltage are of concem

2.1.3.1 TFerroelectric Domains

Ferrocleclne  ciystals possess ogwoms with umlomm  polanzalion calied
ferroclectne domaing, Within a domain, all the clectric dipoles or the polar axis
transformalion ncewr and spontanceus polarization tabes place. The elzsctiical sieay
tield energy caused by the non-compuensated paluizalion clirges s 1educed by e

formanen of ferroclectne domains as shown in Figure 2-2, The configuration of the



|

Figure 2-2 : Reduction of electrical energy by domain formation (3]
domains follows a head-lo-tail condition m order to avoid discontinuities in the

polanzation al the domain bovndary

[n culne crystals the polanization may be orientaled in any of the six pReLUlo
cubic 003> direetions. Therefore, the polar axis may be ahigned orthogonally (90"

domains) and anti-parzltel (180" domainsy with respect 1o cach other (Tipure 2-3)
L

Unpoied Stated Poled Stata E
=== T Ta A T N T
mﬂ* TS T T N i
Ll -1- =3 _._IL'E N Y o erran ‘ S N N ' RN T
N H " = I
'\ u
1 im0 nonimn S Bawain

Figure 2-3 - Domain polaiization direction changed by poling [03]

A single domain can be obtained by domain wail motion madc possible by Lhe
process called polmg An appropriate clecine field is apphed m il sample at a
temperature slightly below the Te, Gverall performance of the ferroelectric material
greatly influenced by the natore of domawn and its movement Many research are on
going to characterize the domain and its activiles The 180° domams are easify
removed by polling as illustated m Digme 230 The 90° domains ae diiTicult to
remave because the surface strain generated Juring conling and the ervstal fabrication
restrict the iouen of the domuin. Mechanwul force is vsed by many [14] to pole 90¢
domain and recently Chen [13] described a new rechmgue, There may be many
domaing i a crystat separated by interfaces called domain walls. These walls have a
thickness of only 100mm or less [16], Muller [17] described a new Juser technology

that provides information about domain strwcime. heir nucleation, and their dynaies
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Atomic force microscopy [18] and TEM  [19] was used 1o chwacteiize domam, A
very strony ficld could lead to the reversu] of the polarization in the domain, known as
demain switching [20]. Domaius cen be observed under the oplica) mizroseope and m
SEM afler the polished sample being etched with concenteated HCL f22| The
relationships between eteh pattern and the domaw onentation in BaTiQ; crystal in
tehagonal state had been described by Hooton {211, Duoing elching processing the
positive ends ol the electric dipales cteh rapidly, forming a rough surface, the negative
ends eteh slowly, formiug smooth surface and the sides (dipoles paralle] to the surface)

cloh at an intermediate rate, forming a semi smooth surface,

The bnlt-up of domann wall, elastic stress [elds as well as free charge carricrs
counteracts the process ol demain formation. In addition, an influence of vacuncies.

dislocanions and dopants exits [23].

2.1.32 Ferrnclectric Hysteresis Loop

The main difference helween pyrocleetric and ferrocloctric materials is diat

Figure 2-4 : A Polanzation vs Eleciric Field {P-E) hysteresis loop for a typical
ferroelectric crystal [9)

the direction of the spontancous polarizatinn in ferroclectrics can be switched Iy an
apphed electric ficld. The polarization wyersal can be observed by mcasunng the
ferroeleciric hysteresis (analogous to ferromagnelic behavior} as shown in Fig. 2-4. As
the electric ficld strength is increased, the domains slart o align in the positive
direction giving nse o a 1apid increase m the polarization. At very high [eld levels,
the polarzaten reaches a saturalion value (P}, The polarization doecs nat fall 1o zero
when (he cxlemal figkd ks removed. At zeia external (eld. some of the domains remun

aligned in dhe positive direction, hense the crysial will show a remnant polarization I,
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The crystal cannot be completely depalarized until o field of magnimde applied m
lhe regative dircction. The eatenal field necded 1o reduce the polarization 1o zere is
called the coercive leld stength B I the field is incicased 10 a more nugidive vaiue,
the direction ol potarization Mips and hence o hysteicsis loop 1s oltaingd, The value of
the sponlaneous polanzavon Ps is oblamed by cxtrapolating e curve outo the

polarization axcs,

The ferroclectnic hysteicsis originates from the existonce of iireversible
polarization processes by polarization reversals of a single Terroelectric latlice cefl,
However, the caact interplay between this fundamental process, doman walls, defeets
and the overall appearance of the ferroclectric hivsteresis is sull not mecisely known
The separativn of the twal polurization inlo eversible and irreversible cantributions
might facilitate the understunding of terracleetric palarnzation mechanisms. Lapeially,
the ireversible processes would be important for fenoclectne memoery devices, sinee
the 1eversible pracesses cannot be wsed o store imformation. For ferioclectrics, mainly
twa posvible mechamsms for irreversible processes exist. First, lattice defects wlich
mteract with o domain wall and hinder 1L from relurmmg inrg s witial position after
removing the elecine field that nitiated the demain wall melion Crpnninge™ ). Second,
the nucleation and growll of nuw domains that do not diseppear aller the letd 1
removed. In ferrocleetric materals, the matier s lurther complicated by defect dipoles
and fize charges that contribule to the muasured palatization and can also (nteract with

domam walls [17].

Revermble ferroclechics are the basic requisite af diclectric matenals for
apphealion such as capacilors. Reversible comtributions in ferroclectics are duc to
ionic and electronic displacements and to domain wall moljons with 1 smail
amplitude, These mechamsms aie very, [ast The reorientation of dipeles amlior defect
ur free charges also contribules to the 1otal polalizaton ‘L hese mechanisms arc wsually

much slower, but they also might he 1eversible (relaxation)

Remanenl polarization and cocreive seltage are of eritical importance 1o the

design of extemal cireuits of FeRAMs m1 DRAMz

2.1.3.3  Curie Point and Phase Transitions
Al ferroclectric materals have a tansiion tempertme called the Curic ot

(Te) At atemperalure 1= To the erystal does not exhibit lerrozlectricity, below Te it
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is femoclectric, On decreasing the lemperatme thiongh the Cuorie point, a farroelcetne
cryslal undergoes a phase trunsition Hom o non-fenoelectric phase o a lerroelectic

phase. If ther: are more than one tereoclectric phases, the temperature at whicli the
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. Figure 2-5 © Vanation of diglectric constants (& and ¢ axis) with temperature for
BaTiC;. [12)

erystal nanstoring from one foroclectric phase to another is calicd the transition

tempreriiun, -

The phase transition m Balilk is ol (st mder, and as a iesult. there is a
discontinuity i the polaization, laltice conslunt. and mau. olhe properfies, as
becomes clear in Figure 2-6. 11 is also elear in the figure that there are fhree phiase
ransitions - barium  titanale having (e following  scquence  upon heating:
rhambohedial, orthorhombie, tetragonal and cubic. There 1 a small therm] hysteresis
ol the transibon lemperatre. wihich depends on many parametors such as the rute of

lemperature chinge, mechanies] siresses ol ¢rystal impesfections.

From a orystal chemical sview, the 13a-O framework evokes an interstitial lor
fhe sentral ' TiY o0 whieh is larger (han the actual size of the T2 ion, As a1esult, (he
series of phase tunslormations (ahes place ta reduce the T cavity smize Certainly, the
1adu of the wons imvolved impact the propensity for lunning fegroclecine phasss; thus
both POTIC: and Bali0; have ferroelectric pliases, while CaTi0s and SrTi0y do not
[24] Larly rescarch works on [umeelectic tlansitions have been summalized by
Nettleton |25, 26|, Figure 2.6 shows the vanatwn of the relative permutlivity e, witl

temperame as 4 BaTiO; crystal 1 conled from its paraclectric cubic phase o the




fermoclectric tetragonal. orthorhombic, and 1hombohedrat phases. Nea the Curie point

o transihion temperatures, Meuusdynamic properlics including diclectric, elastic,
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Figure 2-6 : Various propoerties of BauQ, as funclion of phase ransfarmation

optical. and thenmal constants show an wnomalous behavier. This is due to a distortion
i the erystal as the plase structure changes, The lemiperatute dependence of the
diglestrie constant above the Cune point (T = T,) in ferrocleetric crystaly 1s govenmed

by the Cune-Weiss luw mentioned in section 2 1 3

2.1.34 Type of Ferrocleetric materials

Fenacleeine materigls can be grouped according o their stiuctme, into Taur
main types These are the corner sharing oxygen octshedra, compounds comaming
hydrogen honded radicals, erganic polymers and ceramis polymer composites, Como
sharing actahedra can be classiticd mio Perovskites (A1), lungsten bronze bype
compounds (K. 0y, x<1, such as PHND:Oy), Bramuth axide layer struclured {such us
BiaTi;0n} and Lithium Niobate & Tanealate. Hydrogen honded (eroclectiic usually

water soluble made in single crystal. Rochelle salt (NalkKCyHa0k, 4107 is one
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example of tus type and this was (e finst ferroelectyie malerd thiscovered. These are
now pradualiy replaced by cerumie lenoclecirics, Imercsling type of forroelectne
matelia] are o1ganic polvmers Tor medical applications. These pezo-polymers have
same propertics, wlich make them Detter suied for use in edical imaging
applications. I'he deasity of these palymers is very ¢lose o thal of water and Lhe
human body tissues, lence there 13 no acoustic impedance misnalch with the hody,
Polyvinylidenc Nueride (PVDFE. {CHz-CF1)) and copolvmers of PVDF  with
tilluorecthylene  {P(VDIE-TIFEN have found applications as piezoclectric and
pyroelecttic materials. ‘T he drive for mezoelect e compuailes stemis om the fact that
destiable propedics could not be obtained (om smple phase materials suckh as
MeLoceramics or piesopalymers Plezoclectnie composies are made up of an active
ceramic phase embedded 0 a passive polynwe. The propertis of the conposite
depend on the connectivily of the phases, volum prreent ol ceramic, and the spatial
distiibuuen ol the active phase in e composite. e concept of connectiviey
develaped by Newnham et al. [27] describes Lhe arrangement of the component phases

witlhin a composite,

L1LAS Corner Sharing Octahedra and Perovskite

A darge class of ferroelectne erystals me made upp ol 'miced oaides containmg
comer sharmy octahedra of OF jons schematically shown in Figure 2-7 Inside each
octahedron is a calion BY where 'V varies from 3 to 6. The spaces Letween the
actahiedra are oceupied by AY wms where 'a’ varies from 1 1o 3. Ig aotolvpe forms,
the peometne centers of the A*, B™ and O ions cofncide, prving rise 1o a non-polar
fattice, When polarized. the A and 13 ions are displaced Mom ther genmetne centers
with respeet to the O {one, to give a net polarily o the laties, These displacements
occur due to the changes inthe latiee struciere when phasy lransitiony take place as
(he temporatute is changed. The formation of dipoles Ly the displaceiient of iong will
not lead o spontuneous polarizaten if a compensation palcrm of dipoles are formed

which give 7ero net dipole moment.

Peiovskile is a family name of a group of materials and the migeral ftame of
cudcivm ttanate (T a7i0;) having o stiucture of the lype ALY A wide variety of
calions ein be tneorpoced into perovskile streclure as Jung as they obicy the

]CluilUﬂShEﬂ: 1= {R,ﬁ_ - ]{“};.- '\.-'2{[{” il R[J_]
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Figure 2-7 (a) A cubic ABO; (BaTiO,) perovskite-type unil cell and {by) three
dimensional network of corner sharing octahedra of Ou- 1ons [12].

For sn ideal perovskite structure £ =1, and Ra, Ry and o the wome radius of
large cation, small cation and oxyaen [281 The stiuclure lakes cubic From with the
- value between 0,95 10 1 G Iower thes slightly distorted cubic but net (crnoelectric but

slightly above 1.0 fends 1o be ferraclectiic |29].

Many piezoelectric (including ferreelectic} cetamics such as Raum lanate
{12aTis), Lead Titanate {PHTION, Lead Zirconale 'l itanate (P21, Load Lanthanum
Zirconate Trianate {PLZT), Lead ‘Magmesiom Niobate (PMN). Potassium Niobate
{KNBO), Potassium Sodium Niolbate (KN N0, and Massionn Tantalate

MNiabate {IK(Tu.Nby ., )0h) have o perovskite fvpe structuie,

2.2 Electricul Properties

Ceramics ale moslly covalently bonded malerinl hence eleclrically non-
eonductive or insulator, lmponance of particulan property depends on the application
demacl. For instance, dielectric strength is an important parameter for appheation of
ceramic as insulators used m power transmission line, loud heari nge ceneral inselators,
in Touse hold appliances, cte. In this hind ol applicaiions where frequency do nol
exceed 1kllz, the breakdown strongth, measured m kviem. and mechasical strenglh
are prime important lactors Fhe diglectic constant (k') o1 toss Tuctor (X" does nol
matier much On the ether hand, for cupaciter amd clectionics appheations just Lhe
opposite tequired. he vaines o k'and &" are of prime importance. not vnly Lthei 1aom
lemperature values but also as function of temperature and froquency. These are

r
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mtrnsic properties of matciial, can be modificd by dopai, micro siruclucal varaion,
cle. Ba liQh 15 used extensively as a principal ingredien) lor mulii layer ceramic
capacitor (MLCCH manufactured commercially in billions, I the following scelions
hasic concept and factors governing dicleetic constant, dielectric losses are discussed.

Malerials arc treated as polyerystalling and hnear diclectric.

2.2.1 Diclectric constant
The overall Dhelectric constent (k'Y of an insulitor mateiial iz prven by the

riclution

[Y=¢ E=¢g 'L -e- -—-

[t

[) represents the electric displacement. E the zlectric field 1 the diclectric, k'
the dielectric constant and ¢, permittivity ol vacuum. The electric displaceient
deseribes the eatent to which the elecnic ficld has been alicred by the puesence ol the
diclectiic matenal. The dwleetne constant k' 15 an infhmsic propeity ol a material and 4
measure ol the ability of the material 1o store cleetrie charge retative o vacuum. T 1
“micusured indircetly from the capacilance of o capacitor in which the merial is uged
as electrode separator or diclectric, From cq {21 awd the capagitive eell illusteated m
Figure 2-8 Lhe diclectne constant k', total charge O (coulombs) and capacitance ©

([arads) con be developed ws follows:

A
,q-;':i:_Q"_ — - 133
L B g Vid
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Flere, A represents the aren of the cupucitive cell, d its thickaess {or aap
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Figure 2-8 Equivalent cireutt diagrams a) Capaabve cell, b) Charging and loss
currant ¢} loss tangent

between the electrodes), Co and © the respeclive capacitance of the capacitor with ar
and material, ¥ the voltage across the cell and ¢ the matenal permilvity {Fim) Thus
K’ represents the ratio of the permutuvity or charge starage capacily relative to air or
vacuum as diclectne. [ is clear from eg. {51 thut tr g piven size capacilor and applicd
vollage the higher the k' the higher the capacitance ol the capaciter. This is Lthe only
vatiable leflt with the matenal scientist o inerease the capacilance per unit volume

vilue of capaeitor for modern clectronics applications.

