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ABSTRACT

The microstructure-propery relationship of BaTi0;, BaiySr TiOy(x=0.10,
0.15, 0.20) and SrTiQ; has been studied in this thesis. BaTiO; and St
powders of 100nm were used to prepare pellet shaped samples using 130-150 MPa
pressure. The green samples were dricd and then sintered in the temperature range
of 1100°C to 1275°C, varying the holding time from 2 hours to 6 hours. The
density, dielectric constant and loss tangent were measured using awvailable
cquipments at BUET and the Atomic Fnergy Center, Dhaka (AECI). Optical
Microscope, Scanning Electron Microscope (SEM), Ditferential Scanning
Calorimeter (DSC) and X-ray Diffractometer (XRD} were used to observe the
- microsiructere, identify the Curle temperature and differcnt phases to find the
correlation between micrestructure and property of the sintered samples.

Ninety five percent of the theoretical density has been found for BaTiO,
samples sintered in the temperature range of 1225°C-1250°C. Tt has been
observed from the microstructure that grain growth occurs at higher termperature
but porasity still remains inside the grain and in the grain boundaries. Ferroelectric
domain twins have been revealed in the chemically etched samples by SEM.

The frequency dependent dielectric constant and loss tangent were
measured at room temperature for BaTiOs, Ba; .86 Ti0; and Sr1i0; samples, The
highest dielectric conslant was found for BaTiOs sintercd at 1100°C for 3 hours

may be due to the small grain size. Loss tangent at 1 kHz for this sample was

reasonable compared to the other BaTiO; sample but at 100 kHz loss tangent was
found maximum among all the BaTiOx samples. The St doping was found 1o have
an observable effect on the dielectde propertes. The highest dielectric consiant
obtained for BasSe,TiQ; at room temperature was 3000, In the case af &Ti0s,
the dielectric constant was found considerably lower. The loss tangent was also
found very low for Sr1i0;. The temperature dependent dielectric constant was
measured lor the BaTiQ; and BaSry . Ti0); samples. Curie temperature was found
at around 130°C for BaTiQs. Tetragonal to cubic transformation was accompanied
with a sharp peak for the sample sintered at 1223°C for 4 hows. Curie
temperature was found to decrease with an increase of Sr concenteation in Baj.
St T10; sample sintered at 1230°C for 5 hours as expected.
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1. INTRODUCTION

1.1 Barium Titanate

T'he discovery of ferroelectric Barium Titanate opens the present cra of ceramic
dielectric materials. The high dielectric constant was first described in the United
States in 1942 [1]. Recognition of BHaTiQ; as a new forroelectric compound
toflowed, possibly independently. in several countries [2-4]. A question of historical
interest s poscd by the lapse of a decade or more between actively ongoing
development of titania-based dielectrics and the discovery of BaTiCh. A case can be
made that; there may have been earlier syntheses of the material without recognition
of its diglectric character. Barium titanate has become the basic ceramic capacitor
dielectric material in use today. As earlier with rutile, the main mode of its use has
been in combination with other materials. Primary application requisites are a high
capacitance and, to the degree possible, stable capacitance over the temperature
range of use of the component. Practical temperature ranges of use have been
specified from - 53°C to 125°C, or segments within that range. Since pure,
crystalline BaTiO; has a peak permittivity at about 130°C and another sccondary

peak at 10°C [3). corrective modification is required for practical applications.

A huge leap in the research on ferroelectric materials followed immediately in the
. 1950, leading to the widespread use of barium titanate {BaTi(s} based ceramics in
capacitor applications and piezoelectric transducer devices. Since then, many other
ferroelectric ceramics including lead titanate (PbTi0;), lead zirconate titanate (PZT),
lead lanthanum zirconate titanate (PLZT), and relaxor ferroelectrics like lead
magnesium niobate (PMN) have been developed and utilized for a varicty of
applications. The largest uses of foerroelectric ceramics have been in the areas of
dielectric ceramics for capacitor applications, ferroeiectrie thin fims for non-volatile
memori=s, piczoclectric materials for medical ultrasound imaging and actuators, and

electro-optic materials for data storage and displays.




1.2 Business scenario of titanate materials

Understanding the diclectric materials business is some times a complex process and
appears confusing for any companics in the industry. Titanate demand for the
merchant market is dependent upon unit growth, since down sizing  to smaller, less
expensive case sizes by end user of ceramic capacitor require a lower quantity of
ceramic capacitor. Each year ceramic capacitor mapufacturer is able to produce
increasingly larger number of ceramic capacitor with a single pound of dielectric
materials. Thus ceramic diclectric material vendor such as Ferro Corperation {which
now owns TAM Ceramics), Kyoritsu corporation. Degussa Corporation and Fuj
Titanium arc dependent upon significant unit growth in the ceramic capacitor
industry to incrcase their shipment volume or to devclop technically advanced
formulations of dizlectrics that are superior to dielectric materials developed in
house by the ceramic capacitor companies. Ceramic dielectric materials used in the
production of Y3V ceramic capacitors are usually produced in-house by ceramic
capacitor. Y3V ceramic diclectric material is predominantly a barium calcium
zirconium titanate material. X7R ceramic dielectrics are much harder to produce and
require additional additives to be placed in the composition. Even so, about 50% of
ceramic capacitor manufacturer produce their own X7R formulation in-house, but
still source the  Utanate vendors for the additive necessary to produce the
formulations. The remaining 50% of ceramic capacitor materials for produetion of
X7R ceramic capacitor are sourced directly from the titanate material vendor. The
‘process of producing X7R dielectric materials involves iaking the curie point of
barium titanate and suppressing it down to create a core shell type structure [6]. The
phenomenon growth of integrated circuit technology has been accompanied by
increased consumption of discrete circuit component such as resistor and capacitors.
Ceramic capacitors account for a major segment of this volume, approximately 2
billion discrete ceramic capacitor being consumed world wide in 1987 with a value

exceeding $2.5 billion, and this consumption rate is projected to grow at an average

6% a year [7].



1.3 Limitations of Barium Titanate

Although BaTiQ; has, superior diclectric propertics compare to other dielectric
materials it has some limitations, which must be eliminated, to obtain optimum uses
from its diclectric properties. Diclectric constant of RaTiO, depends on electric field
[8] and frequency [%, 10]. At high electric field strength, the domain is more
effectively oriented and higher dielectric constant result. Dielectric constant is
strongly temperature dependent. That is why circuit characteristic changes even
over a moderate temperature range.  The temperature dependence of Curie
temperature {Tc) and dielectric constant (k) can be modified by forming solid
solution over a wide range of compositions. For example Pb2+, Sr24, Cal+, Sn2+
can be a substitute for Ba2+ in the titanate lattice. The possibility of forming solid
solution in all of this crystal offers a wide range of values for K, Py and T..  For
example, substitution of Sr2+ for Ba2+ lowers the Curie point. On the other hand,
substitution of Po2+ for Ba2+ increases the 1, to a maximum of 490°C, The effect is
due to the lower M-O bonding for Pb<Ba<Sr which offer less resistance to the
motion of the Ti ions in their six fold oxygen coordination field. The strain energy
imtroduced by electrostrictive effects on cooling through and below the Te. when
some domains change their orienlation in rclation to the others causes time
dependence for the dielectric constant known as aging. The rate of change increascs
as the initial value of k' increases. Bolh composition and heat treatment aftect aging
_and also k'. In a polverystalline ceramic, domain orientation is affected by grain size,

impurities, and pores. which prevent domain movement due to stresses, imposed by

surrouading grains.



2. LITERATURE REVIEW

2.1. Introduction

For mamy years, theoreticians avoided the study of ceramic materials, their
properties, and their behavior and, understandably, preferred instead to treat the
material phenomena associated with metals, single crystals, and the like. In our
peesent highly technological age, it is not possible to ignore ceramics, however
complex they arc. since more and more applications are being found for these
materials in devices affecting our everyday lives in such areas as electronic
components, environmental sensors, gas ignitors, intrusion alarms, loudspeakers,
ultrasonic cleaners, and medical diagnostic equipment. 1ln fact, many of these
applications have come sbout becausc of the special nature and properties of
coramics, which set them apanl from other materials such as metals or plastics. The

relationship of ceramics lo other materials can readily be illustrated as shown in

Figure 2.1. [7]

| DASANIE
HIaMETALLIG
MATERIALE

ROLYCATATALLIRG
MATERIALS

BIHALY CATHTALS

ELECERONIC
CERAMKS

FERADELECTRIGS

[
T
PISESELESTRICE ELECTRDI:IFTICS

Figure 2.1: Relationship of ceramic and electronic subclasses to all inorganic

nonmetallic solids,



In general. all solid materials can be grouped into Lhree major categories: metals,
organics (plastics), and inorganics. Similarly, the inorganic solids may be
subdivided inte the three categories of glasses, single crystals, and ceramics,
depending  on  their microscopic and macroscopic  structurs.  Glasses  are
distinguished from other inorganic materials by their amorphous nature or lack of
long-r:;.nge internal structure, whereas single crystals are characterized by a well-
ordered internal structure on both a fong-range {10™-1 cm) and a short-range (1 0" -
107 cm) scale. Ceramics are composed of an aggregate ol randemly oriented
crystallites {small single crystal of less than 100um or 107 em average diameter)
intimately bonded together 1o form a solid. Although the erysiallites do possess an
ordered intcmal structure just as single crystals do, their random orientation
produced during the high-temperature sintering or coalescing operation causes the
ceramic to have an overall isotropic {equal in all directions) character in regard to its
properties. This isotropic characler can be modificd. it desired, by special
techniques employed during the sintering operation (crystallite orientation by
mechanical, lectrical. or thermal crystallization means) or afier coaling to room
temperature. Many of the unique properties of ceramics are thus a direct result of
the properties of the small crystallites themselves, their orientation with respect to

each other, or the grain {crystatlite) boundaries between them.

Ceramics may encompass a wide range of polverystalline materials; however, our

interests here are centered on those types known as electronic ceramics. These

‘materials are highly speeialized, being prepared from specilically formulated

compositions {usually not found in nature), processed under contrelled conditions
and fabricated into complex shapes with specific properties, particularly clectrical
properties. Among these are included insulators, ferrites, capacitors, substrates,
varistors, PTCs {positive temperaturc-coefticient materials), {emoelectrics,
pyroelectrics, piezoelectrics, and electrooptic ceramics. We deal here specifically
with ferroelectrics, material, The inclusion of piezeelectrics under the category of
ferroelectrics as given in Figure 1 is nol rigorous, since piezoelectricity is the more
gencral phenomenon; however, today's usage of the term ferroelectric tends to be
atl-inclusive since most ceramics exhibiting pyroelectric, piezoelectric, and

electrooptic behavior are ferrpelectric. The actual relationship between these effects



is discussed in succeeding sections.

2.2 Piczoelectric Ceramics

2.2.1 Symmetric Considerations

Piezoelectricity [11] is a propery possessed by a select group of materials. It was
discovered in (880 by Pierre and Jacques Curie during their systematic study of the
effect of pressure on the generation of electrical charge by crystals such as quanz,
zinc blende, tourmaline, and Rochelle salt; however, the term "piezoelectricity”
{pressure electricity) was first suggested by W. Hanke! in 1881. Cady [12] defines
piczoelectricity as "electric polarization produced by meshanical strain in crystals
belonging o certain classes, the polarization being proportional to the strain and
changing sign with it." Two cftects are manifest in piezoclectricity: the direct effect
and the converse or inverse effeet. The direct effect is identified with the
phenomenon whereby electrical charge (polarization) is generated from a
machanical stress, whereas the converse cifect s associated with the mechanical
movement generated by the application of an electrical ficld. Both effects are useful

and have found application in present-day devices.