2.2.2 Dielectric Loss

An ideal dieleetric would allow no flow of ctectronic charge, only a
displacument of charge via polunzalion. I'a plate of such ideal material were plaved
between the capacitive coll shown in Figure 2-9 (1) and a de voltage was applicd, Lhe
cureent thiough the civcuil would decay exponcniislly to zero with time, B this
would not be case if an allernating (sme wave) electric ficld was applied. In this case

the ¢, {4} may be written us

Q=¥ e Lt
Therefore,
! 2%:1’?1.{'}( :{{LI'(,;EDNIV = 9]
F?

here, £ represents the current Now on discharge of the capagiior m time 1 Fo
real dielecinie matenial, the current £ has 1w o vector camponents, real fi and imaginary

fr. The condition of a lossy (not so good) diclectne illustruted in Figure 2-9 {) as an




I¢

cquivalent circuit analosous af w resislance rmablel wilh the capacitor, The curent
L represents a (watl less) capucilive cusrenl proporuonal to the chaige stored in e
capacitor. It 1s frequency dependent and leads the valtage by 90%. On the other hand
the current 4y is an ac conduction cutren in |I;:I1a1se with the voltage ¥, which represents
the energy luss or power dissipated in the dicleetie. The resultan angle belwean the
cunent and the voltage is ¢ somewhat less than 90° ldeal dielectric under this
circumstance would not absorl any power and Lhe capacilor would have zero loss. T he
current would lead the voltage cxactly 90°. The current 1n real capacitor lags slightly
hehund what it would be in an ideal capacitor The wngle ol lug is delined as 6 and the

ameunt of lag becomes tan 8 or loss tangent

I'g. {2} can be written for real and nmaginaly pazl,

I=1-+1, R L]

=il & K+ mlf"n.t.u.rr“l" — 1y
o ) Jr_r.l |'fll

H} d'ﬁﬁl'l[ll{‘.lﬂ, fanog === — I - 12
I B

heleclric loss often atinbuted o Ton migration, ien vibration & deformution
and clectromi polavizanon. lon migration is particularly tmportant and strongly
alfected by temperature and frequency. T he fosses due 0 100 migration increase at low

flequency and the tentperatme increuses,

2.2.3 Material Aspect

Intriisic propertics such as k' and k" can be ¢xplained in lerms of chemical
cotmposilion and structure, Material behavior in o dislecine field 15 a direel result ol
three weelor quantities a) dielectric displacement 13, B} clecnic [leld . and 2]

polarization I

=y ' f= A .- ---

rd

Aftect ol dielectric in cupacitor illustrated m Figure 2-9, The contiibuuon of VECUUR)

is the term £.4 and s the elcewical polanization contriburion of the diclectric,

Therefore, r =5D|:;.;'_]jj_-":gn}«h' — — 114!
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Itis clear irom eq. | 1E and 14} polaizanon i the ey Tactor altiibuting to the

dwlectric poperly of matenal, For ceramic matenal, polatization can be lurher

&)

T‘“ wl ,

Figure 2-9 : Parallel plate capacitor: (&) withaut diclectric {b) with dieloctric E constant
{c) with dielectric with D constant

degeribed in lemms of a volume charge densiy related (o the conuentration of dipole

per unit vafume N and the teeal figld B in the diclectrics
= N 115}

and f:"_""—_-z-rL - — g
3

whare, arepresents the polanzability, arising {rom different polarization mechanism ol

the matvrial, t=fr, +er ki, +o, -— -—- 7]
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Figure 2-10 : Frequency dispersion behavior of dielestiic matenal as function of
frequency
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reprisenting the susceptilnhily associuted with clestionic, ionic, veentational and spage
charge polatization, respectively. Mechamam of polarzanon Jeseribed i the

following section

For cubic structures and for induced dipoles (ionie and clectronic polarization),
the calcwlabon reveals a relation between ihe alomue polarizability & and the

macioscople pormiltivity € = cut, which s refened to be Clausius-Mossolt equation
[30].

o w nt2NO - - 118
o= N

]

In Fuygure 2-10, {he frequency dependence of k' and associated polanzation
rcchunism are illustrated. Affect of dilferent polarization mechanism o the averall
dicleclric constant is related to the composition, frequency and temperature of Lhe
dieleetric material. In general. o itcreases with on concentration. ion size and o0
polarizability, hence fons ke Ba®', Pb*", La™ are used in order o achicve a higher
digleetne constant and relractive index, T onie sodids (such as Meth ALD:) a5 Lhe
predominant polarization mechenism. wherc 1on sizve and separation huve the
sigmiticant cffect For cuamic materals with mohile wn, the orientanonal polarzation

can be a factor, This can be attribuled to ion jump polarization e, wherg

: il
a, = L and o, = Le=d)” - o
35T 3kr

;= ezd.vepresents the dipole moment associaled with the jump of an jon of
charge ez through a distance o The relasution time 7and the number of successiul wn
Jumips per seeond are given in Athenis form

¥ Wi AT

r=r et and n=g e - - 120
”» n 1

here, 4 s the activanon energy, 4 Bollzman constant and T absolute
temperature. In other word. for ceramie 7 decreases with temperature, the relaxation
move to higher emperature with increasing frequency and o increases with the
lemaperature. Hence it is normuadly ohserved that at a given frequency k' inereases with

the temperature and at a given lemperature K decrcises as fregquency increased,



2.2.4 Nechanism of Polarizaiion
In general, there aie Dve Giffsrent mechamsms of polaization which can

coniribute to the dielectric response |31].

* Electronic polarization exists in all dielectrics. 1tis based on the displacement
of the ncgatvely charped electron shell against the positively chaged core. The
clectrome polunzabiily e 15 approximately proportional to the valume of the ¢lectron
shell, Thus, in sencrul e is temperature-independent, and laipe atone have a large

electoomie palansatuhily,

* lonie polatization is obsarved in ienic cryatals and deseribes the displacement

of the pesitive and negauve sublaliices under an applied electrig figld,

* Oricntation polanzation describes the alignment of permanent dipoles At
ambient temperatures, vsually all dipole moments have statistical distribubion of their
directions. An clectiie ficld gencrates a prefened direction for the dipoles, while the
thermal movement of the atoms perturhs the aligiaent,. The average degree ol
. bremanon 1s gmven by the Langevin Rinction <= = pjff’h?i: i) where & deootes the

Roltzmann constant and T the absolule lemperature.

= Spave charge polarization could exst in diwleclne matenials wlugh show
spital inhomogeneities of charge carrer densibics. Space charge polarizatnon ekl
are not only ol 1mporance in semiconductor Neld-elfect devices. they also vccur m

ceramacs with electrically conducting giams and wsulating arain boundaries {so-called

Blaxwell-Waurner polaniraten),

= Domain wall polarization plays a decisive role in lerroclectiic matenals and
coninbules 1o the overall diclectrie respomse, The melion of a domain wall 1hat
separates regions of different oriented polarization takes page by the faet that Gvored

oricnted domains with respect 1o the applicd ficld Lends o grow



2.3 Processing of Barinm Titanate ceramic
Property of the final product depends on the processing (1o rw materia] to

the final sintening. Every step in the process cliain has ws own influence oo the

Raw Materialy -
Weight + Mix |——*

Hall
Milling

~ Shaping /
Finishing / Sinleriny | | Forming/
Inspecnion / Paltetizing
Characterization

Figure 2-11 ; Flow chart of Mixed Cxide route

suceessive step and the Nnal product. Many methods are used o syntheses BaTiO,, u)
conventional mixed oxide, b) sol-gel, ¢) chewnical precipitation, d} hydrothermal and €)
combustion reaclion. Choice of 1oute depends on the application Nanopowders are
preparcd using the electrophaiectic (GPD) method for making films. Even thin film
was prepared from bulk single erystal using wm shicmyg method [31]. Uloa fine Ba' 0,
powder obtamed by combustion reaciion are used to make bulk maleital was descriled
as retutively efficient micthod [32] By Tar the first iovthod s widely in the industiial
applicanan us well as at laboratores, However, powder altomed 1o other 10utes 15
supenior i erms o homegencity wad lneness  This method alao known as sohid-slate

method, was wsed o prepare sample in s sludy,

Processing Joute of this method illustrated in Fipure 2-11 In the following
sections important steps are discussed bnefly with their influence on dielectric
property of BaTiOy cerammes. The raw materials BaCOs and TiQ: (rutile or wnalase)
are irst weighed according to the sechomenic formula The rw muderials shoutd be

of high puiity.

2.3.1 Ball Milling
The weighted powders are mixed mechamenlly by cither ball mllng or
athition milling. Millmg is carmied oul to reduce the particle size of the powders o the

micron range {or the ease of solid phase meactions to occwr by atomic dilfusion,
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Figure 2-12 | Schematic of a Ball mill

The sehematic of o ball mill s illustrated in Figure 2-12. Size and distibution
of the batl 15 an import factor determimmsg the produst guality. Parnele wive 15 1educed
Ly the action of impact and {Tiction of Balls with the powder, Thumb rule 13, smaller
the size of halls Diner the panticle Tt i 1ake longer time Lo break down bz panticles,
hence tse min of diffetenr size balls Motion ol ball 1 controlled by the rotation speeed
of the mill At higher speed balls cling at the mmer side of the aull duye to centrifugal
tarce. too low speed woukd set the halls almost stationary at the boltant, In both case
insufficient friction between balls and partcle would not bicak down the particle.
Optmum speed is achieved when balls are in cirenlar mouon and roll Lack o bottam

[rom about three guarter way to the lop as shown in Fugure 2-12.

Midia is another important consideration for two reasoms, 1t muest ool nect
with the ball, the container, or U powder. Sccandly, must avoid decrease of colloidal
stability: For instance, milling of BaTiOy in water media sot of tribocheniical reucltiﬂn
The 12action forms strongly alkalne Ba{O10)z which upscl Lhe pl) balance, decreasing
the collodal stability of the suspension 33| Fither nan-polar hgwid such as acetune,
alechol, 15 used or polyclectrolyte stabilizers are used with water Usually the sume se
up 18 wsed for milting the calvined powder, Fincr particle can lower the stntering
temprralure and firing tme significantly, Exient of ball milling 15 usually assessed by

particle size analysis,

2.3.2 Calcination
Chemically as well as ceramie point of vivw, this is an important step, Desieed

compound are formed and uecessary reactions are accomplished  Dhning the
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calcination step ibe mixed powder s enposed W high temperature al a specified

almasphere and time The purposes of caloimations me-
a) To remave residual media form milling process

b) To remove water of hydration, carhon diexidy [orming oaide, and any

volanle impuritics

¢) To eHect solid phase 1eaction between the constituents giving the desired

phase or solid soluton
d} The reaction would reduce the volume shrnkage in the final sintering,

I'he caleination of BaTiQ;, staring raw materials 3aC0, and [0 me mixcd

Bal i, - Ba ST

Hud  + Tity, = LaTid,
in the molar 1atio of 1:1, ball milled, then calemed in ambient air al 1000°C 1o obrain
_the perowskite phase hrough the diffusion controlled reacuon [34). Dcygree of
calginations can Lo assessed by weight loss of C0; as o tunction of tme and
temperalure using TGA. Under 1sethermal condition. the 1eacion abeys w paabalie
time lew Newnham [24] has detailed the model of kinets of solid siate reaclion
between  spherical particles According to him. the reuclion 1ate 1 inverscly

proportional ta the square of the pariele adus, lmpanence of mijling betore

caleinations is realized and sa 15 the fineness of e powllr,

2.3.2.1  Formatton of phases and Phase Diagram

BaTG, foomed dwing Jeachon above though formation nomber of
termediate phases. Temploton [35] doweted the lermediate second phises 132, TiO,,
Ba'liyChy and Bali:0s. The final conversion (o monophase BaTi0, detennined by
decompusilion of the intermediale phases, i, the ditfison exchange between Ba and
11 1wh region in the powder The culeination. lemperaiure and 1the wmount of
imermediate phases critically depends ou the motphology and degree of minmg of the
w makerial. During ball milling kis 15 an mportant pomt aimed 10 accomplish.
Accordimg to Bavger [34], during: this solid-solid reaction Ba() act as the mobile agent.
At the contact mterface Ba®r is formed which dilluses into 1he 1103, forming as

inlemmediade luyer of BasTiCh, which slowly reacts with the residual TiO- to form
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BaTidy, Hence, particle sice is an important facior capecially 1he size ol T3 ay

determnes the particle size 0l BaTad;. .

Ihe phase disgram ol BaO-1i0); s shown in Figure 2-13. As per phase
diagram sloichometnie Bali0; can accommadate Iitle more 110, wilh the conpound.
Fomation of Ba:xTudy 15 inhibited below | 100 by the presence ol a OO
atmosphere This phase s particularty  hammlul. since it s hyproscopic  and
decomposed with swelling in slighily moist air. Incomplete mining and reacuon wilt
vield small amounts of BazTiCh and Ba'lis0- and other intermed ute phases, The same
kind of harmlul phases may also oceur when alkaline sarth oxcles, such as Co, Srused
in substituted BaTi0y [36] Efcdt of calcination emperature was studied by Maisen er
al |37] suggest at 700°C tetragonal Ba'li0; do not fmom whereas at 1100°C it docs at

the capenses of particle agplomeration.

Dopent and other additives are added a1 this stage of processing, A ureat
advantage ol (his melhod I that dopes and additives can Do homogencousty

incorporated into the perovskule lattice during calcinations [3]
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Figure 2-13 | Phase Diagram of BaO - TiD; syslem
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The caleining temperatne is imporaml as it inllusiees lhe denssity and hence
the electromuchanical mopurtivs of the tual product The higher the culeination
tempetature, the Tugher the homogeneity and density of ihe linal ceramic produet,
Many calcination temperature and time scheme has been sugpesied. Higher
lemperature and lomger fime usvally vield completely reacted powder but coarser
particle size posing difficulties durinyg subsequent milling So, proper caleination a1 the
1ight temperature is necessary 1o obtain the besl electtical, mochanical nrapurtics and

minimizing the presence of harmiul phases

1.3.2.2 Effect of particle siz¢

Reaction kinetics greatly infiuenced by the finenuss of the particle size.
Henning er af [3] studhes the effect of yrain size of pabcle on the reaction during
sintering and the [inal maduct using TGA. They concluded thit the decomposilion
temperature of Bat’Cs in mixtures with TiCh is largely independent of the particle size
of BaCO;. However, the purticle size of TiO; widely determines the Erain size ol
BaTids. This iz i good agreement with difiusional solid state reaction sugpresied
where 1320 act as ¢ mobile agent Sub mivton siced BaCO; liowever. shongly inhibits
the farmabion of harmiul phase Ba; Titks, The 13a/ 1§ atowic 1atio has 4 stronge influcnce

on the ealcination temperalure. Higher temperature requured for 1a rich composition.