An understanding of the concept of piezoelectricity must necessarily begin deep
down inside the structure of the material; and for our purposes here, let's consider a
single cryslal or single crystallite in the case of a ceramic. This crystal has a definite
chemical composition, and hence [s made up of fons (atoms with positive or
‘negative charge), which are constrained to occupy positions in a specitic repeating
relationship to each other, thus building up the structure or lattice of the crystal. The
smallest repeating unit of the lanice is called the unit cell. and the specific
symmetry possessed by the unit cell determines whether it is possible for
piezoelectricity to exist in the crystal. Furthermore, the symmetry of a crystal’s

internal structure is refected in symmetry of its external properiies.

The elements of symmetry that are utilized by crystallographers to define symmetry
about 2 point in space, for example, the central point of a unit cell, are (1) a point
{center) of symmetry, (2) axcs of rotation, {3) mirror planes, and {4) combinations

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



different classes or point groups, as shown in Figure 2. These 32-point groups are
subdivisions of seven basic crystal systems, which are, in order ef ascending
symmetry, triclinic. monoclinic, orthorhombic, tetragonal, rhombohedral {trigonal),
hexagonal, and cubic. Of the 32-point groups, 21 classes do not possess a cenler of
symmetry {a necessary condition tor piezoelectricity to exist) and 20 of these are
plezoelectric. One class, although lacking a center of symmetry, is not piezoelectric

because of other combined symmetry elements.
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Figure 2.2: Interrelationship of piezoelectrics and subgroups on the basis of internal

crystal symmetry.



U can he seen that a lack of a center of symmetry is all-important for the presence of
piezoclectricity when one considers that a homogeneous stress is centrosymmetric
and cannot produce an unsymmetric result (e.g., a vector quantity such as electric
polarization} unless the material lacks a center of symmetry whereby a net
movement ol the positive and negative ions with respect to cach other as a result of

the stress produces an electric dipole (polarization).

For plezoelectricity. this effect is linear and reversible; the sign of the charge
produced is dependent on the dircction of the stress {tensile or compressive). When
one now considers a ceramic consisting of a multitude of tiny, piezoelectric
crystallites at random orientation, quite a different situation from that of a single
crystal is oblained. This random orientation causes the overall ceramic to be
inactive, with no pieroclectricity detectable until some means is found to polarize
the ceramic as a whole entity. With piczoelectric crystallites, this is possible only
through techniques such as extrusion, hot forging, or directional recrystallization,

which will orient the crystallites.

2.3, Ferroelectric Ceramics

If we again refer to Figure 2.2, we sce that there are 10 crystal classes, out of a
possible 20, that are designated as pyroelectric. This group of crystals possesses the
unusual characteristic of being permanently polarized within a given temperature
range. Unlike the more general piezoelectric classes. which produce a polarization
under stress, the pyroelectrics develop this polarization spontaneously and form
permanent dipoles in the structure. This polarization also changes with temperature-
hence the term pyroelectricity. Pyroelectric erystals such as tourmaline and wurtzite
are often called polar materials, referring to the unique polar axis existing within the
lattice. The length of the polar axis {dipole moment) varies with temperature,
changing sign as the temperature is either clevated or lowered. Present-day
pyroelectric devices utilize this effect in’'such applications as intrusion alarms,

thermal imaging, and geographical mapping.

A suberoup of the spontaneously polarized pyroclectrics is a special category of



materials known as ‘ferroelectrics. Materials in this group are characterized as
crystals that possess a spontangous dipole, and this dipole is reversible by an electric
{izld of some magnitude less than the dielectric breakdown of the material itself,
Because of the empirical nature of determining the reversibility of the dipoles, as
detected in a hystoresis loop measurement, one cannot predict the existence of
ferroclectricity in a new material with much accuracy. We do see. however, that the
basis for the existence of ferroslectricity rests primarily on structural {symmetry)
considerations. The number of aciual ferroclectrics today is known to be in the
thousands when onc includes the large number of ceramic solid-solution
compositions, and it is no tonger the great "accident of nature” that it was once
thought to be. Ferroelectricity was first discovered in Rochelle salt by Valesck in
1924. Further significant developments in the history of ferrcelectric materials came
in the 1940s when ferroelectricity was discovered in single-crystal and ceramic
barium titanate and in the 1950s when the ferroelectric lead zirconaile titanate

ceramic solid-solution compositions were developed [10].

Ferrnelectric coramics have a number of properties, which make them very useful in
a variety of applications. These include (1) a high dielestric constant, (2) high
piczoeleciric constants, (3) relatively low dielectric loss. {4} high electrical
resistivity., (3) moisture insensitivity, () high electromechanical coupling, (7)
medium hardness, (8) fairly high pyroelectric coefficients; and in some special

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

ocfiicients. Although these properties do not always combine to produce an

optimum eflect in anyone application, one can see that the number of desirable
properties provides the possibility for many new and unique applications. This is
particularly true when one considers the intcractive propenties of (1)
glectromechanical (piezoelectric) behavior relating mechanical and  elecirical
properties, and (2) electroopric effects refating electrical and optical preperties. In

addition, these properties in ceramics can be continucusly modified over specifled

ranges because many ceramic compositions form continuous solid selutions {solid

solubility) of one or more compounds in each other. Less obvious, but perhaps
equally important, is the tact that most ceramics can be fabricated into complex

shapes and are more economical to produce.



The most outstanding Featurc of a ferroelectric ceramic is its hysteresis loop. It
describes the nonlinear polarization switching behavior as a function of field. The
initial application of an electric field to a virgin ferroelectric electroded disk
produces very litlle effect until the efectric field becomes sulficiently high to switch
the dipoles in the crystallites. At this field, the polarization {measured as voltage on
a large, knowr. series capacitor) changes sharply and reaches saturation at higher
fields. Reducing the ficld to zero leaves the material with a net permanent
polarization known as remanent polarization (Pgl. As the field is reversed.
polarization is first reduced to zero and then changes direction (sign) as the field
produces saturation polarization in the opposite direction, thus tracing out a
hystercsis loop. The field at which the polarization equals zerv {changes sign) is
known as the coercive field E. Poling consists of applying one-quarder of a

hysteresis loop, leaving the materia! in a remanently polarized condition at P,

Although a large number of ferroelectric ceramics are used in piezoclectric
applications today, it should be pointed out that devices which are strictly dependent
on the ferroelectric {polarization sw{t{:hiﬁg} properties of ceramics have not found
acceprance in the marketplace. This has been due primarily o (1) undesirable
fatigue elFects resulting from stress (strain)-induced microcracks developed during
switching, and (2) the lack of a definite electrical switching field (Ec), which can
cause loss of remnant (memaory) polarization states in the material over a period of
time when subjected to partial reversing fields. Undoubtedly, these detractors would

“need to be overcome hefore ferroelectric-switching devices will be successful.

2.4 Ferroelectric phenomena

2.4.1 Curie point and Phase Transitions

All ferroelectric materials have a transition temperature called ‘the Curie paint (T
At & temperature T > T, the crystal does not exhibit ferroelectricity, below Tg it is
ferroelcemric. On decreasing the temperature through the Curie peint, a ferroelectric
crystal undergoes a phase transition from a non-ferroelectric phase to a ferroclectric

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

10

‘l.



crystal transtorms from onc ferroelectric phase to another is called the transition

temperature.
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Figure 2.3:  Variation of dielectric constants {a and ¢ axis) with temperature for

BaTiOs. [13]

The phase transition in BaTiO; is of first order, and as a result, there is a
discontinuity in the polarization, lattice constant, and many other properties, as
becomes clear in Figure 2.4, 1t is also clear in the figure that there is three phase
transitions in barium titanate having the following sequence upon cooling:
“thombahedral, orthorhombic, tetragonal and cubic. There is a small thermal
hysteresis of the transition temperature, which depends on many parameters such as
the rate of temperature change, mechanical stresses or crystal imperfections. From a
crystal chemical view, the Ba-O framework evokes an interstitial for the central Tid+
jon, which is larger than the actual size of the Tid+ ion. As a result, the series of

phase transformations takes place to reduce the Ti cavity size. Cemainly, the radii of

the ions involved impact
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the propensity for forming feroelectric phases; thus both PbTIiO; and BaTiO; have
ferroelectric phases, while CaTiO; and S1Ti0, do not {14]. Early research work on
ferroelectric transitions has been sumimarized by Nettleton [15, 16]. Figure 2.3
shows the variation of the relative permittivity € with temperature as a BaTiO,
crystal is cooled from its paraelectric cubic phase to the ferroclectric tetragonal,
orhorhombic, and rhombohedral phases. Near the Curie point or transition
temperaturcs, thermodynamic properiies including dielectric, clastic, optical, and
thermal constants show an anomalous behavior. This is due to a distortion in the
ctystal as the phase structure changes. The temperature dependence of the dieleciric

constant above the Curie point (T > T.) in ferroeleciric crystals is governed by the

Curie-Weiss law,
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2.4.2 Crystal structure and phase transformation

Large classes of ferroelectric crystals are made up of mined oxides containing
comer-sharing octahedra of 0% ions schematically shown in Figure 2.5, Inside each
octzhedron iz a cation B™ where "' varics trom 3 to 6. The spaces between the
actahedra are occupied by A" jons where "a’ varies ftom 1 to 3. In prototype forms,
the geometric centers of the A*, B® and O ions coincide, giving rise to a non-polar
lattice. When polarized, the A and B ions are displaced from their geometric centers
with respect to the (" jons, to give a net polarity to the lattice. These displacements
occur due to the changes in the lattice structure when phase transitions take place as
the temperature is changed. The formation of dipoles by the displacement of ions
“ will not lead to spontancous polarization if a compensation patern of dipoles are

formed which give zero net dipale moment.

(a) . Ba (A) {bs}

Figure 2.5: (@) A cubic ABO; (BaTiOs} perovskite-type unit cell and (b} three

dimensional network of comer sharing octahedra of O;- fons | 131

Perovskite 15 a family name of a group of materials and the mineral name of calcium
titanate (CaTiOs) having a structure of the type ABOs. A wide variety of cations can

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

t=(Ru + Re) ¥2{Rg + Ro)



For an ideal perovskite structure t = 1, and R4, Rpand Ry the tonic radius of large
cation, small cation and oxygen [17]. The structure takes cubit from with the t
value between 0.93 to 1.0; lower this slightly distorted cubic but not ferroelectric but

slightly over 1.0 tends to be ferroelectric [18).

Different phase transformations and cell dimensions of BaTiQ; are illustrated in
Figure 2.6. BaTiQ; has a paraelectric cubic phasc above its Curic point of about
130°C. Tn the lemperature range of 130°C to 0°C the ferroelectric tetragonal phase
with a c/a ratio of ~1.01 is stable. The spontancous polarization is along one of the
[001] directions in the original cubic structure. Between 0°C and -90°C, the
ferroelectric ornhorhombic phase is stable with the polarization along one of the
[110] directions in the original cubic structure. On decreasing the temperature below
90°C the phase transition from the omhorhombic to ferroelectric rthombohedral

phase leads to polarization along one of the [L11] cubic direetions.
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Cn cooling from high temperatures, the permittivity increascs up to values well
above 10,000 at the phase transition temperature .. The inverse susceptibility as
well a5 the dielectric permitlivity follows a Curie-Weiss law. The appearance of the
spontancous polarization s accompanied with a spontaneous {tetragonal) latice
distortion. The phase transition in barium titanate is of frst order, and as a result,
there is a discontinuity in the polarization, ladtice constant, and many other

properties, as becomes clear in Figure 2.4,

Many piezoelectric (including ferroelcctric) ceramics such as Barium Titanate
(BaTi0;), Lead Titanate (PbTiO3), Lead Zirconate Titanate (PZT), Lead Lanthanum
Zirconate Titanate (PLZT), Lead Magncsium Niobate {PMN), Potassium Nichate
{KNbOs), Potassium Sodium Nicbate {kNaNbOy). and Potassium Tantalate
Wichate {Ki{Ta,Nb. 4) have a perovskite type structure.

2.4.3 Ferroelectric Hysteresis Loop

Figure 2.7: A Polarization vs. Electric Field (P-L) hysteresis loop for a typical

ferraelectric crystal, [19]

The result of spontancous polarization of a ferroclectric at T, is the appearance of
very high k' and a hesterisis loop tor polarization (Figure 2.7). The hesterisis loop is
due to the presence of crystallographic domains within which there is complete

alignment of electric dipole.  The ferrcelectric hysteresis originates from the




existence of irreversible polarization processes by polarization reversals of a single
ferroelectric lattice cell. However, the exact interplay between this fundamental
process, domain walls, defects and the overall appearance of the ferroelectric
hysteresis is still not precisely known. The separation of the total polarization into
reversible and irreversible contributions might facilitate the understanding of
ferroelectric polarization mechanisms. Especially, the irreversible processes would
be important for ferroelectric memory devices, since the reversible processes cannot
be used to store information. For ferroelectrics, mainly two possible mechanisms for
irreversible processes exist. First, lanlice defects, which interact with a domain wall
and hinder it from returning into ils initial position, after removing the electric lteld,
which initiated ihe domain wall motion (“pinning™. Second, the nucleation and
growth of new domains that do not disappear afier the field is removed. In
farroelectric materials, the marer is further complicated by defect dipoles and free
charges that contribute to the measured polarization and can interact with domain

walls [20].

Reversible ferroelectrics arc the basic requisite of dielectric materials for application
such as capacitors. Reversible contributions in ferroelectrics are due to ionic and
electronic displacements and to domain wall motions with small amplitude. These
‘mechanisms are very fast. The reorientation of dipoles andfor defect or free charges
also contributes to the total polarization. These mechanisms are usually much

slower, but they also might be reversible (relaxation).

“+

Remnant palarization and.coercive voltage are of critical imporiance to the design of

external circuits of FeRAMs,
244 TFerroeleciric domain

Ferroelectric crystals possess regions with uniform polarization called ferroelectric
domains, Within a domain, all the electrie dipoles er the polar axis transformation
occur and spontaneous polarization takes place. The electrical stray (el encrgy
caused by the nen-compensated polarization charges is reduced by the formation of
ferroelectric domains as shown in Figure 2.8, The configuration of the domains

lollows a head-to-tail condition in order to avoid dis¢ontinuities in the polarization

16



at the domain boundary. The polarization may be orientated in any of the six pseudo
cubic <001> directions. Therefore, the polar axis may be aligned orthogonally (90°

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

Figure 2.8: Reduction of electrical encrgy by domain formation.
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Figure 2.9: Domain polarization direction changed by poling

Atomic force microscopy [21] and TEM [22] was used to characterize domain. A
very strong field could lead to the reversal of the polarization in the domain, known
as domain switching |23}, The rclationships between ctch patern and the domain

crientalion in BaTiCy crystal in tetregonal state had been described by Hooton [24].
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Domains can be obhserved under the optical microscope and in SEM aftter the
polished sample being etched with concentrated HCI [25]. During etching processing
the positive ends of the electric dipoles etch mapidly, forming a rough surface, the
negative ends etch slowly, forming smeoth surface and the sides {dipoles parallel to

the surface) etch at an intermediate rate, forming a semi smooth surface.

The built-up of domain wall. elastic stress fields as well as free charge carriers
counteracts the process of domain formation. Tn addition, an influence of vacancies,

dislocations and dopants exits [26].

2.5 Science of BaTiO; Materials

2.5.1 Formation of phases and Phase Diagram

BaTiO; formed during reaction above through formation number of intermediate
phases. Templeton [27] detceted the intermediate second phases BagTiOs, BaTi(yg
and BaTi;0.nThe final conversion to monophase BaTiOs determined by
decomposition of the intermediate phases, ie, the dillusional exchange berween Ba
and Ti rich reeion in the powder. The calcinations temperature and the amount of
' intermediate phases critically depend on the morphology and degree of mixing of the
raw material. During ball milling this is an imperiant point aimed to accomplish.
According to Bauger et al [28], during this solid-solid reaction Ba( act as the mobile
agent. At the contact interface Bal) is formed which diffuses into the TiO: forming
. as intermediate laver of Ba;Ti0y, which slowly reacts with the residual TiCk to lorm
1Ha’l‘i(}3, Hence, paricle size is an important factor especially the size of TiQ; as it

determines the particle size of BaTiO;.

_The phase diagram of BaO-TiO; is shown in Figure 2.10. As per phase diagram
stoichometric BaTiOs can accommeodate litle more TiO: with the compound.
Formation of Ba.TiO, is inhibited below 1100°C by the presence of a COy
atmosphere. This phase is particularly harmful, since it is hygroscopic and
decomposed with swelling in slightly moist air. Incomplete mixing and reaction will
vield small amounts of Ba-Ti0O, and BaTi;(); and other intermediate phases. The
same kind of harmful phases may also occur when alkaline earth oxides, such as Ca,

Sr used in substituted BaTi0); [29]. Effeet of calcination temperature was studied by

18
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Maison et [30] suggests at 700°C tetragonal BaTiO; do net form whereas at

1100°C it does at the expenses of particle agglomeration.

Dopent and other additives are added at this stage of processing. A great advantage
of this method is that dopes and additives can be homogeneously incorporated into
the perovskite latlice during calcinations. The calcining temperature is imponant as
it influences the density and hence the electromechanical properties of the final
product. The higher the calcinations temperature, the higher the homogeneity and
density of the final ceramic product. Many calcinations temperature and time scheme
has been suggested. Higher temperature and longer time usually yield completely
reacted powder but coarser particle size posing difficulties during subsequent milling
So, proper calcination at the right temperaturc is necessary to obtain the best

electrical, mechanical properties and minimizing the presence ot harmful phases
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2.3.2 Ellect of prain size

Reducing the grain size of the barium titanate ceramic below about | pm diameter
has a Nattening effect on capacitance versus temperature. The origin of this eftect is
in the nature of the symmetry transition associated with the 130°C permittivity peak
of BaTiO4. The microstructure of a large-grained ceramic contains "90°" twins
formed to relieve the strains generated when the C axis elongates on passing from
the cubic to the tetragonal symmetry; in the strained the highest permittiviry is
displays. The domain boundary plane has have surface energy proportional to the
square of the grain diameter; the strain energy responsible for domain formation, a
volumme effect, is related to the cube of the grain diameter. With decrcasing grain
size & critical size, De 1 reached where it Is enerpetically less costly to suppert an
clastic strain than to relieve by twin formation. The ceramic in which situation
exists will have average grain size of the order of | pm or less and be untwined; that
is each grain will comprise a single domain and have one orientation of spontaneous
polarization, be stressed and tend to be cubic symmetry. The permitiivity of
ceramic in this condition will be erater than when unstrained, having a room
temperature value of average 2000, compared with 1400 for large grained, freely
twinned BaTi0;. 10 take advantage of this effect, BaTi(Q; starting material of very
fine grain size and processing that minimizes grain growth are required. Fig 2.11

shows the ferroelectric transition of BaTiO; at 120%C for ultea fine pamicles.
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Figure 2.11:  Ferroelectric behavior of ultra fine particle size BaTiC;
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When this is compared with the single crystalline BaTiOs we can sce a markedly
different behavior. For single crystalline material, the transition is extremely sharp.
In fact, the derivative goes to infinits. In the case of fine particle, (1 to 2 pm) the
transition is gradual. This indicates that there is relationship between the size of the
crystalline structure and the equilibrium position of the titanium lons in the polarize
state.  tn ultra fine powder {0.2 pm), therc exists little or no oriemational
relationship, Like wise, the increase In dielectric constant is much less for ukra fne
pariicles. This again shows the interrelationship of the microstructure and the
ferroelectric domains. The domain orientation of the ultra fine powder is random.

This randomization tends to broaden the ferroelectric transition.

Figure 2.12 shows the variation of diclectric constant with temperature for BaTiOs
ceramics with a fine (<1pm) and coarse (>50pum) grain size. Large grained BaTiO;
{=1um) shows an extremely high dielectric constant at the Curie point. This is
because of the formation of multiple domains in a single grain, the motion of whose
walls increases the diclectric constant at the Curie point. For g HaTiO; ceramic with
fine grains {<ipm), a single domain forms inside each grain. The movement of
domain walls are restricted by the grain boundaries, thus lcading to a low dielectric

constant at the Curie point as compared to coarse erained BaTi(; [31]. The room

temperature dielectric constant k™ of coarse grained (=30pm) BaTiOy ceramics is

-found to be in the range of 15300-2000. On the other hand, fine grained (~1pm}
BaTil ceramics exhibit & room temperature dielectric constant between 3300-6000.
The grain size effect on the dielectric constant at room tcmperature has been
explained by the work of Arlt et al. [22] and Buessem et. al. [32] coworkers
proposed that the intemnal stresses In fine grainedJ BaTi{O; must ba much greater than
the coarse pgrained ceramic, thus leading to a higher permitiivity at room

temperature. Arlt studied the domain structures in BT ceramics and showed that the

room temperature k” reached a peak valuc at a critical grain size of ~0.7um. He

concluded that the enhanced dielectric constant was due to the increased 907 domain

wall density.
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The mobility of the 90° domain walls in very fine-grained BT is hindered and only
less than 235 % of the k” was achieved. As the BT ceramics have a very large room
temperature dielectric constant, they are mainly wused multilayer capacitor
applications. The grain size control is very important for these applications.

Frey etal [33] repored the results of an investigation into the grain-size
dependence of lattice structure for barium titanate (BaTi0,) ceramics prepared by a
s0l-gel method. Raman and infrarcd spectroscopy, x-ray diffraction, and differential
scanning calorimetry were used in combination with electron microscopy (Figure
-2.13) to study the evolution of lattice structure and phase transformation behavior
with heat treatment and grain growth from the nano scale to the micron scale for
AaTiQ; polyerystals, Raman spectroscopy and optical second-harmotic generation
measuremnents indicated the onset of local room-temperature aceniric crystal
symmetry with heat treatment and crystallite growth, well before the obscrvation of
any tetraponal structure by x-ray diffraction. Analysis of the room temperature
Raman spectra for ultrafine grain (grain size < 0.1um) polycrystals suggested that a
locally orhorhombic structure preceded the globally tetragonal form with grain
growth. In support of this observation, differential scanning calorimetry suggested
the orthorhombic-istragona! phase transformation  shifis wp through room

temperature with decreasing grain size.  Hot-stage transmission electron
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microseopy studies  (Figure 2.14) revealed that Mine grain (grain size = 0.1pm)
ceramics. which showed a thermal anomaly associated with the cubic-tetragonal
phase transformation, were un twinned at room temperaturs, as well as on cycling

through the normal Curie temperature, spggesting a single-domain state for

individual grains.
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Figure 2.13: SEM photograph iilustration the grain growth with increasing heat

treatment temperature for sintered for xerogel picces (&) 800°C (b} 1000°C (C)
1200°C
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Figure 2.14:  TEM photograph illustrating the development of a poly domain

__ — subgrain structure for BaTi04 of grain size Tum.



Arlt et. el [22] reported that at grain size <10pm the width of the ferroelectric 90°
domains decreases propomionally to the square root of the zrain diameter. The
decreasing width of the domain can be theoretically explained by the equilibrium of
clastic field energy and domain wall energy. The smaller the grain, the more the
dielectric and elastic constants arc determined by the contribution of 90° domain
walls. The permittivity below the Curle point shows a pronousced maximum ¢
=3000 at grain sizes 0.8-lum. At grain sizes less than<0.7um the permittivity
strongly decreases and the lattice gradually changes from tetragonal to pseudocubic.