2.3.3 Shaping avd drving

After calenung. the lumps are ground by milhing as deseribed previously, The
milled pawder ready for fuither processing is comnionly redeneel al preen body. The
green bidivs should bave o certain mannuwn densily belme they can be sinteled,
Commen pructice is to achivye 60% of the theoretical densily duing shaping and pre-
silered slatc. The desired shape and a minimum green deasily can be provided by
vanious techiniques weluding powder, compacnon. slip-casling, extrusion, doctor
bladwg, dipping. etc Hot pressing {(both axw] and isetacticd, although CXpCnsive
methad, is becoming populac Tor better quality ceramic matenat used ju high end
appheation. "The chowe of the method depends on the 1ype of powdur used, rarticle
size distribytion, state of agplomelation, desired shape. and thickness of the part
Hydrauhe o1 mechanical presses are vsed 1o press powder in lo desired shape at the
pressure of ~TU0 to 300MPa. Owing 1o the nuune of this process. only simple and

symmet 16 shape can be prepared No sintering wid o Hquid is added 1o the powder for
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solid phase sintering route. Henee, stiength of the ween pewder compagt s schieved

through addition of a swtuble binder such as PV A, glycol phibalale. ote.

Afler shaping, the green bodies are heated very slowly o bepween 400-600"C
in order do remove any hinder present. Initia] healing rade to burnout e binder 1
aboul ~1-2"Chmin in order 10 allow the ases to cone out slowly wiihoul forming
cragks and blisters 0 the ceramic part. Alter the binder humaout 15 over, the samples

are taken 1o a higher temperature for sintering to take place,

2.3.4 Siniering

In thus step, powder wo pepated finally trunsforms 1o usable ceramic body. In
ceraimic industries. this step is also known as ficing. BaTiQ; matures in the 1350°C to
1450°C range [11]. 'Ihis is e most important processimy step in makimg ol ceramic
matenal. All propertics of ceramic depends o the sintered body which is the dircet
result of the sintering purameter such simiering wemperature, hold ume, atmasphere,
thermal pratile. cle. here ate many simtering methods used but this discussion would

be limited to sulid phase methad.

Heat causes the powder parlicles to develop mier granular bonds by suclace
diflusion and other physical driving force, Moechanism of sintering and allied topics
detailed clsewhere {71 The typical green density of ceramic body al the siart is abaut
60% of 11, Strength slurts to develop pradualiv as more and more particles bond. At
about ~-80% to 90% density the pores are still open and the ceramic has a typical
“chalky™ appemance. The diclectric constant v wsually low and the "I, is not
pronourced strongdy. The potes of a cerarme e genetally closed at ~235% of T,
Additioaal heat work causes maler densificalion as trapped passcs diffuss out afong
grain boundarics. Al densities below 95% of T1Y the presence of open pores wiould

cause the dielectric loss and undoubtedly infertor dieleciic propuriies

Setting of sintering temperature 15 nol that straight lorward. 1ow temporature
sintering resully 0 ocelanae ol poer density and lommation o BaxTid:. On the othor
hand. too high fempersture and Tong hold lime may cause open siructure with low
densuy |[11]). Also, at lugh temperatare grain growth 1 acceleated resulling in low
dielectric properlies Another hurmful hexagonal phase of BaTiOs may fonm at the
lemperature gher than 1460°C (Figure 2-10% The sintering emperatuie and tme

should be optimum for moper densification w oceur without abnormal arain growth.
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This 15 best dune by Lrail and enion Tor particalar matesal, solume and other process
PArAmEieTs.

In MILC manufacturing industiies, sintering Tugh (¢mperalure such as 1300°C
is not practicable, due 1o use of low melling point elecirode material. Commeicial
formulation is aimed 1o lower lemperature (~1100°C) sinlering with the addition of

many sintering and dopeuts, for inslance X7R, £51, et

2.4 Trelectric Properties of BaTiO,

Ferroclectric cerumics and dielecuic hehaviors were discussed in length in the
previous seelions. Ferroelectric nature ol BaTiOn, the meshanism of superor dicleelris
properties, faclors affecuny properties discussed in the ollowing sections, Effcol of
doping specially doping effect ol Ca, mocess varialles sucl as ball milling practice,
calcination thermal profiles. wintening temperaiure and hold Gme on the diclectic

propertes discussed.

2.4.1 Crystal Structure and Phase Transformation

Different phase tansformations and cell dimensions of BaTith are 1ilustruted
n [gure 2-14. BaTiO; has a paraclectric culic phase above s Curie point of abowt
130°C, In the temperature range of 130°C to 0'C (he feruelectic tetra onal phase with

a ¢fu ratio of ~§.01 is stable. The spontaneous polarizatien is along one of the [001]
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Figure 2-14 | Different Phases, transformation and cell dimension of BaTiC;
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dircctions in the ariginal cubic strusture. Hetween 0°C and -907C, the {enoekecivic

orthorhambic phase is stable with the polunizalion along one of the {111 directivons in

the anyginal cubic strugwire, O decreasing the temperature below -90°C the phase

tansition from the orthorhombic to [erroelectie rhombahedral phase lcads to

polunzation along one of the 1117 cebic dirceuons

On cooling from higlh temperatures, the permittivily nereases up to valucs well

above 10,000 at the phase transition tempeiawre T, 'The intorse susceplilzihity as well

as lhe dielecuic permituvity lollows o Curie-Weiss law. The appeatance of the

spontaneous polarization is accompanied with a spontanecous {wtragonal} lutlice

distorlion. The phase lransitian m barium titanale is of first wder, and as a resull, there

is a discontinuiry in the polarization, laftice constant, and iy olher propertics,

bucomes clear m Frgwe 2-6,

14.1.1 Significance of tetraponal phase

H B

The pluse of feroclectiic inierest s Lhe tetragonal existing botween 130C (1)

o 0°C. The extent of letragonalily i.e cfa ralw can be caleulated fiom XRD patter,

Sepatation of (0023 and (200) peak is a pood indication of formation of lebaganal

BaTi(h a5 indicated in Figure 2-15 for sample calcined at 700°C, 900°C and 1100 %C
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Figure 2-15 * XRD pattern showing separation of {002) and (200) peaks

[37]. The JUPDRS file fo tetragonal and cubic phase are 5-626 and 21-174
respectively, The latticy parameters are given as a,=3 9344 and e, =4 0384 fo
tetaganal phase and a,=4.031A for cubic phase. Tl ofa ratio was also inercused from
1005 1o 1 (10 for caleination at 900"C and 11000 vespectively. Batieme anomalics

of properiies at T, arv associated with Lthe extent of letiagonalily of BaTiQ; ceramic.
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n the olher hand, terroclectric popurties will diminesh with the shsence of tetragondl

pliase,

2.4.1.2 Fuctors influencing tetragonal phase

Apart from the calcination wmperature ot BaTiY; formation the othe; major
factor is the Ba/Ti molar ratwo. Lee [12] reported the extent af dielectiic peale at Te
lowed as Boa/Th ratio increascd, impurities such as ke, Cr. Mn mesent also suppress
letrngonal phase Curnie pomt alse suppressed in ultra fioe-grained cermmic. Arit el al
[11] shown the dependence of laluee constanes {ufa - 1% of tetragonal BaTiO,
ceramic on average grain sizc as usteated in Figure 2-16. With the change of main

size different fcrroclectric phases coenst at room wmperature,

AL gam wize above |pm normal teteaponal XRO reflection occur for [Dﬁé‘i] and
{400} plancs. As the grain size 15 1educed 1o 0.84pm these peaks shift closer and 2
third pseudo cutie rellection of (040) appear within, This pseudo cubic phasc muost

probably ascribed to the orthorhomibie phase, that exits below 1040
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Figure 2-16 : Ratio of the lattice constants as a function of grain size

At prain size of U 28um only lwo reflections are observed which cannot be

ascribed to any know femroelectric phases of Ba 105 [4].
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Figure 2-17 : Defarmation of the tetragonal (400%(004) x ray diffraction peaks due o

arain size [4}

2.4.1.3 Displacement of jon

OIT center dimension of atoms with n the unit cell of BaTiO 15 given in figue
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Figure 2-18 : Displacement ions in unit cell of BaTi0,
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2-18. Titanium ion is displaced by 0.12A towards oxygen ion in [001] divection and
Lhat oxygen ion also displaced by 0.03A lowards [001 | wamum atom, Barum iow also
displaced by ¢.06A 1owards [001] dircction. Under the nfluence of efectric ficld of
apposite direction the displacement will be lowaids opposiie direction O cooling
below the Curie pomt T the tetragonal stroctune so develops where Lthe center of Bu®
and Ti*" 1ons are displaced relanve o the O0F ions, keading Lo the farmation of 2lectric
dipales. Spontancous polarization developed is 1he net dipole momen! produced per

unil volume for the dipoles pointing in a given diretion |22,

f.arge octagonal space compared to T1 atom size s responsibic [or this
displacement This is e busis of spontancous pelunzation of BaTils or ferroeteetc
ceramic. This large octagonal hole 15 also the reasan of BaTith underpoing mary
phase transtormation at different tempuratures. The refative displacement af ions in a

unit ¢ell tlustrated in Fipoure 2-18.

2.4.2 Domain Structure etfiect

In polyerystalling bulk ceramics the patiern of domains is quite differcnt
because the domain structure ol each grain is formed under clastic clamped conditions
by its surrounding neighbors, wheieas a single crvstal is fros {4]. 1¢ showld be noted

thad enly nen-180G damains, 1e 90 damans {for lenagomal structuies) ar 71 and 109

domains (for thombaohedral suoctures), have the potential to reduce slastic SNy,

CT
O

.
—_ x.,",\‘./'l

Figure 2-15 : Domain pattern of fine grained (left} and coarse grained fright) BaTiD,
ceramic

There cxist two lypes of domain i coase gramed BaTiOs, called heyiing bone

and squate nel patiern. The st anc is by (ar the most comieon in wapeled coramics.
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As shown tn Figure 1-14, by decreasing the grain sire the domain patlem changes

from 1 banded 1o a laminar siructupe [13]

2.4.3 Grain Sisc LEifect
in bulk BaTid; ceiamics the arin size has a atreng effect on the low
[requency permittivity for gram sizes below approx 10 pm as shown in Figure 2-17

(a). The permittivity i3 1ising at decroasing grain sizes UlHto i maxinmum at glain sire

[3) by (o)
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Figure 2-20 Tempearature dopendency of grain size

~ G 7um [4] The meiease of k' could have caused by mlernal siresses hewuuse each
grain is clamped by 1ty swrounding neighbors or by the increase of the number of
domain wails contobuting to the dicleclric cunstant. Buelow this grain size the
permutlivily  sharply decreases agmn in comunction with a reduction of {ho

tetragonality and ol the remanent polarization.

The diop m permittivity may be mierpreted by the effect of a low permiivity
interfactal layer of ¢ 3 10 2 nm thickness at the vram bonndaries This layer shows no
difference of the composition and crystal stuciure in comparizon 1o the bulk and is
beheved to be of photonie nature, In Figure 2-20 the temperature dependence of the
permiltivity Tor (a) bulk ceranos with diflerent prim sizes and {bY thin films with
different grain sizes and (c) microstruciure of thin Nloms are llusieated. For BaTi,
thin films 4 significant ingrease m the room temperature permiuttivity {rom 500 to 900
is observed which was induced by the change in the morphology [rom a granular to a

columnay micrasnucture (kg 2-20 (b ak {u.

In contrast o BaTi0O: bulk ceramics. which cxhibit a paraslectrc Lo

ferroelectric phuse transiion with decreasing temperature acconpanied by a sha
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peak of the permittivity al around 123"C, valy a broad masimun in the peimitlivity v,
lemperatere curve is observed lor polyerystatlne thin filias, Additienally, the BaTig;
thin films do not show a [emoelectric hysleiests at room lemperature, While the
absence of a remanent polarization iy typical for paraclectric matcrial, the gEIIn size
depcndenée indicates a super-paraclecine behavior of Ba'l i(h tnn s, Compared to
bulk ceramyes. thin BaTiQ, films of the same average main size show a sigmlicantly
lower permittivity, aithough the grain size dependence is still observed, The dilference
in the absolule permittivity values may be explained by & combination of thin (Um

efteels, which vesull in a further decrease of the permittivily, as for cxample film-

electrode interfaces and stiess effeels,

Figure 2-21 shows the variation of diclectric constant with temperatme for
BaTilyy ceramics wilh a fine (<1pm) and coarse {=30un) grain size, Large maingd
Ba'TiCh (=1 um) shows an extiemely high dielectric constant at the Curie ol Thrs is
because of the formation of mulliple domains m a single gram. the motwon of whose
walls incieases the dicleciric constant at the Curic point, For a 3a'1{0, seramic with
fine prains (=] pm), a single domain forms maide each aram The movement of domain
walls are resineled by the grain boendarics, thus leading 1o a low dicleelric conslant at

the Curie point as compared (o course gramed Ba'lich [38),

The room temperature dielectric constant, k' of coarse pamed (=50pm)
BuaTiCh ceramics was found 1o be in the range of [500-2000. On the other land, line
gramed (~tpm) BaliQ); corumics cxhibil a room temperatire dielectric consiant
between 3500-60000 The grwm size cifect on the dielectric constant al room
temperatuie has boon eaplaincd by the work of Arlt et. al [4] und Buessum et al f?ﬁ']

coworkers preposed that the internal stresses in fine grained BaTiOs: must be much

vreater than
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Figure 2-21 : Grain size effect on k' of bulk ceramic

the course grawed ceramic, thus Teading to o higzher permittivily il 1000 temperature.
Arlt smdied the domain siructures in RaTiG; ceramics and showed that the room
temperature k' reached a peak value at a entical grain size of ~0.7. He coneluded
that the enhanced dielectric constant was duc (o the increased 90 domain wadl density,
The mobiiity ol the 90° domaim walls in very 1ine grained BaTiC); 15 hindered and only

A

fess than 25 % of the k' was achieved,

As the Balith ceraimes have a very latge room tewperature dielestric
canstanl, they are mamly used multdayuer capacitor applications. ‘1 he B1aim s1ze controk

is very important for these appheadons

2.4.4 Morphology

Dielectric couslant strongly depends on the microstructime spectlly porosity
and other phase presenl The effect of gram size discussud earlier, Idcally sintering
shouwld provide a ceramic body close 1o ils theorctical density, mound 95% or mure

Cierson et al [40] expressed e relalion between porosity and 7 ay

Log (k'Y =2", ¥, log,, (K, = {21

[ -~
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where, Vi, Vo, ..oare volume fruction with €' ol ky', &3, ... Felationslup with

the experimental daja showen in Fiaure 4-22
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F—u;;ure 2-22 ! Dielectric constant relahionship with porosity [40]

Another feature of iy the core shell structure develops owing to doping and

ather factors are discussed in section 2.7 7 3
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2.4.5 Daping effect

WVariows A and B site substiutions in different concuntralions have been tried
to sec thewr ctfoet on the dielecnic and ferroclestric properties of Ba'li0; 55 and
substitutions to the A site have been found i reduee the Curie point linearly towards
room tempetature, The substitution of PH™ dor Bu® ralses the Cuiie point The
substitution of Zr" {end to decrease I'c bul incieases ather iransition temperatuies
These effect shown in Figme 2.23 with ellvet on dielectric property The simultansous

substitution mio both A and B sites with diftferenr 1ons con be used to tailor the

ol
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Figure 2-23 : Change of transition temperature with dopents and effect on dielectric
constant

propertias of 13aTiO;. The cffects of various isovalent substitutions on the transition

temperatures of Ba'TiCh ceramic are shown in Fipure 2-24
BIopimg 15 necsssury Lo,

-avoid time variations ot k =g/

-broaden the ¥* - 7' dependenee

-decrease T w close o room temperature, if maximum

w15 reguired
1M an wn of the perovskile structure Ba' Ty s aepluced by a different won ol the
same valence, isovalent doping 13 present. e g Ca™™ on the Ba™ - Bay.Ca, Ti(y
Aliovalent doping cxasls when donms like T.a™ on Ba-siic or Nb°' on Li-site as well as
acceptars like N or Mn'' on Ti-site ate incorparated in the crystal. At feast the sile
ovcupancy s determined by the size and the valenee of the dopant, e Ca™" may be

1sovalent A-stte or aceptor-type on B-sitc.