Figure 2.15 shows the microstructure of fine grain BaTiOs.

Figure 2.15:  Thermal etching of fine grain BaTiOs, | h in air at 1100°C; BaTiO,
hot pressed at1130°C,

2.5.3 Effect of electric [eld

‘L he magnitude of the applied filed E has a large effect on the switching of domains
and also on the temperature of the onset of electricity. Te as shown in Figure 2.16,
step A-B designare the switching transition, that is reversing domain orientation, due
to changing at a constant temperature. Step C-D is a transition to the non-

ferroelectric state, which is due to thermal disordering of the dipofe in the domains.

24



Step A-H is a transition from ferreelectric to non-ferroelectric state under a feld
bias. As indicated, the transition temperature is higher. Step F-G is double loop
switching, This field effect in polarization switching is shown in Figure 2.17. When
the bias does not exceed 6kW/cm [34], the bias cause finite polarization even at
temperature above Tg; a linear dielectric responsc of the material resull. When the
bias is sufficiently large the spontaneows polarization P; and the dielectric
polarization merge and T;  loses meaning {Figure 2.18).
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Figure 2.16: Ferroelectric transitions

]

1

1 horinal r
In sl isas
Includde!

i

Ficieetrn Befavior K
mid
Hiermal hysroe-e

Figure 2.17:  lleld effects on polarization of a fermoelectric
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Figure 2.18:  Effect of bias on T¢

2.5.4 Domain struciure effect

Many of the properties of ferroelectric ceramics such as dieleciric constant, aging,
diclectric loss, ete., are related to the  motion of domain boundaries. It is therefore
of great importance to be able to examine and accurately interpret ferroelectric
domain structures. The domain structure of BaTiO; is of particular intzrest because
of its extensive application in electronic application. Between 1460°C and 130°C
BaTiQ; adopts a cubic perovskite structure and is paraelectric. On cooling below
130°C, it undcrgoes phase transition accompanicd by an elongation along one cubic
axis {c axis), and a contraction along the other two (a) axes. The result is a tetragonal
unit cell with ¢/a ratio of =1.101. The tetragonal phase is fermoclectric, and the
“direction spontanecus polarization being parallel to the elongated ¢ axis. The phasc
is stable down to 5°C, where transformations to an orhorhombic structure take
place. The knowledge of ferroelectric domains in tetragonal BaTiOs [33] can be
summarized as foliows:
{1} In an individual domain, the direction polarization ogours along ¢ axis and
parallel to any one of the three criginal [100] cube axes.
(il There arc two types of domain boundary, 90° and 180°, The angles refer to

the angle between the domain polarization vectors on either side of the

boundary.
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(i)  90° boundary walls lie on (110) planes and tend to be straight. The energy
of 180° boundary walls, however is less sensitive to crystallographic

orientation; thus 18Q° boundaries are usually ‘wavy.’

Figure 2.19: Domain pattern of fine grained (left) and coarse grained (right}

BaTiO; ceramic.

(iv)  The polarization vectors adopt a head to tail arrangement across a 00°

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

In polycrystatline bulk ceramics the pattern of domains is quile differcnt because the
domain structure of each grain is formed under elastic clamped conditions by its
surrounding neighbors, whereas a single crystal is free [9}. Tt should be noted that
only non-180° domains, i.e. 90° domains (for tetragonal structures) or 71 and 109

"domains {for thombohedral structures), have the potential to reduce elastic energy.

Therc exist two types of domain in coarse-grained BaTiO;, called herringbone and
square net pattem. The first one is by far the most common in unpoled CCramics. AS
shown in Figure 2.19, by decreasing the grain size the domain pattern changes from

a banded to a laminar structure [36].
2.5.5 Doping and compesitional effect

The temperature dependence of T. and &' can be modified by forming solid soiutions
over a wide range of compositions. For example, Pb2+. Sr+, Ca2+, Cd2+ can be

substituted for Ba2+ in the titanate lattice. Also, Sed+, H%, Zrd+, Ced+. Thd+ can
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he substituted for Tid+.The zirconates (XZr0Os:), nichates {XNbOj;), tantalates
(XTa0;), tungstates (XWO;) and molybdates {(XMO;} also form ferroelectrics [7].
Tt is repored that substitution of $r+ for Ba2+ lowers the Curie point. Substitution
Po2+ for Ba2+ increases T, to a maximum of 490°C. The effect is due to the lower
M-O bonding for Pb < Ba < St which offers less resistance to the motion of the Ti
ions in their six told oxygen coordination Neld. Eftect of doping on the transition

temperature is shown in the Figure 2.20.

The strain energy introduced by clectro-strictive effects on cooling through and
below the Te when some domains change their orientation in relation 10 others
causes time dependence for the dielectric constant known as aging [7] The rale of
chanpe increases as the initial value of &' increases. Both composition and heat
treatment affect aging and &% In a polycrystalline ceramic, domain reotientation is
affected by grain sizc, impurities, and pores, which prevent domain movement due

to siresses, imposed by surmounding grains.

Temprphan,

Figure 2.20: The effeet of doping on the transition temperatures of BaTiOs ceramic
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2.5.6 Observatinn of Microstroctural features

Scveral investigators have deseribed the ferroelectric or twin domains that can be
seen in the single crystal of Barium titanate. For most practical application
polycrystalline Barium Titanate ceramics are the most important than single crystal.
R.C. DeYRIES etal [38] described elaborately the micro structural features of
polyerystalling barium titanate. Polising and etching are very important part of
Microstructural observation. It is interesting however thar the different methods of
polishing and etching do not reveal all the microstructural features of the structure.
It shoutd be noted that the thermally etched sample reveal grain boundaries but no
domains, where the chemical eiched samples exhibil domain pattern and few or no
grain boundarics. The reason is that at elevated temperatures where thermal etching
(partial melting) takes place there are no domains since the material is in the non
polar, cubic phase, whereas at room temperature where the chemica! etching occurs,
domain have spontaneously formed when the material is bought below ils Curle
point [7]. The investigators [37] fabricated the sample in such a condition that
resulted in a ceramic of about 15% porosity containing large domain (70 to 100p) in
which ferroelectric domain structure could be readily distinguish. In the commercial

based ceramics is usually considerably smalfer than this..
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Figure 2.21:  Polycrysmalline BaTiO; after polishing and etching. Fine black and
white strips are 90° domains; imegular line crossing 90° domains are 180°

boundaries (»5040),
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The microstructure of the polverystalline aggregates has two obvious features not
showr in 2 single crystal microstructure (1) pores which arise from the ceramic
having been made from powder and (2) grain boundaries. 'The finest black and white
stripes {(about 0.5 to 2y wide) arc 90° domain as shown in Figure 221, Another

observation of domain in BaTiO; reported by Arlt et.al [33] shown in Figure 2.22.

(a) (b)

Ficure 2.22: Ferroelectric domain pattern (a) BaliC: sintered 2 hour at 1330°C,

chemically etched. (b) BaTiO; hot pressed at 1080°C; sintered 6Chour at 1230°C;

ion beam etched.

-They are rey ealed in this way because the differently oriented twin domains etch to
give different surface roughness, which reflects light differently. In gonsidering the
thickness of the domain boundaries, it is helpful to recall that these domains are also
crystallographic twins. A frequent characteristic structure is & straight line, which
always extends completely through a grain with the structures on the either side of
this trace changing dircetion in to it Such a structure is very similar in appearance to
the (111) annealing twins frequently observed in face centered cubic mefals. An
analysis of the tmce directions in the grain shown. with the aid of a stereographic
projection and making the assumption that all 90° domain boundaries are traces of
{101} types planes, leads to the solution that the line referred to Is indeed a trace of

(111} plane, and thus supports the conclusion that these markings are interfaces
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between (11§} twins. One micro structural feature, which is very evident in the
ceramic and abseat in most single crvstals is the arrangement of families of {101}
twins in broad bands as shown in Figure 2.21. These bands {about 10pu wide) are
define by the change In direction of the included fine twins {never more than two
difTerent dircctions within a band) and the interfaces are reasonably close to straight

lines with the exception of a few orientations which have wedge like shape.

2.6 Dielectric Properties

Ceramics are mostly covalently bonded material hence electrically non-conductive
or insulator. Imporiance of particular property depends on the application demand.
For instance, dielectric strength is an impomant parameter for application of ceramic
as insulators used in power transmission fine, load bearing general insulators, in
house hold appliances, etc. ln this kind of applications where frequency do not

exceed 1 kllz, the breakdown strength, measured in kW/em, together with

mechanical strength are prime important factors. The dielectric constant (k7) or loss
factor (k') does not matter much. On the other hand, for capacitor and electronics

applications just the opposite requircd. The values of k" and k™" are of prime

importance. not only their room temperature values but also as function of
temperature and frequency. These are inttinsic properties of malcrial, especially of
polycrystalling ceramic, can be modified by doping. micro structural variation, etc.
Ba'li0; is used exlensively as a principal ingredient for multi layer ceramic capacitor
(MLCC) manufactured commercially in billions. In the following sections basic
concept and factors govemning dielectric constant. dielectric loss is discussed.

Materials are treated as polycrystatline and linear dielectric.
2.6,1 Dielectric constant
The overall Dielectric constant (k™) of an insulator material is given by the relation:

D=c,E=ex'E  — — il
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D represents the electric displacement, E the electric field in the dielectric, k' the

dielectric constant and e, permittivity of vacuum. The clectric displacement

describes the extent to which the electric field has been altered by the presence of the

diclectric material. The dielectric constant k' is an intrinsic property of a material

and a measure of the ability of the material to storc cleclric charge tclative to
vacuumn. It is measured indirectly from the capacitance of a capacitor in which the

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

cell illustrated in Figure 2.23, the diclectric constant k', total charge Q feoulombs)

and capacitance C {farads) can be developed as follows:

D A
oy - - (2
£ g V/id
A 5
Therefore, (=& i V=CV - - {3}
‘ A
Where, C=g,x i — - 14}
&
A
C,=6— - - 5
T 55
C ¢
anlj. 'I=—:_u- _— —— 6
* C, & )

"Here, A represents the area of the capacitive cell, d its thickness {or gap between the
electrodes), Co and C the rtespeclive capacitance of the capacitor with air and
material, V the voltage across the cell and & the material permittivity (F/m). Thus, k’
represents the ratio of the perminivity or charge storage capacity relative to air or
vacuum as dielectric. It is clear from eq. {5} that for a given size capacitor and
applied voltage the higher the k' the higher the capacitance of the capacitor. This is
the only variable left with the material scientist to increase the capacitance per unit

volume value of capacitor for modemn electronics applications.
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Fipure 2.23;  Equivalent circuit diagrams a) Capacitive cell, b) Charging and loss

curment ¢} loss tangent

2.6.2 Dielectric Loss

An ideal dielectric would altow no [ow of electronic charge, only a displacement of
charge via polarization. If a plate of such ideal material were placed between the
capacitive cell shown in Figure 2.23{a) and a dc¢ voltage was applied, the current
through the circuit would decay exponentially to zero with time. But this would not
be case if an alternating {sine wave) clectric [ield were applied. In this case the eq.