Temparciwe, 'C

Alom %

Figure 2-24 The eifect of doping on the transition temperatures of BaTiQ; ceramic
Besides St, Phand Zr. Da can be replaced by Pl St Ca, or Cd. wnd T can be
replaced by Sn, HIL Zr, Ce, o Th.

2.4.6 Ca doping etfect and mechanism

Several reporiers have found that Ca addition to BaTi0; causes negligible
change [41] o only a slight decrease of the T, |42, 43]. Increasing St doping level in
BaTith ceramic decreases the To syslematically 1o 90°K as abscrved WY oy
1esearchers, This (s nomually atributed 4o the smaller fon size of S¢°' comparcd L
i32®” which caused reduction of wnit cull volume with Lhe mciease of concentralion of
Sr. It was suppested that Tc was lower by the action of hydrostatic prossure [44].
Doping ot Ph cause just e opposite althawgh, PO™ ion is smaller than Ba®*. It way
explaned o terms of lurger efeciome polaizabiliey of PR than Ba®” or 567, Ony
polarizability intensifics the interactions between the Ti fons and thus ruses the T,
(45].

Ca on the other hand has smalier iouic radws and a smaller cleclome

pelarizability than either Ba® or $17° Wherens Ca doping up o 25 mole % has almost
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the same 1. as pure BaTi0: 11 wus speeulated tat, Ca ions are nol unitormly
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Figure 2-25 ' Dielectric constant of Ba,,Ca,T10; vs temporature
distributed in the (13a, Ca)Tic), solid solutons In that casc (Ba, Ca)TiOs might behave
o some extent like a stimple mixture of CaTidy and Da 1105, resulting in a lowermy of

the dielectric peak at the Te and in a broadening of the x-ray back rellection
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Figure 2-26 |, Lattice parameter of Bay,Ca, T}, as a function of molar ratio

lines with increasing Ca concentration Mitsui ct al |38] examined doming effect of Ca
with concentration of =008 and 0.24. They 1epoticd the caloinubion longer
calcinzhion time is required as Ca comeenlration inereascd.  The temperature
dependence of diclectnic constant ag shown in Mgure 2-25 where T, shilled to
maximum of 136 1°C for Cu »= .08 then started to deercase as Ca concentration

increascd Electron Paramagnetic Resonance (FPIR) study by Babu ef of [46] reported
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a cloar evidence for easlence of dynamie NMuctuation betveeen culne and tetragonal
phases a1 the proximity of Ihe phase Gansiwn tempoeiature ol DapaCa TiOs (x=0 &
(.05} This might be one of the reason of T, fluctualion with the Ca concentration. 1n
the fattice of the perovskile Lype, each Ba or Ca is coordinated lo twelve oaygen. Since
Ca** has smaller wnic radius than Ra®, the wpace available 1o Ca" in Ba,..Ca.TiD,
solid solution must be larges thaw m Ca'li0; and that for Ba™ smaller than i BaTi0),
The observed deviation from Vegard's law 2s shown in Figure 2-25 proves that a
campromise is made in favour of the BaliO; lattew, 1e, the space for Ca® is
nereased bayond that of an 1deal solid seluton In Ba,,Ca, Tudy the Ca 1on therefore

SECLE (0 have picater alomic polarizabiliy.

Electranic structwe of 13a).Ca,TiOs studied by X-ray absorption spectroscopy
and theoretical caleulation reported by Askan ¢t al [47] reported that Ca) and/or B0,
with TiDp enhance the offective charpe of the O jons. Thus. a large dipole mowent
may result from the displacemcnt of the T ion from the centre of the Ti-O getahedion
icading ta collecnve displacement of Ti 1ons through attractive dipnle-dipule coupling
amd may give rise lo ferroelecirivily, ‘T'his.increased atomic polarizability might have
raercased the T, as it does in cuse b doping 1o a certain pomt. But, the marked
shrinkage of the wint eell volume of Ba ., Ca, Ti0 due 1w further Ca addition lowers the

I, as hydroatatic pressure would,

2.4.7 Commercial formulations
As diseussed in detatl & [ar. the penniltvity of fereocleetric peravakiles shows
marked changes with temperature. particularty close (o the phase lransition From the

device point wl view a high diclectiic permttivity with stable propetiics over a wide

—
wemperature for various ceramic diclestrod o
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Figure 2-27 ; Commerciat formulations and their &' vs T characteristics (48}
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temperature rane 1 required, There aie various commercial specifications which have

o be fulfilicd {e.g. XTR' CiCy zse < 0,15 1 a range between -55°C and 1259C1.

By substitution or doping it breomes possible (o wiler the ferrocluclric materials o
different properties. In Figme 2-27 dielecteie constant vs tomperadure behavior of

cormmereial formulation as illustated,

2.4.7.1 1. Suppression

Doping generally fcads 1o 2 shift of the phase wransition temperature 1n Fipurc
2-2% and 2-24. the change of the transition wemperatures is plotted as funclion of
dopant concentrution for dilferent dopants tn BaliDy. [ s found that Mr-doquing
stubilizes the tetragonal phase w the sense of thell existence over 2 wide lempelatiire
range whereas Sr-doping destubilized the tetragonsl phase, This behaviar could be
understand by the fact that the larger Ph-ions on the A-site form a larger cavity giving
the central ton muore space for oflf-center positions than the Srions In cuse of high
dopant concentrations sequence of the phasc transilions in BaTi); tends 1o be
suppressed. or Ba(Zn i )00 all phase boundancs meet al o Zr conlent » = ~0.1%
(Fymne 2-23). Because ol the superposiuon of the particular pliase wransitions the
resulling transibon becomes diffuse with a broad maximum of the dwleciric
penmitlivity as shown in Figuee 2-23, Lherefore, this composition has the poiential as

suitable twmperatue-stable dielectric for coramic capacitors.

2.4.7.2 Core Shell Structure

A different approach 1o over come the teliperature instabiies of the dwelectric
coefficient is the addition of mate complex compositions (than daping with amms-,} i
CdB1:MNbz0n [49]. By contralling Lhe 12action kmnelic of the sintering process the
micrastructure exhibits 4 grain core~grain shell structure. The core consists of 3aTi0,
and the perovskite malerial in the shetl shows a minture of BaTiO; with the complex
perovskicy Ba(Big sNby 405 and Ea{C(il-ngzeg}O] having an approxmate Curie pomt
at T, 80°C. Figure 2-28 displays schematically the lerroclectic cors and the
parielectric shell ‘Lhe matenal lulfills the X7R speuification (or its dielectric
behavior. T'he chenucal inhomogeneily emcrecs durmg a process of 1eactive ligud-
phase sintering, Application of too high sintering icmperatures leads to unifom
disiibuiions of the additives via solid-slated diflusion and 10 e lors of the XTR

charucteristic
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Figure 2-28 : Core Shell structure and its effect on k'

2,43 Relaxor Ferroelectric

These are special type of ferroclectne eeramic in their own right. Strictly, they
are neither a derivative of Ba liOq ner a result of dopiug eflect The rouson of their
1elevance m this study was to high light [ew aspects, which was obsecved in the
DBaFi0; samples of this study, Relaxor femoclecirivs are a class of lead Lased
perovskile ype compounds willl the general formula Fb(13,,B3;30: where B, is a lower
valency cation (like Mg®, Zn™, Ni*', Fe™) and B; 1 a higher valency cation {Jike
N*, Ta™, W™). Pure lead magncsium niobate (PMN or PR{Mg  NbyadOa) 15 a
reprosentative of Uuy class of materials with a Curic point at —10°C ‘The maw

diffcrences between relaxor and normul ferroelectrics are shown in Appendix 7.6,

Relaxor ferroelectics  like PMN  can be  distinguished Nom  nermal
[erroelectrics such as BaTiO; and P21, by the prescoce of a broad diffused aned
dispersine phase ransibion on cooling below the Curde pomt. Vigme 2-29 shows (he
variation in the diglecine properties with temperature for FMN ceramic Tt shows a
very high room temperature dielectric constant and a low temperature dependence of
diglectric constant, The diffused phase transitions m relaxor (urroelectrics are due 1o

the compositional heterogencity seen on a microscopie scale.
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Figure 2-29 Variation of the dielectric properties of PMN with lemperature {9)

The relaxors also show u very strong Frequency dependence of the dielectric
comstant. The Curie point shifts to higher temperaiies with increasmg frequency, The
dielectiic fosses are Lighest just helow the Curie ponl, I\. Relaxois which have a
second order phasc transition, the 1ecmnant polanzution, B, s not §ost al the Curie

pownt but gradually decreases ta zuro on incecasing the teinperante: bayond T, [50].

2.5 Apphications

Barium tilanate can be 1eparded as ‘role model” of ¢lecltonic conumic fram
application point of view, Its pieroclecine, pyroclociric and ferroelectric moperies
were successiully applicd o many commmcercial applications. Vast majonty of
commercially smporant spplication are in polyerystaltine buik or [lm form. 11 the
tollowing sccuons, property wise upplications are briclly discussed Nince Jielectic
properties of BaliQ; were studied in this thosis, capaciter application cspecially
MLCC emphasized. Cut-away schematic of MICC is shown in Figure 2-30 and »

actaal MLCC shown m Figure 2-31

2.5.1 Ferroclectric applications as bulk
Nolahle application of [unoelectiic BaTiO; is i the manuiucture of capacitor

lor electiical appliances Basivs of capacitor have been discussed in (e section 2.2
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with example ol simple ceramic capaciwor, From application point of view MLCC

capacitors ure most important and technologmically challening, The volumenic

End termmination

Tem Rl kot Conddud bve

(barric) layoer) moctabzation Cerarmic
\ dielectrd:

Aetak electrode

Figure 2-30 Schernatic of multi layer capacilor

¢lliciency {more capacnance from given capacitor s1z¢) [urlher enhanced by using

multilayer ceramic (MLCY capacttors. As shown in Figure 2-30, the MLC capacitor

stucture consists ol alltemate layers of diclectric and electrode material, Uach

mdividual diefcetric layer contributes capacilance Lo the MLC capacitor as the

electroites ferminate in a paralle] conliguration.

Ilence, the cffcctive equatton (. ¢cquution 3} for capacitance becomes,

)

Figure 2-31 MLCC capacitor

n
o K A

daclectne constand coramic ke Ha'Tilh,,

tHlere, n is the number of dielectric layer,
The advinces in tape casting technology have
made 1L possible to make diclectne layers < 20

m thick, Ty, combined with the use of a high

allows large capacitance valucs 1w be aclueved in relatively small volume capacitor

devices [9]. MLC capacitons are madc by the tape casting process.
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2.5.1.1 BILCC processing

Slurry with a suitable binder/solvent system is {irst made Gom the diclectric
ceramic powder. Thin green sheets of the ceramic are then made by the tape casting
process. Ink conzisting of an clectrode (Pd, Ag-Pd, ete.) and organics is sereen prinled
on the diclectne sheets and then hundreds of sheets are stacked one on top of the other,
A low pressure at a temperalure berwean 30°C and 70'C i applied to laminate the
sheets These laminates are then diced to farm a monelithic green ML capacitor. The
binder removal 15 accomplished by heating the gicen body very slowly to a
emperature of  ~ 300-400°C. The MLC capaciter is then sintered at a high
temperature depending on the type of ceramic. Alter applying the terminatons [or the
internal electrodes of the MLC capacitors, the capacitor is mountud on the electronic

sulsatrate by soldering.

I'he critical steps m the fabrication of the MLC capacitors nmclude (he
formation of thin uniform green sheets from the ceramic slurry  Any non-unifarmity m
the thickness could lead o dielectiic breakduwn dunng eperation of the device, The
co-firing ol the ceiamic tapes and melul electrodes should be compatible and should

net lead 1o any reactions between the two

2.5.2 Verroceleciric Thin Fifmns

Ferraelueioe thin films have auracicd atention fo applications in many
tlectronic and electro-optic devices. Besude BaTiO; other imporant ferroelectric
malerigls being used for makiag thin films include the perovskile rype materials such
as, PO{Zr Ty Oz and Pb{MaNbz )05 Applicalions of farraclectne thin fiims etilize
the wnique dielectric, piczoclectric, pyroelectric, and clcctro-optic propertics of
ferroclecine materials Some ol the most impoitant clectronic applications of
[erroelectric thin {ilms mclude nonvelatile memones, thin  tilms capacitons,
pyroclecine sensors, and surlace zucuugtic wave {SAW) subsirates. The electeo-oplic

devices beng studied include optical wave guides and optical memaries and display s,

2.5.3 Piesoclectric Applications

In the carly days, piezoelectric praperty of BaTi()s was veed in phonographic
pick-ups Piezoelectric coramics can be used fn both aclive and passive transducer
apphuunions i ultra sound applicabon. In the passive mode the transducer acts as a

sound recepver i.c. there s conversion of sound cneegy nle an electrical signal The
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converse piezoclectric ¢lfeet permils a nansducer 10 a6t us an active sound ransmiler.
In the pulse eche made, the trunsducer is used to perfinm both the active and passive
functions at the same time A sound wave 1s propasated inlo the medium and a faint
echo is received back afler & small time gap due to the acoustic impedance nusmatch
hetween the interface matrials “Lhis principle is wsed in transducers for ulirasome
medical imaging applications. Other applications arc pas igniter, displacement
transducer, accclerometers, piezoelectric uansformees, impact printer head for dot

malnx, slc.