{4} may be written as:

-

Q = CVI,EIM — . {3}
Therefore,
= -“-;g- il = faC, sV - 8

here, T represent the current flow on discharge of the capacitor in time t. For real
dielectric maierizl, the current 7 has two vector components, real fp and imaginary Zc.
The condition of a lossy {not s0 good) dielectric illustrated in Figure 2.23(c) as an
equivalent circuit analogous of a resistance in parallel with the capacitor. The current

f-represents a (walt less) capacitive current proportional Lo the charge stored in the
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capacitor. It is frequency dependent and leads the voltage by 90°. On the other hand,
the current fx is ac conduction current In phase with the voitage ¥, which represents
the energy loss or power dissipated in the diglectric. The resultant angle between the
current and the voltage is ¢ somewhat less than 90" Tdeal dielectric under this
circumstance would not absorb any power and the capacitor would have zero loss.
The current would lead the voltage exactly 90°. The current in real capacitor lags
slightly bohind what it would be in an ideal capacitor. The angle of lag is defined as

& and the amount of lag becomes ian & or loss tangent.
Eq. {93 can be written for real and imaginary part,

I=f.+1I, -~ {1

=iwl ex'V+al e,k"¥F - {11}

I _&" . .
Il' - (1

Diclectric loss ofien attributed to ion migration, ion vibration & deformation and

By definition, tand =

electronic polarization. Ion migration is pamicularly important and strongly affected
by temperature and frequency. The losses due to ion migration incrcase at low

frequency and the lemperature increases.

2.6.3 Mechanism of Pelarizabion

. In general, there are five differeat mechanisms of polarization which can confribute

ter the dielectric response.

« Electronic polarization exists in all dielectrics or all solids up to optical
frequencies ~ 10'%([z [Buchanan].;t is bascd on the displacement of the negatively
charged electron shell against the positively charged core. The electronic
polarizability @, 1s approximately proporional to the volume of the electron shell.
Thus, in general @, is temperature-independent, and large atoms have a large

clectronic polarizability.

» [onic polarizatien is observed in ionic crystals and oceurs up to the infrared

region 10'°-10""Hz. It describes displacement of the positive and negative sublatices

under an applied electric field.
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« Qrientation polarization is both frequency dependent and temperature

dependent, since it represents dipole orientation and ion jump polarization.

» Space charge polarization eould exist in dielectric materials which show
spatial inhomogeneities of charge carrier densities. Space charge polarization effects
are nol enly of importance in semiconductor field-effeet devices, they alse oceur in
ceramics with electrically conducting grains and insulating grain boundaries (so-

called Maxwell-Wagner polarization).

» Domain wall polarization plays a decisive role in ferroelectric materials and
gontributes to the overall diclectric response. The motion of & domain wall that
separates regions of different oriented polarization takes place by the fact that

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

2.6.4 Materials Aspect

Intrinsic properties such as k'and k™ can be explained in terms of chemical

composition and structure. Material behavior in a dielectric field is a direct result of
three vector quantitics a) diclectric displacement D. b) electric field E, and o)

polarization P:
D=gx'E=g £+ P --- --- {13}
Affect of dialectric in capacitor lustrated in Figure 2.24. The contribution of

_vacuum is the term g,F and is the electrical polarization contribution of the

“dielectric.
Therefore, P=e {x'-1)E=¢ zE _— —— 14}

It is clear from eq. {1} and {14} polarization is the key factor attributing to the

dielectric property of material. For ceramic material, polarization can be further
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Figure 2.24: Parallel plate capacitor: a) without dielecric b) with diclectric E

constant ¢) with dielectric with [ constant.

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

per unit volume N and the local tield E’ in the dielectric:
P=aNE' - {13}

&2
T

-

and £ E - - {16}

_ Where, a represents the polarizability, arising from different polarization mechanism

of the material: @ =&, +e, o, +a, — 17
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Figure 2.25: Frequency dispersion behavior of diclectric material as function of

frequency.

representing the susceptibility associaled with clectronie, lenic, ericatational and
space charge polarization, respectivcly. For cubic structures and for induced dipoles
(lonic and electronic polarization), the calculation reveals a relation between the
atomic polarizability o, and the macroscopic permittivity & = £ which is referred to
the Clausius-Mossotit equation [14].

E:ﬂ - — {18}
£ -Na

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

mechanism are illustrated. Affect of different polarization mechanism to the overall
dielectric constant is related to the composition, frequency and temperature of the
dielectric material. In general, . increases with ion concenlration, fon sixe and ion
polarizability, hence ions like Ba™, Pb™", La*" are uscd in order to achive a higher

diclectric constant and refractive index. In ionic solids, (such as Mg0, ALOs) & is
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the predominant polarization mechanism, where ion size and separation have the
significant elfect. For ceramic materials with mobile ion. the orientational
polarization can be a factor. This can be attributed to ion jump polarization @,

where

: T2
a”=~"u— and & :ﬂ e {19}
3T £ 3T

p = ezd. represents the dipole moment associated with the jump of an jon of charge
¢z through a disiance 4. The relaxation time t and the number of successful ion

jumps per second are given in Arbenius form:

T=7,e" and  n=me ——- - {20}

er [

Here, | is the activation cnergy, & Boltzman constant and T absolute temperature. In
other word, for ceramic T decreases with temperature, the relaxation move to higher
temperature with increasing frequency and # increases with the temperature. Hence
it is normally observed k” to increase with the temperature at a given frequency and

at & given temperature k* decreases as frequency increased

2.7 Science of Barium-Strontium Titanate Materials

2.7.1 Formation of Solid selution

Solid solution with an iso structural compound broadens the Curie pick. This was

first perceived in BaTi0s-8rTi0; solid solution (Figure 2.26).
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Figure 2.26: Effect of solid solution on dielectric constant versus temperature

chamcteristic [7]

Ceramic based on BaTi0s-SrTiOs solid solutiens are frequently used to manufacture
ceramic capacitors and thermistors. Mixed titanates are also considered for other
applications such as delay lines, slow wave structures, optical medulators, ete.
(Ba.SryTi0; solid solution ceramics are usually made by shaping and firing ceramic
bodies from mintures of BaTid; and SrTi0; powders. 1 Kolar etal [38]
investigated in detail the Mechanism of (Ba,Sr)TiO; solid solution formation.
Duting sintering, a solid solution is formed which results in a shift of the Curie
_temperature and changes in other properties. DBaTiOs; and SrTi0s crysiallize in the
‘same perovskite structure. Both compounds form a complete series of solid solutions
[39]. The lattice paramcter of the perovskite cell decreases monotonically from pure
BaTiO: to pure SrTiO;. The system shows a minimum in melting temperature at
1585°C and 2.5 mol% StTiOs. In view of the similarity of crystal structures and
iomic sizes, (Ba,Sr¥Ti0; sclid solutions were expected to form by the simple
interdiffusion of Ba2+ and Sr+ lons in a relatively rigid Ti-O lattice. It was
confirmed by the present authors using X-ray microprobe analysis that Ba2+ ions
Jiffuse faster into the SrTiOs lattice than Sr2+ jons into the BaTiO3 lattice. This

conclusion was based on the shift of SrT10; X-ray diffraction lines.
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On the Ba-rich side of the system Ba0-BaTiOs, only one compound, Ba,TiO,
(barium orthotitanate), with a high melting point (higher than 1860°C}) is known.
This compound forms an an extensive solid solutien  with Sr;TIO, which end at a
composition with a Ba2+ :Se2+ ratio of about 1:3. On the SrO rich side of the
system SrO-SrTi0;, There exist several polytitanates such as 5r11:0%  and

Sr,Tis00 All of them may take some Ba in to selid solution.

{1) Mechanism of solid solution formation in the system BaTiOs-5rT0;

X-analysis of sintered BaTi(y 1:1 powder mixture confirmed Namura's
chservation, i.e. a shifi of SrTi0; reflections towards the higher d values at the same
fime, BaTi(; reflections intensity. However, some additional very faint diffraction
lines also appeared after firing at = 1300°C to 1400°C. After a 30-h anneal at
1400°C, BaTiDs was reduced 1o only a trace quantity and the position of
(Ba.StITiO; diffraction lines revealed the composition BagsSry sTiOy, indicating
that homogcnization was practically complete.  The faint additional lines
disappeared, The faint diffraction lines were found to correspond to BagTi20y and
(Ba.Sr). TiO; solid solutions, which are thus formed as intermediate compounds in
(Ba,Sr)Ti0); formation from mixtures of BaTiCh and SrTi0s powders. X-ray
microprobe analysis of the neck formed during sintering of a polyerystalline BaTiO;
sphere to a polished SrTiO; plate at 1300°C shows that Ba ion diffused along the
surface of SrTiQ:) and into its bulk. To maintain the electrical ncutrality, it is
assumed that 02- {ons accompany the diffusion of BaZ+ ions or that oxygen is
‘ransporied via the vapor phase. Penetration of Sr ions into the BaTi0;) sphere was
much stower (Fipure 2.27). Tt may be further observed that the neck area became
rich in titanium. Quantitative analysis of this area revealed a BaG: Ti0; ratio of
approximately 1:2.5. The analysis of a hot-pressed (1200°C,5h) BaTiO;-5rTi0s
region. Next to the Ba poly titanate layer, which is formed on the BaTiOs side, there
is a laver rich in Sr and containing some Ba. The Ti concentration level is slightly
lowor than in Sr§iCh (Figure 2.28). Careful examination of this layer under an

optical microscope showed a small amount of apparently solidified liquid phase.

40



Figure 2.27: Electron beam microanalysis of BaTiO; sphere —SrTi0s plate neck area

(1300, 12h)

The composition of the Ti-rich compound {poly titanate) formed on the BaTiO; side
of the contact area and the alkaline carth-rich compound {orthotitanate} formed on
the surface of Sr1i0s grains and in the contact area depends on temperature and the
phase relations in the termary system BaO-SrO-TiO,. On the basis of the
experimental evidence and the phase equilibrium data discussed in the introduetion,
the first step of (Ba,SHTi0; formation is:

RaTiOs+ SrTiO; BaTiOz + {Ba,Sr)2 TiOs(ss) (1}

“+

where ss=solid solution and x=23 in barium poly titanate depends on the
termperature and the diffusion rate of Ba2+ ions into SrTiOs. On the basis of the
composition indicated by X -ray microanalysis, the probable compounds are
Ba.Ti;704 and BaTi;0s. However, on the basis of the faint diffraction lines which
appeared in the powdered specimen afler firing, it is concluded that the compound is
Ba;Ti;704. Poly titanate forms a fow-temperature (1320°C) eutectic liquid with
BaTiOs The consequent BaTiO:-SrTi(s solid solution formation above 1300°C is
assisled by solution and precipitation. Accordingly, the mechanism of consequent

BaTiO;-SrTi0; solid solution formation may be described as:

(BaTiO,-BaTiO2x+1 Mgy + (BaSth TiOuss JHDRaSHTIO) wvrve e
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(2}

Dissolution of {Ba,Sr) Ti0:(ss} in a reactive {BaTids-BaTix02x+1) eutectic creates a

temary system with a still lower eutectic temperature.

Figure 2.28: Electron beam microanalysis of hot pressed (1200.5N) BaTiO;—SrTi0;

difTusion couple.

Figure 2.29: Scanning electron micrograph of neck formed during sintering

{1300°C, 24 H) berween polycrystalline BaTiO; and SrTiO; spheres)

Differential thermal analysis of mixtures ol Ba,Tij20u and BaStTiOq (ss) showed



an endothermic effect, indicating melting at 1280°C. A further indication that (Ba,
SryTi05(ss) crystallizes from the melt is given by Figure 2,29, which shows the neck
grown between polyerystalline BaTiO; and S¢[I0; spheres during sintering at
1300°C for 24 h. The polygonal large grains of the neck seem typical for melt-
grown crystals. Simifar large grains formed in the contacts between BaTiO; spheres
and SeTiO; plates, as shown on Figure 2.30{A). On the contrary, such large grains
never formed in contacts between the spheres and plates of the same chemical

composition, as shown on Figure 230(13).

Figure 2.3(: Micrograph of polished neck area betwcen (A) BaTiOs
ppheres/SrTiO;plate and (B) BaTiO; sphere/BaTithplate (1300°C, 12h)

Formation of (Ba,SriTiOs(sg) from non equilibrium compounds according to Eqs.
() and (2) was analyzed in more detail by examining the microstructure of the
diffusion couple prepared by pressing and sintering layers of DaSrTi0s. and
BaTi; ;04 at 13002+ 20°C for 4 h.

In Figure 2.31, the presence of a liquid phase is clearly visible between the erains of
the reaction product. The presence of liquid is easily explained as a consequence of
the tormation of (Ba,SNATiOsfss), which In twrn gives the eutectic liquid with
BaTiz04. The reactive eutectic dissolves both staming phase BasTiOsp and

BaSeTi0,.
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Figure 2.31: Microstructure of sintered DBaSrTiOy.-BagTi 7000 sandwich (1300°C, 4

h) with liquid layer among grains of reaction proeduct.

Equilibrium (Ba.Se)TiOx(ss) precipitaies from the supersaturated solutions. X-ray
analysis of the fired samples confimmed the presence of a perovskite (Ba,Sr)TiO;
phase besides the phases initially present. The BaSr  ratio  in
{Ba,Sr)TiO;(ss).depends on the loca! composition of the melt. Eleetron microprobe
analysis revealed the composition of reaction product as Bayg;8tg4;Ti0;. The
solidified liguid phase among (BaSr)Ti0O; grains in Figure 2.31 was difficult to
analyze accurately due to the limited size. The approximate composition was
‘determined as BaO: 5¢0:TiO-. = 1 0. t: 2.3, which is in accordance with the
proposed explanation. Line analysis across the ditfusion couple revealed, besides
the facts already discussed, a thin layer rich in Sr berween the (Ba 5r)Ti0, and
(Ba,Sr¥Ti0Os(ss) layver. Analysis of the Sr-rich layer gave the composition BaO: SrQ:
TiOs 0.35: 1: [, indicating the existence of (Sr,Ba};"l:[gD;-. solid solution. Transient
formation of this phase during equilibrium in the system (Ba,Sr)Ti0s-BagTii#04p is
possible on the basis of BaO-SrO-TiO; equilibrium dataS and compatible with
composition analysis of other phases in the (Ba,SHTiO-BadTi;z04 dilfusion
couple.

. The analysis described above may also explain the existence of the Sr-rich layer in

the BaTiOs-5rl60; diffusion couple, as indicated in Figure 2,28,
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{2) Consequences of the Mechanism of (Ba,Sr)TiOs Solid Solution Formation of
Densification and Microstructure Development During Sintering of BaTiOs-5:TiOs
Mixtures.

Tt is shown in Figure 2.32 that 50: 50 mistures sinter to much lower density {73% of
theoretical} than mixtures with 3% BaTiOs or SrTiOs, respectively. Comparison of
Figs. 2.30(A) and 2.30({B) demonstrates the disturbance in neck geometry caused by

differences in chemiecal compaosition.
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Figure 2.32: Shrinkage curves of BaTi0;-SrTiQ; powder mixtures during sintering

at a rate of 5°C/min.

The neck formed between the BaTiQ; sphere and the SrTiQ; plate is uneven and
resembles "mushroom™ shapes. On the contrary, the neck between the BaTiOs sphere
and the BaTiQ; plate (Figure 2.30(B) is "normal," such as pestulated in model
sintering experiments. It is to be expecied that disturbance in neck geometry in the
early sintering stage and Kirkendall-type porosity brought about by preferential

diffusion in BaTi0;-SrTiQ; powder mixtures opposes densification during (iring of
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green  compacts.  Hence, high density 15 nol easily  achieved in  sintering
heterogeneous Bali0;-SrliQ; mistures, as conliemed by eaperiment. The
microstructure of siniered BaTiO;-5¢Ti0; powder mixtures is uneven. Figure 2.33
shows exaggerated grain growth in sintered SrT105-5 wi% BaTiOs afler 3 h and

1350°C.
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Figurc 233:  Microstructure of 8rTi053-5 wi BaTiOs, mixture sintered for Jhat
1350°C,

Microstrucrture of this is believed to result from the presence of minute amounts of

-liquid phase during sintering. The S$r1i0:-BaTi0; mixture was sintersd well below

the liquid phase formation temperature in this system. However, the present analysts
of BaTiOs-8rTi0s solid solution formation explained the nccessary presence of a
cutectic liquid below 1300°C. Therefore, the structure shown in Figure 2-20
represents fumher evidence for the proposed mechanism of (Ba,SHTi0s solid

solution formation during sintering.

Etectron beam microanalysis of the large triangular grain in Figure 2-33 confirmed
that the grain represents {Sr,Ba)TiOy solid solution (Figure 2.34). The grain is richer
in Barss) than the surrounding $rTi0;, which s in accordance with the mechanism

of liquid phase-assisted solid solution formation.
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Figure 2.34: Electron beam microanalysis of large grain in SrTiO;-3wi% BaTiO;

sample sintered for 3 h at 1330°C.

I.emanov et.al {40] studied a dielectric (Figure 2.35) and ultrasoni¢ study of phase

transitions in Sr., Ba, TiO3 with x

Ba tracing is shown,

ranging from 0.0 to 1.0.
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Figure 2.35: Temperature dependence of dielectric constant at frequency of 1 kHz

in ceramics {(a) and single crystal {b) (the number ncar the curve refer to BaTiO;
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The full phase diagram is derived from diglectric measurements for ferroelectric
phase transitions and trom ultrasonic measurements for structural phase transition.
The cubic-tetragonal ferroelectric phase transition, which is of the first order in pure,
RBaTi(; (x= L.0) transforms to the second order phase transition at x dosc to 0.2, The
transition temperature Te 15 a linear function of x at x values from 0.2 10 1.0. Tor
x<().2 the transition temperature is proportional to (o-x; 2 where x..=0.035. For
x<x, a glasslike behavior is observed. The structural phase transition temperature T,
opes down as compared to pure StTi0; when x increases and levels off near x

=0.05.
2.7.2 Dielectric properiies

The microelectronic industry has been emphasizing on reduction in size of the
device element such as transistor resist or and capacitor. However there are practical
difficulties to these achievements including the lack of ultra fine precursors to
manufacture these components, poor dissipation of the tremendous heat generated
duc to faster speeds, poor reliability etc. Thus, there is a need to pure materials of
nanometer size, which have high energy density and better thermal conductivity.
Hence, it has hecome extremely imporant to synthesize diglectric materials with
higher density and higher surface area, more uniform size distribution and less
brittlencss at elevated temperatures, This necessitates investigation of pano-sized
partictes of well-known dielectric materials. Ganguli etal. [41] carried out detail
studics of the gel, precursor and they fine powder using powder X-ray diffraction
{Figure 2.36) (PXRD), transmission electron microscopy (TEM) (Figure 2.37) and
dielectric measurement (Figure 2.38}. They discussed their result on the synthesis
and the characterization of barium strontium titanate Ba . Sr.Ti0k(0<x<1) (BST),
barium lead titanate Ba;Ph, TiO:(0=x<1¥BPT} and PbZr; ., Tiih by the polymeric
citrate precursor method. Ganguli et.al [41] found that with the increase in strontium
substitution the dielectric constant decrease. The value of dielectric constant varies
from 510 for BaTiQ: to 190 for Sr1i0:.The composition of x=0.3, namely Bays
SrosTiO);, the dielcotric constant decreases in a rogular fashion with increase in

temperature from room temperature (o 300°C.
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Fioure 2.36. Powder X-ray diffraction pattern for the composition Bag sSry sTiOs

afier being heated at (2) 500°C (b) 1100°C.
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Figure 2.37:  Transmission electron micrograph of StTiOs.
For B4Ti0; the dislectric constant shows a minor change with a temperature 150°C
beyond which it shows a decrease. The diglectric constant shows a very slight

variation with a frequency till 300kHz The diclectric loss also remains almost



constant till 200 kHz bevend which it follows a considerable rise with increasing
frequency. For Bags SrgsTiO;, the dielectric constant shows negligible variation in

the frequency range 100 to 500 kHz in the entire range of temperature studied.
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Figure 2.38:  Variation of dielectric constant and dielectric loss with temperature

for composition Bag sSr o5 1105 (sintered at 1100°C) at 100 kHz

Similar behaviors are seen for BaTiQ; and SrTi0s. Also no peak has been observed

in the dielectric constant versus temperature curve in the temperature range of 50°C

to150°C for BaTiO; [41].

It has been pointed earfier that the cubic structure and absence of ferroelectricity for

BaTiQ: oceurs for small grain size. As grain size decreases polarization decreases

and thus ferroelectricity is lost.

Manfred [42] reported about the high diclectric constant materials which are
relatively homegeneous barium titanate formulations that have grain more than 3
um. Their high dieleciric constant stems from the addition of substitents with the
same valences. These shift the Curie point 1o the room temperature region. Sr2+ or
Zrd+ is ofen used, making peak dielectric censtant as high as 18000 available. Such

materials can loose up to 50% of their dielectric constant at 50°C, but find general
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application in computers and other low power electronic equipment requiring a

limited temperature range.

In an aricle of Igor Lubomirsky etal [43] showed that due to the graded
composition the ceramic doesn’t show a sharp change in dielectric constant near the
relaxation frequency. Instead they observed gradual decrease in dielectric constant
with freguency with the loss langent remain practically unchanged (below (.02
everywhere within the frequency range 0.0003-3 GHz). The investigalors
synthesized high purity (Ba,STiO: and Sr110; powder with a average grain size
0.2um by solgel method. BaTiO; and SrTi0; were thoroughly mixed in a molar ratio
of 4:1. They were than pressed in to disks of 6.3mm diameter. Purc BaTiO; powder
was also pressed in to disks by the same method. The length of time and temperature
of sintering were adjusted In the range of 0.5-4h at 1300-1400°C so that ditferent
degree of BaliQs/Sr1i0h interdilfusion could be obtained. The experimental finding
by the above researcher were as follows
(i) The partial interdiffusion of BaTiCs and ScTi0Q; powder forms a ceramic
material with intragrain concentration gradient.
(i) Graded composition ceramic exhibit a very broad dielectric relaxation
region with atmost flat Cole-Cole diagram.
(il An wnusually fat Cole-Cole diagram appears when an infra grain

composition gradient is present. The diagram approaches arc-like shape

when the intra prain composition gradient declines. The £'-&" dependence

follows the debve semicirele when the intragrain composition vanishes

completely
Ferro clectric thin film is currently being  considered for varisly of electronic
application. Some of this application takes advantage of the voltage dependence of
dielectric constant. This feature can be used to produce voltage tunable microwave
devices such as resonator, filters and phase shifter. For this application it is
desirable to produce thin fAlms which have maximum tenability {change in
capacilance under apphed de bias.) with minimum loss factor. Since the tenability
of a ferroelectric is maximum near the Curie paint. [{.N Al Shareef et.al [44] found

that high temperature post deposition annealing of both sputtered S¢TiO; and Sol-
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gel derived BaTiO; films markedly improve their tuning and loss factor

characteristics.
2.8 Processing of Barium Titanate based ceramics

Property of the final product depends on the processing from raw material to the
lnal sintering. Every step in the process chain has its own influence on the

successive siep and the final product. Many methods are used to syntheses BaTi()

Batl Ball
Milling Milling
o Shaping /
Finishing / Sintering Forming /
Inspection / Pallctizing

Characterization

Raw Materials
Weight + Mix

Figurc 2.3%:  Flow chart of Mixed Oxide routc

a) Conventional mixed oxide, b) sol-gel, ¢) chemical precipitation. d) hydrothermal
~and &) combustion reaction, Choice of route depends on the application. WNano-
powdars are prepared using the electrophorectic (EPD) method for making films.
Even thin film was prepared from bulk single crysial using ion slicing method [43].
Ultra fine BaTiO; powder obtained by combustion reaction are used to make bulk
material was deseribed as relatively efficiant method [46]. By far the first methed is
widely in the industrial application as well as at laboratorles. However, powder
obtained in other routes Is superior in terms of homogeneity and fineness. This

methad also known as solid-state method was used to prepare sample in this study.