2.5.4 Other applications

Recently BaTiO; has been used as in-built thermal switches on motors. When
he temperatme risss above a sel pownt, he resistance through the switch increases,
shutting off the motor. Atso for constant wmpetature heating devices as the device
becomes self-reguiating at the set temperature by the merease ol resistance. However,
in gpite of all of this inwrest, an accurate mode] of the cause of the FICR (positive
lempelature coefficient of resisuvity) effect remains a contentious issue, At a
particular temperature, which can be woed by the chowce o dopants and the doping
level, a rather shamr increase in resistivity covering several orders of magmitude is
observed “lhe resistance dops nomally on either side of this sharp transition, The
nature of this PTCR clfect occurs in the same wmperature range where the saniple
undergoes a structural phase lransiton from a tetrahedial w a culic unit cell.
However, the phase transition alse eceurs 1n the single cryvsial sample where no PTCR
elfect 15 abserved. Apparently, Lhe grain boundary region must be m control of this

phenamencn. In 1992 worldwide production of BaTiOs themmislors exeeeded a Tiall

Bullion units.



3 Expcerimental

3.1 Introduction and sample identification

t)iﬁu shape samples were propared in this cxperiment. Four scis of sampley
were prepared with different materials and process vatiables e sinter powder
processing of one sot samples was carried out at MME Dept, BUET. Lullets so madc
were then sinteied and propertes rcasurced at MTEC Lab (NSTDA, Banglook,
Ihailandy This sel of sample referred as set *A*, Nexl sel of somple. labeled as set *B® |
was prepared cntirely at MTTC Lab using powder of MME and MTEC Lab. Third set |
of sample, labeled as set “€7, was prepared entircly al MM ULIE PrOCessiny
lechnique ol MTEC and powder differeat (rom the ones used in Sct A, Lust set of
sample, labeled as ‘D" was prepared using high purity TiQ, powder form Atomic
Lnergy Commission (AEC) and Ca doped as CaTiOs, Alongside doped samples, un-
doped sample wasz also propared for comparison. The rw powder sources wei
different for these scts and processing parameteis o vach batch o trial as shown in

Table 3-1. Specifications of raw powdues used are given m Appendix-I,

Table 3-1 Process variables in sample preparation

iLaw Powder Trial / L ;
et ‘ i« Rarcl Calaination Sinter Remarks
soLUree atzh
ML -1 S00'C for 3hes | 1225°C for Thrs I
. aleination
A (Ca dopmng and [B-1I SOO'C for 3hrs | 1200°C for Jhrs ;: ot
e o 1T S
pure BaTiQ:) B — 11T | 900% far 3hes | 1300%C for 1hr
E-M | 900°C for 3rs | LI00C for Fhry | SHCEC
prveder
MME : : \ MME
p o | MMEad MTEC Fr g 0008 for 3 | 1300°C for ke | VME
{only BaTiO;) powdur

LI-M | $00°C for 2hrs | 1250°C [or 1hr | sTEC
EN - M | 1000°C for 2lws | 1350°C tar 0.5he | powder

MME (2
) . |-1000°C Tor 1325%C for ML new
C {Ca doping and b - h 5 & powdc
5 anr ATOCT
EaTi0s) e
Lt Mif:, (2% and ARC L200°C or o MME  new
D {CaTi0; daping B-% Gl 1350°C tordhr | and AEC
and BaTiO ) s [rowater

The test resnlts of set A and B [o1 each baich were compiled fiom the averayy
af at least five samples Three dopiug levels were used in this expenment, Samples

were designated as per lollowing Table 3-2 for samplus of every sat,
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Table 3-2 Sample identity accroding to doping level

BaTiCh Bay psCanusTiO0s | Bae 0aCayasTIOh | Bug wCag 12105 |
F 0 L2 5

Theretore, regardless the set or bateh 1P would be 1aferred o u ndoped BaTio,

sample. Q lor Ca doung ol Smole percent, B for # maoic peicent and & Ton 12 ele
pereent. At MTEC lab only un doped Ba'liCh sumples were prepared, This samiple

identification convention would be referred thiough out the later sections of this shudy,

3.2 Sample Preparation

Conventional mired oxide method was used throuyhout. Appropriate weight of
Banum Carbonate {13aC0y), Titanium Oxide (TiO1) and caleium doping sowte wure
mixcd and milled m a ball mil! under the eondition given in Tahle 3-3. The doping
sources were Caleiem Oxide {(Cath). Calewm Calonate (Cat0y) and CaTud, for set
A, Cand I respectively, CaTi0q was prepared [or use as dopant msicad of Cad or

CaC Oy for set 1. Shape of the sumple shown in Fiaure 3-1.

Digameter ~12 mm
- i

Face

Thickness ~ lmm

Edge

Figure 3-1 : Final shape of the sample

32,1 Ball Milling

At MME, milling was canied out tn porcelam pot with steel balls and distilled
water wus used a3 media for set A At MTEC, plastic boltls (ITDPE - capacity 150ce),
zircoma ball (dia. Tmm) and acetone were used instead, 1his milling procedure was
followed [o1 set C and D at MME. Typical milting tme was 24 hours; except for set
AL Samples of set A were caleined three conscoutive times Tollowed by milling cvery

lime. Idcnucal procedure was loflow ed for pre and posi calcination milling,

Some samples ol sel 13 were analyzed to assess the extent of milling wsing

Malvern Laser particle size analyzer, Masfersizer$.

¥
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Tabie 3-3 Milling and doping paramoters

; . Dapanl
Set Milhing Mcdia Time Remarks
SOMFCE
3 limes
Stecl Balls / . conseoutive
A L Jhtwldh Calld ,
distilked water caleinalion and
mulling
Zicconia balls f
B 24 h 11 dogrig
acelone
O - i - 24 h Cal’d,
n - da - r 24nh CaTi0,

3.2.2 Culcination

Tempersture prolile ol calcinations is given in Tuble 3-1 for each set of
samples. Calcimation was carned out at air in mulfle furnsce equipped with micro-
controller bascd temperaere controller, Aluming crucible was yged ithrough out.
Extent of calcinations, i.c. formation of BaTith, wus examined by pre and posis

calcined powder samples of set B using XR1D

3.2.3 Compactien

Milled calcined powder was mixed with 2% Poly Vinyl Alcohol (PVA) and
then dried 1 oven at 100°C befoie pressed 1nto pallets, Samples were pessed into
pallets using pressure of ~100MPa [or set A and ~) 50MDa for set B Coand DL using
hydraulic press. Ihe Green pallets wete dried 1n oven, then lightly ground with gnl
#600 and #800 8§17 paper (o a Nat and smooth surface, removing surlace irregularities,

Green densities of the pallets were measured before sinlering {or set A,

3.2.4 Sintering

Muflle furnace was used fo sinter 1he pallets in an atmoesphere. General
thermal profile of sintering is prven in Mgure 3-2, Pallets were placed in (he furnace
on alumina plate. Binder burnout temporalure was 450°C. while 1he hold time was 2
hours A Thermo Gravimetne Analysiy (FOA)Y test was canicd out to confirm the
weight loss characteristics of green pallet of set B Sinlering temperature and hold time

wis varied to obscrve their etiect an the density and diclectne propertics,
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3.2.5 Post Sinter

After sinfuring, the samples were pround suceessively with SiC paper of grit
2600, #500 and #1200 to oMain 2 Nat and polished sueface. Dimension ol the pallets
were taken {or dielectric constant and densily caloulaton Prior 1o electrical
measurcments samples were cleancd and diied then, painted with high punty
conductive Silver paint on the hoth [aces of the sample. Gold sputtered efccliods was

applied {or samples of set C. Edges were ground and eleaned with acolone

3.3  Property Mcasurement

3.3.1 Density

Dimension of the sample were luken using wicrometer with digital read”out
and weighed using analytical weighing scale. Density of the sample was caleulated
from these data Densily results were presented as percenlage ol theoretical Jensity
(T} TD of doped samples was caleulated based on volume flaction of respective

rhise as shown m Table 3-4

Table 3-4 Theoretical Density of BaTiO3 and doped sample in gfcm® (8, 51)

|l]:tTi03 BapssCanas 1103 | BagyCagpsTiQs | BaggCag, 2 Ti0s | CaTiOs
j 6,017 3.921 5,864 5747 4,80

To compare the accuracy of density ealeulated from the dimensions wnd welght
ol pallsts, the Archimedean method was also used for some saple of Set 18 This was

done following ASTM standurd © 373-88,



3.3.2 Diclectric constant andd loss

Llectrical: properncs of the sample were measured usiog o Hewlett-Packard
A1 A impedance and phase gain analyzer at MTEC Applicd voltage was A0 of
sine wave shape. Dielectric constant %' was caleubaied from the capucitance value

obtaincd from the analyzer according to equatien 5 as below

K'=—t e 20

At MTEC, thermal chambur made by Pella Destgn, model Delta 9029 was
used to heat the samptes. It has the [acilily of maximum eight samples to be tesied
simullaneously in the chamber and an elecirome switching device was used to select

lthe particular sampl..

A tabe-fumace type oven and custom sample holder was designed by the
author and built at MME, These set-up was uscd 1o heat the sample of set 13" and ‘C’
during clecineal property measurement at Physics Department of BUET. An A oitent
model 41294 impedance analyzer was used.  Five samples could be rtested

simultaneously 1n this arransement,

3.3.3 Thermo Gravimetric Analysis (TGA)
TGA test was carricd out al M 1O to observe weisht 1oss and binder burn out
characleriitics of the sample udded with 2% PVA Sample was tesied 1o 850°C in aur

and healing rate was 20"C/min.

3.3.4 Tarticle size analysis

Ball mill slurry of Bali0; powder was wsled for particle size and their
distribunon using Malvern Tnstrument’s Mas torvzer-s il b VEC Powder sUSPENSI0n
was prepared in de-ionized water and “Nonsefer 407 was used as dispersant agent, The
suspension was trealed in wltrasonic baile for 10 minutes The refractive index of

BaTi0y and dispersant were 2,40 and 1,33 respectvely.

34 Microstructure
Sinmtered  samples  (dise  shaped)  were  polwhed  using  convenlional
ceramographw: technique. Concentrated MC] was used as ctching agent. The

micrastructure of samples was examined using Scanning Bleeicon Microscope {SEM)
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and conventional optical microscope Samyples were gold sputieied {(fow nanometer

thick) prio1 to SEM cxamination. At MTEC Jeol 1SM-G301F SEM was uscd wilh

acceleration vollage wp to 20LY and at MME, Phillips XF 30 was used with

acccleration voltage of 10KV,

3.4.1 X ray Diffraction (XRD}

Extent of reaction or BaTi(h formation wus examined by XRD in powder

form Sintered samples were examined in sohd form. At MTEC o Jeol model XD320

and sl Magnelic Matenal Disision (MMD) of AECD Pidifips X' Poert o wele uaed

tollowing identical scanning paramuter given in Table 3-5 1 all XRD experiment;

Table 3-5 XRD operational conditions

X Ray Sourcer Cuo K for caleulation

Tube Voltage: 40KV Cu Kuy h=1.54056 A
Current: 20 mA bsed

Degree 1ange: 20° to 60 ° Spued: 0.02° per sec




4 Results and Discussions

Diclectric property resulls quoted are the averape ol at icasl lowr samples of a
baich Tspecially tor set & and B standard deviaton was lcss than 194 Abnormal
1esulls were double-checked and some of them were excluded. The abnomally low Te
of set A sumples were rechocked for wmperature comection and several tosts weare
cartied out 10 confirm the calibration of fhe msuument. Frequency dependence af

electrizal properties are presented tol the temperaine of 60°C.

4.1 Particle size of milling product

Un-doped 132710, samples of st B weie tested for parhicle sice analysis
dustribution. and 1esults are wven in Table 4-1. The volumetric particle sz
distiibution-curve shown in the Figure 4-1, Samples lested wore processed under
identical mulling procedure. The volumelric disinbution of particle size ol post

clcined powders are rolatively [iner than their pre culeined counleipar,

Table 4-1 Particle size distribution data of set B

Calcination| Velumetric particle size distribution in i S i?:me
Set Condition | D [4,3] |D (v, 0.13|D {v, 0.5)|D (v, 08} my Unifarmity
E-M Pre 3.30 0.84 KRN 5.54 3.9709 | (1.4997
E-EB Pra 2.53 107 239 418 3.4504 | 04105
E-M | Post 2.51 0.31 2,23 494 | 7.25681 |0B278 |
E-B Eost 1.62 .52 1.36 313 6.5825 | 05917
[ Ell-M | Post [ 161 i 0.60 1.368 287 58541 [ 0.5395

The some patem observed for specific smface area and umformity, 1hese
were quile expected; pre calcined powders are mixiure of component materials (mn
pawder form), whereas post calcingd pawders are supposcd fo be single phase
compound. Furthermore, pre caloned powdes are as produced by manulactures,
roing thorough complete 1eaction and relinemsent, Hence, ruw powder paricles’
surfaces were much smoother and vround. On the other hand. rasl caloingd powder
particles me product ol calcination caction, henee rough swisce, Difletence of

particte size and distribution was observed between MME and MTEC powdcrs

"Dpv, 0 1) Dv, 0.5} and D{v, .93 arc the particle under-size befow (0%, 50% and 907 of the yalume
tespeetively, v stands for volume, D[4, 3| s the mean diameter walge by valunze
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Both pre and post caleination powder putitle size ot MM poweder are finer
than MTEC powder and the specific smface wea s e Jower Caleination tempesalure
for batch 1= and LI were 904"C fou 3 hours and Tor GU was 1000°C [or 2 hours.
Relatively powder size distribution is finer and umform for 15-11 bateh. The 1 (v, 0.9 is
2.97um of Bl seiies whereas olher post calcination sizes of the same distribunon is
much higher, Tlis mighl have been due o single-phase composition of the powder as

ihe calomation had completed formmg Ba'l'i03 conlinued by XD pattenn
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4.2 Densily ol sintered body

Lensnes af the samples woere represented as percentages of theoretical density
(TD) calewlated bascd on the data given in Table 3-4. The averape procn densities of
compacted pallets are given in Table 4-2, Suggested green density should be around
6% of T1), None of the pallets of scries P attained thal ¢xeept for a trial pressuie at

220M P for bateh Ril-M. flowever. this increased green density did not translate into

Table 4-2 Average green density of pallets

Pressure Average Green Density % of TD

Batch MPa P I ] R 5
B-l 150 53.42 80,02 5042 St 10
B-ll 150 53 B4 49 37 48.99 | 494
E-~M 150 £3.34 |
E-B 150 53.41
El =M 150 54.25 Ca doped sample nat
El-B 1560 94.51 prepared for SctB
Ell — M 220 LB 72
EH-M 150 l hd 25

increascd sintered densiny The green densitics ol senes 1 are batter than doped anus
by approx. 4% under identical pressing conditions. This is due to miature of two
dilferent phases, The sintercd body densities caleulated from volume and weight me

aiven 111 the Table 4-3.