Processing route of this method illustrated in Figure 2.37. In the following sections
impomant steps are discussed briefly with their influence on dielectric properry of

BaTi(); ceramics. The raw materials are BaCO;, TiO2 and 5rCO;. Almoest same
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procedures are followed in the solid solution of BaTi(; and SrTiQ4. In the solid
solution reaction process mixing is completed by ball milling. Solid state reaction is

completed during the sintering process,

2.8.1 Ball Milling

The weighted powders are mixed mechanically by either ball milling or aturition
milling. Milling is carried out to reduce the particle size of the powders to the sub-
micran range for the seolid phase reactions to occur by atomic diffusion. The

schematic of 3 ball mill was illustrated in Figure 2.40.

Cylindrical contalner

with integral Grinding media

bottom and turqbling a5
removable jid mifl turns
Slurry containing WEar-re:s%stant
supansion of mifl lining
pariicles
belng sized

Rubhbercoated rollers
connected by a belt and pulley
to a drive motar

Figurc 2.40:  Schematic of a Rall Mill

Size and distribution of the ball is an import factor determining the product quality.
Thumb rule is, smaller the size of balls finer the paricle but it take longer time to
break down big particles, hence use mix of different size balls. Motion of ball is
controlled by the rotation speed of the mill. At higher speed balls cling at the inner

side of the mill due to centrifugal force, too low speed would set the balls almost



staticnary at the bottom. In both case insufticient friction between balls and particle
would not break down the paricle. Optimum specd is achieved when balls are in
circular motion and roll back to bottom from about thres quarter way to the top as
shown in Figurc 2.40. Media is another impornant consideration for two reasons. It
must not react with the ball, the container, or the powder. Secondly, must avoid
decrease of colloidal stability. For instance. milling of BaTiOs in water media set of
tribochemical reaction. The reaction forms strongly alkaline Ba{OH); which upset
the pH balance, decreasing the cotloidal stability of the suspension [47]. Either non-
polar liquid such as acetone, alcohol, s used or polyelecirolyte stabilizers arc used
with water. Usually the same set up is used for milling the caleincd powder. Finer
parlicle can lower the sintering temperature and firing time significantly. Cxtent of
ball milling is usually asscssed by parlicle size analysis. If very fine initial raw
malerials is used in the case of solid selution then ball milling is used for mixing fine

powder homosencously.
2.82 Shaping and drying

After calcining, the lumps are ground by milling as described previously. The milled
powder ready for funher processing is commonly referred at “green’ body. The
green bodies should have a certain minimum density before they can be sintered.
Common practice is to achieve 60% of the theoretical density during shaping and
pre-sintered state. The desired shape and a minimum green density can be provided
“by various techniques including powder compaction, slip casting, extrusion, doctor
blading, dipping, ete. Hot pressing {both axial and isostatic), although expensive
method is becoming popular for better qualiey ceramic material used in high-end
application. The choice of the method depends on the type of powder used, particle
size distribution, and state of aggtomeration, desired shape, and thickness of the par.
Hydraulic or mechanical presses are used to press powder in to desired shape at the
pressure of ~100 to 3008 Pa. Owing to the nature of this process, only simple and
symmetric shape can be prepared. No sintering aid or liguid is added to the powder
for solid phase sintering route. [ence, strength of the green powder compact is

achieved through addition of a suitable binder such as PYA, glycol phthalate. ete.

54



Afier shaping, the green bodies are heated very slowly to between 400-600°C in
order to remove any binder present. Tnitial heating rate to burnout the binder is about
~1-2°C/min in order to allow the gases to come out slowly withoutl forming cracks
and blisters in the ceramic parl. Aler the binder burnout is over, the samples are

taken to a higher temperature for sintering to take place.
283 Sintering

In this step. powder so prepared [inally transforms to usable ceramic body. In
ceramic industries this step is also known as firing. BaTiOs matures in the 1350°C 1o
1450°C range [22]. This is the most imporant processing step in making of ceramic
material. All properties of ceramic depends on the sintered body which is the direct
result of the sintering paramcter such sintering temperature, hold time, atmosphere,
thermal profile, etc. There are many sintering mcthods used but this discussion

would be limited to solid phase method.

Heat causes the powder particles to develop inter granutar bonds by surface diffusion
and other physical driving force. Mechanism of sintering and allied topics detailed
elsewhere [48]. The typical green density of ceramic body at the start is about 60%
of TD. Sirength starts to develop gradually as more and more particles bond. At
about ~80% to 90% density the pores are still open and the ceramic has a typical
“chalky” appearance. The dielectric constant is usually low and the T, is aot
_pronounced strongly. The pores of a ceramic are generally closed at ~95% of TD.
Additional heat work causes grater densification as trapped gasses diffuse out along
srain boundaries. At densities below 95% of TD the presence of open pores would

cause the dielectric loss and undoubtedly inferior dielectric properties.

Setting of sintering temperaure is not that straight forward. Low temperature
sintering results in ceramic of poor density and formation of Ba;TiOu. On the other
hand, too high temperature and long hold time may cause open strecture with low
density [22]. Also, at high temperature grain growth [s accelerated resulting in fow
dielectric properties. Another harmful hexagonal phase of BaTiO; may form at the
temperature higher than 1460°C. The sintering temperaturc and time should be

optimum for proper densification to eccur without abnonmal grain growth, This is
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best done by trail and error for particular material, volume and other process

parameaters.,

Sinterimg temperature of nanopowder is much lower than that of the micron size
particles. Ganguli et al [42] sintered the BaTiO. BaSr<TiOs and Ba,Pb..TiO,
Pb,Zr |, Ti0O: compacted samnple in the temperature range of 900°C to | 1007,

In MLC manufacturing industries, simtering high temperature such as 1300°C is not
practicable, due to use of low melting point electrode material. Commercial
formulation is aimed to lower temperature {(~1100°C) sintering with the addition of

many sintering and docents, for instance X7R, Z30, ete.
2.9 Commercial formulations

As discussed in detaif so far, the permittivity of ferroelectric perovskites shows
marked changes with temperature, particularly close to the phase transition. I'rom
the device point of view a high dielectric permittivity with stable properties over a
wide temperature range is required. There are various commercial specifications
which have to be fulfilled fe.g. X7R: C/Cr =z50c < £0.15 in a range between -55°C
and i25°C}. By

substitution or doping it becomes possible to tailor the ferroelectric materials to
different properties. In Figure 2.39 dielectric constant vs. temperature behavior of

commereial formuelation as illustoated.
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Ficure 2.4]:  Commercial formulations and their K> vs T characteristics [42]
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2.10 Relaxor Ferroelectric

These are special type of ferroelectric ceramic in their own right. Steictly, they are
neither a derivative of BaTiO; nor a result of doping effect. The reason of their
relevance in this study was to high light lfew aspects, which was observed in the
BaTiOy samples of this study. Relexor ferroelectrics are a class of lead based
perovskite type compounds with the general formula PH(B|,B;)0; where B is a
lower valency cation (like Mg, Zn™". Ni*", F&'"} and B, is a higher valcney cation
(like

T M D AT

Figure 2.42: Yariation with dielectric constant PMN with temperature[49]

Nb*, Ta™, W), Pure lead magnesium niobate (PMN or Pb(Mg sNby0)03) is a
represeniative of this class of materials with a Curie point at —10°C. Relaxor
ferroclectrics like PMIN can be distinguished from normal ferroelectrics such as
BatiO; and PZT, by the presence of & broad diffused and dispersive phase transition
on cooling below the Curie point. Fipure 2.39 shows the variation in the dieleciric

properlics with temperature for PMN ceramic. It shows a wvery high room
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temperature dielectric constant and a low temperature dependence of dielectric
constant. The diffused phase transitions in relaxor ferroelectrics are due 1o the

compositional heterogeneity seen on a microscopic scale.

The relaxors also show a very strong frequency dependence of the dielectric
constant. The Curie point shifts to higher temperatures with increasing frequency.
The dielectric losscs are highest just below the Curie point, T.. Relaxors which have
a second order phase transition, the remnant palarization, Pr, is not lost at the Cutie

point but gradually decreases to zero on increasing the temperature beyond T, [30].

2.11 Applications

Barium titanate can be regarded as ‘role modal” of electronic ceramic from
application point of view. Its piezoelectric, pyroclectric and ferroelectric propemies
were successfully applied in many commercial applications. Vast majority of
commercially important application are in polycrystalline bulk or film form. In the
following scctions, propery wise applications are briefly discussed. Since dielectric
ptoperties of BaTiQ: based ceramics were studied in this thesis. capacitor

application especially MILCC emphasized.

2.11.1 Multilayer cecramic capacitors (MLCs)

Multilayer capacitors structure, as shown in Figure 2.41, enables the max imum
- capacitance available from a thin dielectric to be packed into the minimum space in

2 mechanically robust form [31].

Fonuke 1.-1!!.5 hS TUFERT
[}

Ta Leraad

H -

. W o

. Comrpeereh Flre N k3

. -
- r
[N R T Fyawg Fean rare i
i '
P L
ety Lalmay o -
Beaby 2t

Tagna

Figurc 2.43:  Schematic diagram of a multilayer ceramic capacitor construction [32]



Recently, multilayer ceramic capacitors (MLCs) with Ni electrodes have been
increasingly produced to meet growing requirements for miniaturization, large
capacitors and cost reduction [52]. Firing the dielectric materials in a low-oxygen
partial pressure to prevent Ni from oxidizing is one method to minlaturize MLCs.
Then addition of MO and Li20-$102-Ca0 glass components are elfective not only
in preventing the dielectric matcrial from reducing and but also in controlling the
temmparature dependency of the dieleciric constant. Because ol appealing of
heteropereous microstructure, so-called core-shell structure that showed a typical
ferroelectric  domain  paltern, microstructure  controlling  becomes  extremely
imporant to improve the reliability of MLCs within very thin diefectric laver
thickness. Tt was suggested that the microstructures and the electrical properties
were [nfluenced by the change of substitution modes of Mg and rare-earth oxide in
perovskite [53]. For larger ion (L.a, Sm)-doped samples Jarger amount of MpQ is
necessary to suppress the grain growth and form the core-shell structure than
smaller onc (Dy, Ho, Eri-doped samples. Also, the solubility of rare-carth ions in
BaTi(¥3 has a linear relationship with the ionic radius. It is confirmed that the larger
ion acting as donors mainly dissolves Ba site, while the smaller ion acting as both
donors and aceeptors dissolves both Ba- and Ti-sites. In recent vears, MLCs with Ni
internal electrodes composed of about 400 dielectric layers of below 2Zum thickness

have been developed [34].

2.11.2 Pasitive temperature cocflicient (PTC) thermistors

Positive  temperature  coelficient (PTC) materials  prepared  ftom  doped
semiconducting barium titanate ceramics can be used in various kind of electronic
circuitry as a switching device or as a constant temperature heater [35]. In addition,
PTC thermistors applications such as the measurement'detection/control of
temperature or parameters related to temperature are also important. These PTC
materials are known to have a high temperature coefficient of resistance around
Curie point and the ability of self-limiting, so they are as well come out to be a very

useful device for sensor applications.
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The posilive temperature coefficient of resistance {PTCR) can be classilied as
critical temperature resistors because of the positive cocfficient being associated
with the ferroelectric Curie point. In fact, PTCR materiats can be divided inte four
groups: polymer composites, cecramic composites, Va0s compounds and BaTi0;-
based compounds (BaSrTiOs, BaPbTiOs...) [56]. For BaTiO;-based compounds,
BaTiQ; is an insulator at room temperature, A fter doping with trivalent donors {e.g.
La, $b, Y} that substitute for the Ba+2 or with pentavalent donors (e.g. Sb, Nb, Ta)
that substitute for Ti+d, BaTi0; becomes semiconductive that shows a PTCR effect

as shown in Figure 2.42.