Table 4-3 Calculated density of sintered samples

Calcwation Sintering Average density Y of TD
Bet | Batch " Hour | °C Hour | P 8 I 5
3-1 B ] 1225 3 80.32 18903 | 89.73 | 92.15
A G-I ano 3 1200 3 8858 | B2Y2 | 89.99 | 89.85
B =TIl 900 3 1300 ] 90.31 | 8978 [ 8916 | 94.16
E-M 000 3 1300 3 85.00
L-B Q00| 3 1300 3 7322
B [RI—M | 90| 3 | 1250] 1 |8az7 |2 oped sample
not prepared
-B 000 | 3 1250 1 67 07
FI - Lo | 7 1350 | 0.5 |9189
C B-1V - JEE 2 1325 2.5 | 8087 | 4788 |BS36 (G464
b | B-V 1200 | 10 ° | 1350 4 samples fused and crackad

? Calrined vao time, first dhos follgwed Yy anotlyer calvanulion Tor Bhows
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During sintenng many 5.1;nples of set A, specinlly the doped ones were
cmcked, siack with the alumina substrate and- others lkefl brownish suin on the
subsirate, Exception was scries P. Suining and these sintering anomalies do suggest
inclusion of elements other than Ca in the samples. This aspect of inclusion discussed

in later sections.

4.2.1 Calcination

From Teble 4-3, it is apparent that the deciding factor on densification is not-
strightforward. Analysis of dan and microstructural study do suggest three major
foctors; calcination thermal profile, particle size of milling product and sintering
ithermal profile. The principal aim of caleination is to form (he desired phase through
solid-state reaction. This kind of reaction is very sluggish and time consuming. SEM
micrograph of o rample (B-1 of sct A) sintered at 1225°C shown in Figure 4.2, Un
ciched sample seem w0 contain acceptable leved of perosily. ‘The average bulk density )
of this sample was §9% of TN, Close examination of the pore supgests that thesc pore

were result of gas escape and un-reacted powder that did not coagulate.

These gas escape holes might have formed duc 10 CO; formation from the
reaction of un-reacted particles that did not from BaTiQ, during caicination. Ctose up

of such pore shown in Figure 4-3. The same sample was etched wilh concentrated HCY
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Figure 4.2 SEM Micrograph of un elched BaTio, ™
and the microstructure shown in Figure 4-4. Fully sintered grains are surrounded by
loose Puniclcs that mitke up the pores, Un-reacted powder might be Bad and Ba: TiO,
that are soluble in concenirated HCL but not BaTiO,. This can be cxplained ns d_uring
etching the un-reacted powder were leached away leaving B spongy structure while

HaTiO, remained inwnct. There was o doping in this sample. .
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Apart from BaQ and Ba;Ti0, othier contamination miglt have aceelerated Lhis
leaching process. Thers are sufficient evidence of contammation present in set A
sumple; this would be discussed in following section. From Table 4-3, comparison af
densitics of I* samples of set A sintered a1 dilferent temperature indicate the ofTect of
sintering temperature on density as these samples wore caleined wnder identicul
conditions, However, this 1s not the case for the samiples of balch BE-M, TI-M and EI1-
M of set B. Sample [-M was caleined at 900°C for 3hrs and sintered at 1300°C for
3hrs whereas EI-M was calcined at 1000°C for 2lns and sintered 1250°C for [hrs but
the density was almost the same, about $3% o1 TD. On the other hand, the caleination
thermal profile of EI-M and EL-M was identical but EII-M was sintered at j350°C for
hall un hour yet is density was almost 92% ol I'> Calcinalion teiperatlurg and time
governed the [inal densily of the malenal in this case. Dense maderial can be prepared
sintering al lower tempurature for long time o high temperature for shoit 1ine
provided the calcinabion temperature was Tngh and soak Lme was longer  This
condition fulfills the heat requirement eriteria fo salid-slate eaction, fomiing Ba'lNOs.

lience, eliminate gas formation, volume change etc. leading to pores and cracks.

XRD cxamination also supports this conclusion, XRD patteoy of miltod
mixture of powder shown in Figure 4-3 confirm the presence BuCO: and Ti0: in

muicd state, XRD pattern of the same powder was caleined at 900°C for 3h was SUpEI-

3Z0C
Degrea of Calginstion
dNED =
il | p— -
lintensily
2500 - l i ; —
i|I| JL 1 Zalcn ahan AL 100D 24 ,L
Y SN, | S A v _J N
1500 | —— —— —_— _—— e ) —_— —— ——— - e
1! -
Pty ot | .III"'-!II 1 A | ’||" Gakurhun 3l ALUS IH 'III
b " i i o o SR N —
R e ——
FEH . .
R — — Mioess Dopedar
P nd  ad ! ' ok T '
- et l"--v-m-"“"*-"--u--f il WL L VO A,
T r . T T |
i
20 0 4ad 15 A 45 an %4 3]
560
2 Thaladagive

Figure 4-5 Degree of calcination in terms of BaTiOs formation
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imposed above the mixed powder putlern showing e formalion ‘of BaTiO s bul sull
encugh un-rcacted BaCO; and TiOs 1y present Thesc poaks owing to un-reacted
powder are absent in the XRD pattern (the fop oy in the figure) of powder of identical
composition caleined at 1000°C for 2 lours. Uhis sample (EI1-0) was sintered a
13530°C for half an hour; formed sintered body density of 92% of 1D The diclectric

propertics arc belter for this sample as discussed m luter section,

4.2.2 Thermat Profile

The physical appearance of the sintered body summarized i Table 4-4 below.

Table 4-4 Physical appearance of sintered body

Sintering Phliysical Quality of sintered body
Set | Bawch “C s | P (2 R 5
Ash Cliwe ! asn Clrve ot
BE—1 1225 | 3 boown stanon | some cragkod, | some crackod, n: ;Eun
substiale staining slaining
lighter s'ain I'ghter slain hghter stamn
-1 1200 na SN
A |B P e than B-I than B-I A
brown
0N brown glain, broken stain, brokes, siain cn
HaTy v Cbr . i
B-II | 1300 |1 B stuck vath
stain stuck wath wubstralg
suoetrate
substrate
E-m Q300 |3 light Hrcvwn
E-I P300 |3 lght ceearn
B |El-M 1250 |1 It %t Tz Doped sarmple was not prepaed
El-13 1250 |1 light crearn
EII-M 1350 | 0.5 | light brown
Biseuit coler
- - | slicsk b Fartial artiat stick
C B-IV 1325 | 2 5 no stick Partial stick to artial stick to Partial sti
sLbstrale subsirate In subsrate
sLbsLrate
‘ biseut eolour hgrt Liseuit
brscut colour carhal et calour
D |(B-V 1350 | 4 no atick nod prepared parialt fused znd
. stick wiih
Slbslrate SHCE wilh
stihsirate
subsirate

Brown coloured slaiming on the substrale during sintcring of set A samples
were unusual for RaTiOx ceramics, some sample even stick with the alumina sulstrate
and crucked, as shown in Figue 4-6. Sample C-B and FI-13 were prepared using
wdenlical powder saurce yel there was no staining or crack on these sampics. However,
these samples id not sinter 1o cven 75% of TD. So, the stimng and discolouralian

must had resulted from cither powder or the procossing. Set A samples were milled
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wilth sieel balls in distilled water media (Table 3-3) whereas at[mrs scts were with
zirconia and acctone. BaCO; [orms DRa(Ol): through tribochemcsl reaction with
water during milling. Furthermere, reactive compound CaCr was added as a souice of
Ca. During milling iron balls certamly reacted in this strong alkaline covironment
forming iren hydroxide. Set A was calomed Lhree times and milled subscquently
which increased iron contamination successively, This wwon and passibly with other
conlaminates reacled with BaCCh, T190; and BaTiO; during calcmaton forming
different phase or doping moedification of the 13a1i0;. Discolotation of green samples

{pallets} does suggest inclusion of impurities during milling process.

P Q R 2 2 R S
e 0% 000 0
- LW N

_ 25 Someo
Soe®

Pre Sinter Post Sinter

1300C for 1 Hr
Set Al]Batch B-I

Figure 4-6 : Samples of Set A, Batch B-lll, pre and post sinter state

In Figure 4-6, the physical appearance of pallets before and aller the s.mt-ering
is shown. Ca doping should not have changed the colaur of reen pulicts bot as seen in
the lelt side of the Figure 4-6, the colour of batch B and P were gray compared o R
and 5. Phystcal slate of sintered pallets are shown on the right hand side of the Figure

4-6, Sample were crucked, shattered and stamed the substnte,

Sinlercd density dilference between Set A and L-B & TI-B mdicate that these
impurilies acted as sintering aid. Level of inclusion was uncertain and uncontrolled
Lifcel of thiy can be seen in the variation of densitics i Set A that did not follow a

¢lear patlemn in accordance with sintering temporature and lime.
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4,.2.3 Ca Doping

Patteri of physical appecatance and deusity from Table 4-3 and 4-4 suggest that
the Ca doping also alfect the density Lo a certain desree For instance, relative densiry
is higher for doping level 3% and 12% mole but lower for 8% mole. The same pattern
observed for Set A and C. Ca doping etfect on density o illustraled maphically in
Fipme 4-7. However, it was reporicd [43] that the diclectric properly change with the
concentration of Cu doping following this pattem This etfect is much prorounced lor
the sample sintered al relatively higher temperaturee and lonee time. Confident result
was rellected [rom sumple with dansity above D90%. The density cunve of B-IW

sintered at 1325°C for 2.5hrs might be considered as an ideal.
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Figure 4-7 ; Ca doping effect on density

4.1,4 Raw powder

Following rdentical processing, Lhe sumple of bateh -3 and FI-B did not even atlain
75% of TD whereas L-M and EI-M did. The only differcnce between these batches
was the raw powder source. Powdurs of both soulces were invest] gated using XRD
and compared, shown in Figure 4-8 und 4-9 for BaCOy and Tz respectively Roth
T10; used were anpatase and almost identical but the twin peaks at around 55" are much

resolved for MTEC powder than MME powder The BaCO; powder seems to difter
erystallographically MTEC BaCOp matched with PDEF 45-1471 while MME BaC0,



il

with PDES 35-0378. The colour of MME Ti0; was pale and MTTC was white, The

same colow difference way observed in BaCOy also. Dupurity Jevel below 2% s

difficuit to identify mm XRD wery accuralely, X Ray Florescence (XRF) is needed to

conliom quantitabive clemental analysis. Another significant impurity (as declared by

the manulucturer) m BaCO;5 of MTEC source was ~1.5% 5r This nughf have aded

sintering of b-M, El-M and EII-M szamples The Ba/Ti malar Nachions of un-deped

sample aie given in Table 4-5. The Ba/Ti rato of E-B was higher compared to e

sample E-M and EII-M. The efTect of Ball1 ratio variation studied by Lee ef af [12]

showed that cxeess Ti causng bedter densification and excess Ba inhibiting gramn

growth.

Table 4-5 BafTi molar fraction of the un-doped series P samples

[Z-M

L-B

Ell-b

13-[V

B-V

9896

13346

{1 0943

1 A0S

L O0G

Harrsaiy

e

Wmlhﬂ-uh.a".j

o

k1l

I Tewrln

Nr A - PRI '
oo L*ﬁw'u‘"l h‘w%
%5 " e = M il

Figure 4-8 - XED Pattern of BaCQ, of MME and MTEC source
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Figure 4-9 XED Pattern of TiO: powder of MME and MTEC

425  TGA Apalysis
Some samples develeped crack during sintenng and excessive pores leading
decreased densily. The evaporaion or bum out charactenstios of PYA (hinder) was

examined and result shown in Figure 4-10. The sample was of bateh EII-M.

It was observed from the praph that Targe mass loss occurmed at about 90°C,
This is due 10 moislure evaporalion as YA used was as solulion in water The second
loss 18 rather gradual from 220°C to 400°C, altnbuled 1o the burn out of PV AL Shll the
sample was lusimgg weight up the tost tempendung o §50°C. Ihis suggests as
mentioned earlier, the incomplete reaction during calcinatian, This weight loss beyvond
400°C; 15 due to caleinzhwon reaction of wi-reacted particles from the pevious
calcination step. ‘The holding temperamee was increased to 535G°C and slower heal rate
was used for sintering However, no significant effect was observed. Crack developed

only wn doped sample of Set A which might have mesulted [rom impurilies
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Figure 4-10 TGA analysis of pre sintered powder mixed with PAV

4.3  Dielectric Propertics

4,3.1 Set A

Five samples of cach hatch were progressively heated to the lest tempumlures
simultaneously in the heating chamber and clectrical properly were measured, The
average of these fve samples’ dielectric conslant and tangent loss are ploted in the
following Figures (4-11 to 4-18) ‘lemperature dependence of electrical pmpet-ﬂcs
presented in these graphs is at a fixed frequency of 100kHz. Densities, in eims of
percentage of TD, of the samples are mmdicaled on the cormrespanding curves in thy
graphs. Flequency dependence of electrical properties 2t 66°C is also shown in Figune
4-19 to 4-22. All the curves were plotted using smoothing teehnique based on moving

point average in EXCEL spreadsheet.

Universally accepted Te of BaTiCh is 120°C but in this study samples ot P,
und R serics showed I'c al arcund 55"C. Tlus was uncxpected and surprising, Ca
doping was not reported to decrease T¢ that much: At leust un-doped sumple should
have shown Te at around 120°C. Apart ftom doping concentation difference, all

samples of set A under pone identical processing cxcept sintering (emperature profile
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Hence, the depree of calemalion reaetion does nel anse. The uui}f significant Tactor
was the impwity inclusion duning processing. us mentioned carlier. This impurity
made the transition aifect smooth o1 hump shape over o bioad lemperature range,
tather than sharp change at Te. There is however, a small peak observed al ~125°C far
the sumples sintered at [225°C for 3hours, This peak 15 absent lor other sample of the
same series and also tn the samples of olher batches. Samples of bateh 12-1 wers lested
to 175°C while others were to 120'C. Peak ol (his kind might had been bevond
temperature of 120°C. These two peaks st 55°C and 125°C indicate the presence of
twa distinctive phases. It secm that the impuries formed differen) phase alony with
BaTich,, not substituting any constiiucnls of BaTi0; o forrming solid solution, as

expected the doping would have.

In general, k' were higher for denser sample of the same baich, Highest k'
vitlue 1ecorded was for the un-doped sample of batch B-I sintered at 1300°C for hr.
The &' valuc was 4510 and the density was 90.3% of the TD. The transitiona] puith
{hump) are relatively shaper for denser sample also. Highest transilion temperaturg of

around 100°C recorded was for series § (Ca x= .12} samplcs, (Fipwe 4-18) whil for

others were about 53°C.

From Figure 4-19 t 4-22, it can be scen that within the lrequency range of
ikHz o 100k Hz the k' are afmosd constant and a slight incrensing trend towards 1ML
1:1nlgc for all samples o the sel "The same frequeney dependence Tas been observed
for the loss tangenl also, The loss was almost constant with in the frequency range of

Ik(lz 10 100kHz than a slight incteasing trend 1o wards IMH7 cange This InCIensing

trend however, increased as the Ca concentrution ineressed

Dhelectric loss is related to the hemogencity of the mateiial, 1 his pratltem was
observed in the sample of set A as shawn in Figure 4-12, 4-14, 4-16 and 4-18. Loss
tangent was low with in the test temperature for sample with denss Ly == 90% of TD,
No loss peak was observed cxeept for the un-doped sample sintered al [ 2060C wilh
density of 88.5% of TD» This peak was at ~100°C. Al the transition telperature loss
tangent seem 1o incicase following the patlern of & especially for doped S series
samples The curve of loss tangenl of senes $ was uniform i c. bell shaped about 1
transibon terperalure The density was also aboul ~90% Tor this series Loss peak at
phase tzansition is normal due (o disorder i the Jattice. Lor olhe: doped wamples the

less charactenstics was not consislent.
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4.3.1.1 Ca Duoping
The variation of k' on {Ja doping concenlration tllustrated in Figure 4-23 for

samples sintered at 1300°C shows a distinctive trend. It is apparent from the graph,
tnereascd Ca doping concentration up 1o a certaim level, lowered the k' value over the
whole test temperature range. This tend seem to change for Ca doping concentration
above 0.08mole fraction where k' value started (o 1nercase and Te shifted from 55°C to
60°C. The variation of k' with the Ca doping concentration were plofted in Figure 4-24
for three batches of samples of this set. The same trend was also observed. It ts

apparent from the curves in Figure 4-24 that minima of Ca doping concentration exist.

BOOD | fvrrm e m e e e o w — i R s e

Sintered ni
13000
far1hr

4500
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3500 4
15
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Figure 4-23 : Effect fo Ca doping for samples sintered at 1300C

Dhelectric constant tends to decrease to that point. and beyond that start to
ingrease This point is observed to be al 0.07mole fraction of Ca. Regard less of
sintening temperatuse and density the doped samples follow this trend. This effect
cannot be attribuled to the density apparent from the graph. Doped samples of @ {0.05)
and R (0.08) had densities almost identical, yet this effect was there. The difference of
donsity reflected in offsetting the curve only This non-linear relation seems to be an
intrinsic property of Ca doping in BaTi{); ceramics. Even with the impurity in the
sample, the effect is pronounced. The ellect was also reported [45] carlier and this

point was suggested to be around 0.08mole fraction.
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The origin of this eTect mght be 1n the orystal stucture of the sample. Un-
doped and doped {(x=0.12) samples of B-1 and B-ll wers examined using XRI? to
identify phases present and lathee parameters. XRD pattcms was taken from the
polished sintcred sample and shown in Fipure 4-25 to Figume 4-28 at room
temperature, At this temperature, cxpected crystal structure 18 (glragomal.” The
identification of tolragonal lathce 15 the twin peak resulting [rom the close values of
latice parameter ¢ and c. As per JCPDS standard, attached in appendix 7-7, for
tetragenal BaTiO, {PDF# 05-0626) five sets of twin peaks exist with in the scan range
(20" to 60°) in this experiment. Undermeath each padern of the sample, the standard
patem of BaTiQ; and BaFe(O,., {PDFH# 23-1023} arc also attached indicatimg the line
position and relative intensities of respective line, The first twin Lor (001) and (100)
has angular difference only .224" that would be diflicult to resolve at lower angle
about 22°. The second twin is also not resolved according to standard. Third and Gfth
twin peaks must be, resolved due to angular difference of 0.522° and 0.298°
respectively at such higher angle and intensity. Twin peak separalion was reporied
[37] as degree of tetraponal BaliQs fonnation during calcination and discussed in

sectipn 2.4 1 1,

Fu
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It can be readity seen from the XRD patern shown in Figure 4-25 and 4-28
that, etragonal distortions in the form of twin peak were almost absent for un-doped
samples. Whereas, for doped sample of S series Le. Ca doping x=0.12 tetragonal
distorlion was present and twin peaks resolved. However these twing were
supentmiposed with another scl of twin peaks from the impurity phase. The lattice

parameter and telragonal distorlion dala are given i Table 4-6

Table 4-6 Lattice parameters and tetragonal distortion

Sample wWenlity Lattize Parameter 4 Distortion
Set Batch Senes a c cia
A, B-Il Un-doped 39957 4.0189 1.0058
A B-Il  |{SiCax=012| 3.9828 44514 10172 |
B E-M Un-doped 3.0554 4.0232 1.0088
B El-h Lin-doped 3.5514 4 0263 1.0088
B El-d Lin-doped 3.9018 | 40224 10077

Degree of this tetragenal distortion translates into abnormal diclectric constant
reak at the transition temperature, where tetragonal phase transfomms to cubie. From
the Table 4-6, it can be seen thal the tetragonal distortion was much higher for doped S
sample thin the un-doped sample. lence, sharper k' peak was observed for Ca doped

of x=0.12 and hump for un-doped samples.

4.31.2 Coniaminations

The unusual Te at about 30°C, o series P, () and R cannol be attributed solely
to the distortien of tetragonal lattice as such. Closer examunation and companson with
the standard (attached at the botiom of each patierm} suggest the co-cxistence of
chlferent phase such as RBaleQ;., (PDF 23-1023} wn the samples of sct A. Fart of the
diffraction pattemn of doped {Ca x=0.12) shown in Figure 4-29 (enlarge of Figure 4-
28} By comparison with the standard, the diffraction patlem of BaFe);., and BaTiOn
15 almost identical and peaks (also twin peaks) do everlap Lines might broaden or
shilt owing to factors other than incluston of impurities. Gven though, at around 45°
degree region there are more than two sets of rwin peai-:s present, indication of
presence of two phases. Moreover, line positions and relative intensities do match

berter to BaFeQ;., than BaTiOs,
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The diffraction patern of EII-M sample of set B shown in Figure 4-30 closcly

match to the standard BaTi(h and there are no more than two peaks in the twin peak
remon. Ths set of sample was milled with zirconia balls in acctone media. Combined

effect of mixed phases might have shifted the Tc 1o 55°C of series I, Q and R samples

Na more than two psaks
|
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Figure 4-30 : Part of Diffraction patlern of BaTiG3 of MTEC
Thus explanation however, cannot be extended to Ca doped sample of senes §

{(Ca x=0.12} that showed Tc at around 90°C. I[ron contamination was present in all

samples of set A as they were all milled with iron ball under identical conditions. In
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the XRD pariemn of sample $, the impurity effect was present but the increase Ca
doping had caused the contiaction of lattice & and extension of lattice ¢. The decrease
of @ enhanced the polarizability of Ca*" 1on due 1o relatively closer proximity of 0%
ion On the other hand, increased ¢ make the tetragonal crystal harder transform
cubic. The non-hnear relationship between Ca doping level with density and k' was
discussed in the preceding sections. Density is related to the unit cel] dimensions or
lattice parameters and did change with the doping concentration as shown in Tablc 4-
6. Although the wnit cell volume was identical and s0, was the density but the
distortion was nuch higher for doped (Ca x=0.12} than thai of un~-doped sample of the
same batch. This higher distortion along with jron impurities might have cause shitt of
Te at 90°C.

4.3.1.3 Effcct of contaminations

The elteet of frequency on the dieleetric constant with in the temperature range
is shown in Figure 4-31 The characteristic was of an ideal relaxor dieleetric malerial;
dielectric constant graduatly decrcasing with the increase of frequency. This is purely
the effect of impurity in the sample Apart form shitting the Tc 10 lower temperature
the impurnty transforned the expected normal ferroelectric ceramic in 1o relaxor rype

ferroelectric ceramic.

Differences butween these two tvpes of ferroelectric material are surnmarizad
in Appendia 7.6. Closer scrutiny of the electmical properties of set A sample match
with the relaxot type ferroelcctric cerarmic ‘1 he Te was broad and ditfhsed, strong

frequency dependence and no twin peak in the XRID pattemn

The level of impurity was not determined hence the exact ongin of this relaxor

not characlerized
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4.3.2 SetB
Only un-doped samples were prepared to vernfy the abnormal resuits obtained
for samples of Sct A. XRD examination of MME source powder revealed the presence

of impuritics. Hence, two batches of sample were prepared, C-M, EI-M and EII-M

I - Sinbping Tesmysr st Effpcl 100MHe.
o0 Lncopar BaTID, of Set B
GEoG
50
STy Tarposre
5] ] —— 11X E-M
L T
—&—=1730C El-M
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Figure 4-32 : k as function of temperature for BaTiO; (un-doped; MTEC powder)
using powder source of MTEC and E-B and EI-B using MME source powder. Details

of process parameters were given in Table 3-1. Ceramic balls {zirconia) were used to
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avoid metal contamination during milling of this set of samples. Entire processing of
these two batches was identical yet samples made from MME powder source did not
even sinter 1o 75% of TD whereas MTEC powder sample did {Table 4-3). Appearance
of MME powder samples was chalky. As a result. the dieleciric constants of MME
samples arc below 700 and do not exhibit any transitional peak with in the test
temperature range, In Figure 4-32 the dielectric constant of samples Set B were shown
as function of temperature. The comesponding densities of samples are labeled on the

TESPECTIVE CUTVES.

The Tc was about FLO°C for un-doped sampte GII-M prepared using MTEC
powder sintered at 1350°C. for half an hour. This sample was denser than the other two

af the same hatch. Density of E-M and EI-M were almast identical, DifTerence of

aos -

intering Temperatern Effnct 100kHz
on: undopad BaTit, af Set B
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—— 11007 FM
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Figure 4-33 : Loss tangent characteristics of samples prepared using MTEC powder

density resulted in diclectric constant dilference helow the Te, as can be readily scen
from Figure 4-32. Identical densiry however, did not fix the Tc of the sample at the
same temperature. It is observed that the sharpness of peak and k' depends on the
density of the material. The peak k' values of these samples difTer by mere than 2000
from each other. Both E-M and EI-M sample were sintered at 900°C for 3hour
whereas; EII-M was for 1000°C for 7hours. It is clear from the graph and thermal

history, that complete calcination s requited for densification and for better dielectric
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property. The Ba‘li mole ratic of E-M and EI-M was 0.9896 and of EII-M was
0.99598. Relatively higher Ba content might have suppressed the grain growth and
ariributed to the increased k™ of E1I-M samples [13].

The Te is more dependent on the teiragenal distorlion than the density. It can
be seen from Lhe Figure 4-32 that the Tc of sample E-M and ENI-M would have been
almest same had their density been identical, The on-set of Tc in this case is identical
at 100°C. However, for the sample CI-M the on-set is at 1]5°C. By comparison, of
tetragonal distertion of samples from Tuble 4-6, the highest {1.0088) distoruen was for

EI-M that was relatively higher from the other two.

The tangent loss characteristics of this sct of sample followed the same pattern
abserved earher as shown in Figuee 4-33. Denser material showed less loss over the
test temperature There 18 however, a trend of increasing loss at the transition ol phase
at e This effect is much pronounced in the sample E-M that showed sharp
transitional peak. However, loss charactenistics of E-13 samples are featurcless; no

mciease of loss at transition and remained constant over the test temperature

The frequency dependence on k' and rangent loss are shown in Figure 4-34 o
4-36. Bath k' and loss are constant with i the frequency range of 100Hz to 100kHe.
Atthe frequensy of 1M1z k' peak to & manimum then started to decrease for samples
sintered at 1300°C and 1250°C. On the other hand k' peaked at | 2MHz for the
samples sintered at 13530°C but whether it decreased further on was not detected due to
frequency hmilation of the instrument. Same patern observed of Langent loss of the
samples. [t 1s worth mention here that the silver paint applied to the samples and the
test fixtures used during measurcment are not recommended Lo use over 1MHz range
duc 1o unacceptable level of noise penerated  This muight have attohuled 1o the

abnormal properties above 1MHz range,

XRD pattemn of E-M, EJ-M and EII-M are given at Figurc 4-37. 4-38 and 4-39
respectively. Tetragonal twin peaks are present in all of these samples, Whereas, these
twin peaks are completely absent in the XRD pattern of E-B (Figure 4-40), the sample
made from MME powder source. l'emragonal BaTi0: phase was not formed in C-B

sumples, hence, its k' was low and no transitional peak observed.
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4,3.2.1 Preferred orientation

All sintered samples were ground then polished before XRD examination, The
XRD pattemn of EI-M shown in Figure 4-38 is of as smiered surface of the sample
whereas others are of ground surface. The twin peaks are much resolved with higher
intensities than those of the olher samples. However, this increased teragonal peaks or
increase of intensity did not reflect in increased dielecinc properties. Another ‘as
sintered” sample of EI-M was tesled to confirm this affect. It can be seen that the
effcet 18 much more intense for this sample as shown in Figure 4-4]1 Intensity of
1200} plane was almost donble of the standard XRD patlem for that peak. Also other
twin peaks” intensity was increased at the expenses of the standard highest peak
101}, This seems to be a preferred orienlation {200} planes oriented paralle] to the

surface,
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The eriented planes are oxygen rich. The oxygen i the furnace atmosphers
might have encouraged formation and growth of this plane at the surface. Anion
vacancies were annihilated at the surface due to oxygen diffusion from the atmosphere

that might have also cncouraged preferential formation of these oxygen rich planes

Fffect of this preferred orienlation at the surface on dielectic property was
examined for sample of series EII-M. Firstly, the samples were tosted with the surface
“as-sintered” (un-polished) state than the samples were ground and polished. The
polished samples wete tested again. The dielectric conslant (k') of these two conditions
are lustrated in Figure 4-42 as function of temperature, The k' values were identical

up 1o the T, then started 1o differ by 700 at the Te and beyend.
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Figure 4-42 Effect of preferred orientation on &'
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4.3.3 SetC

This set of sample was prepared entirely 2t MME, using differcnt powder
{Appendix 7-3) and as Ca doping agent; CaCO; was used instead of (a0, Delails of
Processing parameters were given in Table 3-] Density of sintered samples were
given in Table 4-3 and discussed in section 4.2, The Ba/Tt molar ratio was 1.0005,
Dee to fron contamination in samples of Set A, the Ca doping cifect on electrical
property was not realized ‘This set of sample was preparcd with the aim to optimize

density and observe Ca doping effeet on clectrical properiies,

e electncal properies of this ser of samples were measured at Physics
Department of BUET Samples were heated to the (et temperaluie vsing the tube

furnace made at MME Department, In Figure 4-43 dielectnc constant (k*)at 100kHz

L]
SetQ
3500 Sintered at 1325C for 2 5hr
5 Measured at 100kHz
i
J00 —4— Uhcoceed, P i
-1 W R B
=#—H Cax=h0p
2540 A
e 206HD
1550
1000 4 |
0G0
I
f
0 : , |
o 40 &0 &1 L+ 130
Terryeeraturg, &

Figure 4-43 k' vs temperature relationship of set C samples

is plotied as function of lempetature for the sample sintered at 1325°C. Densities of
respective series are indicated in the figure Curic Temperature of un-doped (F)
samples seems to be at 107°C, but there possibly other than BaTi0, phase is present
Ihis other phase might have contributed to another peak at 85°C and increase of k' at
50°C from room temperaure, XRD examination was carricd out on this un-doped

sintered sample and diffractogram is shown in Figure 4-44. The primary peaks are of
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BaTi0; but the extra peaks, as indicated in the fgure might have contributed to the
extra k' peaks obscrved in the Figure 4-43, Extensive analvsis of these peaks (Figure
4-44) confirmed the presence of different phases closely resembling to BaCuQ(C]
{PDF# 71-1029) Probability of Cu inclusion is very much remole as the powder used
were of high purity and metal bearing implements were noi used. The amount of Cu
impurity was not even mentioncd (Appendix 7-3) and other impurities would not have
caused reflection of such intensity, Even the BaTiO; formed are of different
crystallographie structure {PDF# 79-0461) than BaTiQ); of set B (IPDFH 05-0620). A
slight tetragonal distortion of 1 004 was calculated from the reflection from (002} and
(200) planes. Togcther with the density of 90.79% and this crystal stmicture might
have shifled the Te to 107°C. It scems that the dicleelric property of the un-doped

sample is the combined effect of dilferent phascs present.

Although, computer analysis of XRD dilltactogram does sugpest the presence
of BaCuQCl (PDF# 71-1029), Quartz {PDF¥ 79-1913) and FeS, (PDFx 79-0817)
responsible for the catra peaks can be ruled out. The mter-planner spacing and the
rclative intensities of these phascs closely matched with the phase formed in the
sample. The phase so formed has significant effect on the electrical properly yet its

structure not fully understood.

Doped R (Ca x=0.08) sample however, exhibited no transitional peak ai all.
‘The k' value remaincd constant over the test temperature range. Density was about
85.64% and k' was ~750, The same kind ﬂi: characteristics was observed in the sample
E-B of Sct B (density 73.22%), which was prepared form MME powder at MTEC
Chemically, the diffcrence berwecn these bwo scts of samplc was BaCOh and Ca
domng source, For identical doping concentration. k' hump was observed for R series

samples of set A whereas for this set complctely constant.

It seems Lhat the obscrvation made earlier regarding fron contamination was
vindicated. The XRD diffractogram of this sample shown in Figure 4-38 reveal the
amplification of eatra peak than the un-doped sample. The compiter analysis of the
peaks match with a different modification of BaTiQ; and no tetragumal distortion
detected. None of the peak matched with any Ca beanng compound or Ca. Hence, Ca

incorporated in the crystal structure but formed a di Fferent phase.
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The exira peaks of doped sample S (Ca x=0.12) were different from those of
sampic R as can be seen in Figure 4-46. Effect of this was reflecied in the dielectric
property. There 1s no tetragonal distortion hence, no sharp peak ot hump obscrved.
However. k' decreased with the increased temperature in a linear manner, Density of
this sample is about 35% which a good achievement and the k' value is on average
1400. Considermg the commercial formulation shown in Fipure 2-26 for NPO oype

capacitor which has k' valucs up to 75, this 18 a good result in a way.

The SEM micrograph of etched sample illustrated in Figure 4-47 and Figure 4.
48 indicate the presence of different phases and the Tlaky morphology of the sample

Considerable amount of porosity were also present.
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434 SctD

The final set of sample was prepared to obrain usual BaTiQ; that would mateh
with the powder patern of the standard tetragonal phase of BaTi0;. Since the very
same T10: was uscd in the preparation of samples so far and none of the sample
cahibited usual property of BaliOa hence new source of Ti0s was used for this scl. As
doping agent CaTiQ: was used instead of CaO or CaCO;. Milled powder was calcined
at 1100°C for 5 hours then again caleined at 1200°C for 5 hours (Table 4-3) and
sintered at 1350°C for 4 hours. All of the sample were fused or cracked, hcnee
dielectric property was not measured, The un-doped sample was ground to powder and
XRIY pattern was taken and shown in Figure 4-49. Diffractogram of un-doped sample
{Figure 4-49) almost matched., peak to peak, intensity to intensity with the teragonal
BaTi()y (PDF#05-0626). Exception is the extra peak observed at 2theta angle of
44.58" The tetragonal distortion 15 about 1.007. Origin of the extra peak might Lave

came from the BaCQa powder being used for sample preparation ol sel C and D,
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Figure 4-45 : XRD Pattern of un-doped (P of set D
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5 Conclusions

5.1 Process Variables
Selection of raw powder as slarting material is an important factor. Impurities
may hinder or devastate the desired properties of the ceramic. Much care is needed 1n

selection of raw material, if necessary; purity should he confirmed before procecding,

The optimum density of the sintered body has to be with in the runge of 92% to
D5% of theoretical density in order to deduce rchable, repreducible and confident
property measurcment. Every step in ceramic processing, the conditions have to he

tuned 10 obtain such dense product

Complete reaction during calcination 15 the most important factor governing
the hinal density and diglectric properlies of BaTiO; based fervoelectric material.
Incompicte calcination, or imcomplete reaction. leads to the cvolve of gas forming
blowhote during sintering and mosl imporlantly desired propertics arc not realized
owing to non-formation {(or partial formation) of required phase(s). It has becn
obscrved m samples the formation of Ba; TiO4 that was leached away during etching
and leaving a spongy structore as seen in the mierograph. This phase is detrimental
and must be avoided through proper calcination. Due to sluggish nalure of solid-state

reaction, calgination at 1 100°C for 7 hours seems o be satisfactory.,
ry

Iron impunty mn samples hindered the effect of Ca doping on dielectric
property of BaTiO;. Steel ball used in agueous media cansed iron inelusion.in the
samples. Stecl ball should have been avoided. It is howcver observed that the
Lransition (emperature has lowered and the peak has been [lattened in the sample of set
A, vspecially the doped ones. Funhermore, CaO used in set A samples has reacted
with the steel bali dunng milling caused formation of BaFeQ;., hindening the effect of
Ca doping. Instead of CaQ, CaCO; could have been used. These Lndings were
confirmed by comparizon with the samples prepared st MTEC. The mechanism of

shilling of T, in this case is not cerain,

None of samples achieved density more or equal to 95% of the theoretical
density. The sintening temperature should be around 1330°C, varying only the holding
time to optimize the maximum density, Other factor attributes to the density is the

Ba/Ti ratie, which also controls the microstructure and electrical propertics.

a
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H 13 observed that Ca acted as a sintering aid for doping level of 0.08 mole
fraction and above. Densities of doped sample do follow a non-linear relationship with
doping concentration and the change over lakes place at (.07 mole fraction. This effect

is observed irrespective of sintering thermal profile.

5.2 Dielectric Properties

The density of sintered ceramic has to be around 25% of TD to deduce tangible
dielecine properties Under the tdentical processing conditions, denser sample have
relatively higher dielectric constant (k") and sharper transitional peaks. The Curic
Temperature (Tc) depends on the teriragonaly of the material. Samples with identizal
letragonal distortion exhibited k' peak at different temperalure due to lack of adequate
density. Howcver, the on-sct of Te are almost identical. It has been obscrved in this
study that tetragonality fixes the on-set of Tc and the density causes the shammess af
the peak. Absence of tetragonal distortion (ofa) usually translate inlo abscnce of

transitional pcak of k',

Irom inclusion in samples of set A wurned the expected normal ferroglectric
ceramic into relaxor type, with peak k' nearly 4000, The k&' dependence on frequency
of this sample is remarkable. In conjunction with Ca doping the Tc was shified to 55°C
which: with the incrcasc of Ca doping level above .08 mole fraction shified the Te to
90°C. The k' also changed non-linearly with the Ca concentration level. What aspect of
microstructure has exactty attributed to this could notl been asc;-ertained in this sudy
Owverall loss tangent charactenistics do follow the same pattern of k', denser material

with lower loss and in some samples hint of loss peak at the Te.

The doping effect of Ca scems lo be not that strightforward. Doping soutce
material seems to affect the crystal structure and different phase formation. Due to
problem with the purity of the powder neither pure BaTiOQ: was prepared nor the
doping effect of Ca was realized Ilowever, Ca seems fo clfect the density, sintering

and flattening of k' peak at T'c; possibly shifting of T as well.

The preferred orientation of {002§ parallel to the surface might have been due
1o oxygen in the oven, This increases k' at T, that may a valuable hint as to {ind the

way to mampulate k' of ABOw bype ceramics.
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7 Appendix

7.1 Raw Powder Chemical Specilication - MME

[ata provided here are taken form the label on the container,

7.1.1 Titanium Oxide

Manufacturer Loha Indla
MW = 7990 Min Assay = 99% | TiO,
Impurities:
H.O = 0.5% As - 0.005%
Substance soluble 10 HO -0.5% Fe - 0.005% Mokea:
Sulphate - 0.05% Anatase
Heavy Metal (PH) - 0.003% |

7.1.2 Bavium Carbonai¢
Manufacturer E. Merck India
MW = 197.35 Min Assay = 99%; BaCO,
Impurities,
Cholende - 0.01% Pb - 0.002%
MWa - G.01%
Fe - 0 005%

7.1.3 Calcium Oxide
Manufacturer Lobe India
MW = 197.35 Min Assay = 95% Cad
Impurities:
Cholorde - 0.1% Fb - 0.D2%
Suiphate - 0.5% Loss on ignition
Fe - D.1% 1084

7.2 Raw Powder Chemical Specification - MTEC

Data provided here are taken form the label on the conmainet.

7.2.1 Titaninm Oxide

Manufacturer Fluka UK
MW = 79.30 Min Assay = 99% | TiQy
Impurities:

Az - 0.005%
Substance soluble in HC -0.1% Fe - 0.005% MWote;
Sulphate - 0.05% Lass on ignikion Anatase
Heavy Metzl (Pb) - §.003% <= (.50
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7.2.2 Barium Carbonate

Manufacturer Fluka UK

Mw = 197.37 Min Assay = 98.5% | BaC0,
Impurities.

Choloride - 0.03% Ca - 0.05% Sr ~ 1.5%
Cd. Co, Cu, Fe, Ni, Pb, Zn each <= 0.005%

K - 0.01% Wa -0.2 %

Mote the addition of 5r

7.3 Raw Powder Chemical Specification - MME (2)

Diata provided here are taken form the Tabe] on the container.

7.3.1 Barinm Carbonate

Manufacturer BDH UK
My = 197.35 Min Agsay = 39% BaCO;
Impurities:
Cholonde - 0.01% Ma <= 0.2%
Fe <= 0.005%
Py <= 0.002 % 5 == (.05 %

|

7.3.2 Caleinm Carbonate

Manufacturer | Merck India
MW = 100.086 Min Assay = 99.5% | CaCO,
Irmpurties;

Cholonde ~ 0.05 % Ca - 0.05%

Substance soluble in HCY -0.05 %

S0, - 0.5% Fb - 0,005 %

Fe - 0.05 %

7.4 Basic Data of Elements invalved

=
Alormic Atomic | Crystal Atomie onic Common | Melting
Elzmenk . Radius Rads
Waight Mumber | Struclure Walance | Paint®C
i nm
Ba 137.33 6 BCC 0217 Q136 2+ 725
Ti 47.88 22 HCP 0145 0.062 d+ 1668
Ca 40.078 20 FCC Q197 0.100 2+ 837
& 1584 ) - 0140 2- 218 4
< 12.011 & HCP* 0071 0.015 4+ -
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7.5 Symmetry of crystal system

Crystal Point Groups | Centro- Non-centrosymmetric
Structure Symmetric
Plezoalectric Pyroaiectric
Triclinic 1,1 1 1 1
Monoelinfc 2.m, 2/m 2im 2, m 2, m
Cithorhormhic 222, mm2, M 222, mm2 mm2,
mmim
Tetragana! 4,74, 4im, 422, | 4/m, 4, 4, 422, 4ram, | 4, 4mm
4mm, 42m, | [4/mimm 42m
(4/mimm
Rhombohedral | 3,3, 32, 3m, 3m | 3. 3m 3,32, 3m 3, 3m
Hexagonal & & &m, 622, § e/m, 6, 6, 622, &mm, || 6. 6mm
G, amz, | {&mimm fm2
[Gitimm
Cubic 23, m3, 432, m3. mam 23, 43m _
43m, m3m

7.6 Differcoces between normal and relaxor ferroelectrics

Property ” Normal Fervoelectric ‘ Relaxor Ferroelectric
Diglecing temperature || Sharp 1™ or 2" order || Broad  diffused phase
dependances transition at Cune pont T, transition at Curie maxima
Dielecine frequency || Weak Fregquengy || Strong frequency
dependence dependence dependence
Diglecing  Behaviar  in || Follows Curie - Weiss law Follows Curie - ‘Weiss
paraglecine range { T = T.} square law
Remnant polarizalion (Py) Strong Pg Weak Py
Scatiermy of ight Strong anisoiropy ’ Yery weak arisolropy o
light
Diffraction of X-Rays Line  sphtting dus 1o || Mo X-Rayine spitng
deformation fom paraeleciric
Il to ferroelectric phase
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