B | T ! i
H]
: Fra
_.!'- : —
3 .
5 !
- B !
:. i -
-] ! 1
= : nl;uE
!J.-r : ] ]
- + 0O
£ i £
: h
ik -
f“"m"”—;fp
: ol
H ! A E 1 1

0 & 1D¢F 153 I 50 A
To ompglebringre {40 |

Figure 2.44: Typical resistivity behavior of a BaTiOs ~type PTCR material [53].

2.11.3 Microwave device

Ferroelectric thin films are currently being considered for a variaty of electronic
application. Some of these applications take advantage of the voltage dependent of
the dielectric constant. This frature can be used to produce voltage tunable

microwave devices such as resonators, filters, and phase shitters. For these
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applications, it Is desirable to produce thin films, which have maximum tunability
{change in capacitance under applied de bias) with a minimum loss factor, Since the
tunability of a forroelectric material is maximized near its Curie point, ditterent
materials are preferred for different application temperatures. Thus material such as
ST, useful tor tuning application at eryogenic temperature, whereas malerial such

as BaTiO; and Ph(Zr, Ti}O; are more suitable for mom temperature application.

2.12. Summery of litcrature Review

BaTiOs is a farroelectric material ofters a very high dielectric constant. It undergoes
a series of phase transition as the temperature Increases. The cubic to tetragonal
transition temperature is known as Curie temperature. The grain size of the
polyerystalline sample has much efTect on the dielectric properties of BaTi0); ~based
on ceramics. In the small grain size materials, room temperature diclectric constant
was obsemed to be high. On the other hand, ar room temperature diglectric constant
was found to be low for course grained materials. Internal stress models suggested
that in the fine-grained material, it is energetically favorable to accommodate an
elastic stress (this stress developed during the telragonal-cubie phase transformation)
than to rcelleve [t by twin formation. 8o, a material having fine-grained
microstructure is stressed unbwined and offers high dielectric constant, To be
stressed and unbivined, the grain size should be as low as Tpm or less. But erystallite
size should not be too small. In the ultra line powder there exist little or no
- orientational relationship. Ferroefectric crystals possess regions with uniform
polarization called ferroelectric domains. Within a domain, all the electric dipoles or
the polar axis transformation occur and spontaneous polarization takes place. The
electrical stray ficld energy caused by the non-compensated polarization charges is
reduced by the formation of ferroclectric domains, Many of the properties of
ferroelectric ceramics such as dielectric constant, aging, dielectric loss, etc., are
related to the  motion of domain boundaries. It is therefore of great importance to be
able to examine and accurately interpret ferroelectric domain structures. The banded
structure, buderlly twins arc some of the interesting microstructural features
observed in BaTiOQ,. Solid solution with an iso structural compound broadens the

Curle pick. Ceramic based on BaTi0:-5rTi0; solid solutions are frequently used to
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manufacture cotamic capacitors and thermistors. Mixed titanates are also considered
for other applicarions such as delay lines, slow wave structures, optical modulators,
etc. (Ba,Sr)TiOs solid sofution ceramics are wsually made by shaping and firing
ceramic bodies from mixtures of BaTiOs and SiTiQ; powders. D Kolar et.al [38]
investigated in detail the Mechanism of {Ba,SrTiO; solid solution formation.
Lemanov et.al [40] studied a dielectric and ultrasonic study of phase transitions in
St Ba.TiO3 with x ranging from 0.0 to 1.0. Ganguli et.al. [41] carvied out detall
studies of the gel, precursor and they fine powder using powder X-ray diffraction
{PXRD), transmission electron microscopy (TEM) and  dielectric measurement.
They discussed their result on the synthesis and the characterization of barium
stroptium  titanate  Ba, . SrTiOx0=a<l) (BST), barium lead titanate Ba.
PhTIO(0<x=1}BPT) and PbZr. . Ti,(3; by the polymeric citrate precursor
method, Many methods are used to syntheses BaTiOa. a) Conventional mixed oxide,
b) sol-gel. €) chemical precipitation, d) hydrothermal and €) combustion reaction.

Choice of route depends on the application.

2.13 Scope of this study

The ferroelectric and dielectric propetties of metal oxides with the perovskite
structure are of utmost important in the electronic industiy. Among these materials
Barium titanate based diclectric materials are very important for their extensive as
high dielectric conslant capacitor, PTC resistor, ferroelectric memories and MLCC
“multitayer cetamic capacitor), Structure property relation of BaTiO; was studied
extensively. A handsome number of microstructures have been analyzed so that
structure properly relation can be understood. Ferroelectric domain pattern is also
revealed in the present study and some other interesting micro structural feature was

studied.

Substitution of Strontium in place of Ba in BaTi0; through solid solutions BaTiO;
and SrTi0; lowers the Cuire temperature. Effect of different tevel of substitution on
sintered body density; dielectric constant and dielectric loss were measured. Resulis
were explained in the light of fnding of crystal structure through XRD investigation,

DSC and microstructural study by SEM.
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3.

EXPERIMENTAL

3.1 Introduction and sample identilication

Five different composition incleding pure Barium Titanate nano powder and
Strontium titznate nano powder were used to prepare the disk shape sample. Table

1 1 shows the set name of the samples. Table 3.2 shows the process variables of the

samples. Specifications of raw powders used are given in Appendix.

Table 3.1 Sample identification according to the substitutional doping level

BaTity, | BagegSrg 130, By S s T, Hag 3081y 0110 SrTi
A B C D E
Table 3.2: Process variables in sample preparation
SET Composition Sinlaring temp Halding time Pressure
{Huour} (MPa)

) Fa [, 120" . 130

RaTil, 1230°C 3 | 30

BEaTi0n | &5 3 50

BaTulk | 230 3 [a0

BaTsCh 1225°0 4 130

EaTiO, L225°C 3 150

BaATe 13230 & | 30

RaliOy 1275 3 150

EaTuh L0FL 3 150

E BaoanSre 0TI L2500 5 150

By seSire w110 107 3 150

C BageSigaTics 120 5 150

Ba, g5 a0y 12150 3 150




&4

Bay guSh 5T YRR 3 150

1] BagaBrg 2 TID: L2302 3 130
BagaSroz Tl Lo 3 154

E SrTid el 1 1x
Sy 125050 3 (R

SrTid, 123050 5 150

3.2 Sample Preparation

Pure BaTi0; and pure $rTiQ; pellet were prepared from the nano powder of
BaTiO; and 5rTi0s PVA (poly vinyle alcchol) were wsed as a binder. Other
compositions are made by mixing with the stoichiometric rario of BaTiO; and
SrTi0;. Samples were prepared by pressing the powder with 150 MPa pressure. Also
therc are few samples which are preparcd by using 130 MPa pressure 1o see the

effect of compaction pressure on dielectric properties.

Figure 3.1:  Disk shape sample.

3.2.1 Ball Milling

Milling pot was made of fligh Density Polyetheline (HDPF} and Y10,-stabilised
zirconia balls manufactured by inframat (USA) were used for miiling. Two different
size of balls (dia=Smm and 3mm) and acetone (purity>=99%Merk. Germany) were

used as mitling media as shown in Figure 3.2.



LR YT

Figure 3.2: Two dilfereni size of Yitna Siabihized Zr0s ball.

Locally made motor drven ball mull was used for this purpose 15 shown in Higure
3.3. The speeds of the rotation of the pots were 140pm. In this milling process,
though mixing of the powdems was the sole objective. Size reduction was not

intended. Milling time was 135 hours for each cycle.

Figure 3.3:  Locally made ball mill.
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3.2.2 Compaction

Milled calcined powder was mixed with 2% Poly Yiny! Alcohol (PYA) and then
dried in oven at 100°C before pressed into pallets. Samples were pressed into pallets
vsing pressure of ~150 MPa for all the samples vsing hydravlic press. At highest-
pressure level, holding time was [ive minutes. Green sample was not made too much
ihick to avoid pressurs gradient in the sample. The Green pallets were dried in oven,
and then lightly ground with grit #500 and #800 SiC paper to a flat and smooth

surface, removing surfacc irregularities.

Figure 3.4: Hydraulic press used to make pellel shaped samples.

3.2.3 Sintering

Muffle furnace{ Thermolyne High Temperature Fumace , Model 46200} was used 1o

smter the pallets in air atmosphere shown in Figure 3.4,
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Figure 3.5: High temperature furnace used [or [iring the ceramics samples.

(General thermal profile of sintering is given in Figure 3.5, Fallels were placed in the
furnace on alumina plate. Binder burmout icmperature was 600°C, while the hold
time was 1 hours. Heating and cooling rale used in the sintering process is 2°C/min.
Sinlering icmperature and hold time was varied to observe their e[feet on the density

and dielectnic properlies . The final shape of the pellet is shown 1n Figure 3.1

-
|
F
Haid Tire
Slrtering TEMD sechacsscmsammesrrass =
Temperature
Binder B out el
Temperatuwre ™[
Time

Figure 3.6: Sinlering thermal profile in general



3.2.4 Post Sintering

Afier sintering, the samples were ground successively with SIC paper of grit #500,
#800 and #1200 to obtain a [lat and polished surface. Dimension of the pallets werc
laken for dielectric constant and densiby calculation. Prior to electrical measurements
samples were cleaned and dried then, painted with high purity conductive silver

paint on the both faces of the sample. Edges were ground and cleancd with acetone.
3.3 Property Measurement

3.3.1 Density

Dimension of the sample were taken using micrometer with digital read out and
weighed using analytical weighing scale. Density of the sample was calculated from
these data. Density results were presented as percentage of theorctical density (TD).
TD of duped samples was calculated based on volume fraction of respective phase as

gshown o Table 3.3.

Table3.3: Theoretical ensity of BaTi(s and doped sample in glem® [7, 50]
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BaTi0; BageSmeTis | Bagssbe 3Tk | Bag gpSta 0 T10; | SrTi0;

6.017 gmfee | 3.934604gmice | 3.88393gm/cc |5.8396gmfcc 3.13gmlee

3.3.2 Dielectric constant and [oss

. Samples were polished carefully so that both the surfaces of the sample were
1paral]a1. Silver paste was painted and dried in the oven at 300°C for 1 hour so that all
the absorbed meisture is evaporated. Samples were connected with impedance
analvzer and the dieleciric properties were measured. Temperature dependence of
dielectric properties of BaTiO; based samples were also measured with the help of a
very highty insulated tube furnace. Very slow hearing rate was maintained during
the experiment, especially in the temperature range where the tetragonal-cubic phase

transformation was expected to occur.

Electrical properties of the sample were measured using a Hewler-Packard 4194A

impedance and phase gain analyzer at AECD as shown in Figure 3.7. Dielectric



H9

comstant k' was calculaled from the capacitance value obtained from the analyrer

according 1o 1he equalion below:

C.d
x'=—— -- -- {20}
&4

A mbe-furnace rype oven was used for heating the sample at AECD,

Tube fumace

Figure 3.7: Impedance Analyzer ( 1.CR meter) Model- Hewlett-Packard 4194A

3.4 Microstructure study

Many of the properties of ferrcelectric ceramics such as diclectric consiant, aging,
dislectric loss are related to the microstructural feamres such as prain size, and their
shapes, grain baundary, porosity, ferroeleciric domains ele. Il is therefore of great
impormance 1o be able to examine these features and accurately interpret these
microsiructural effect on the overall properties of materials [32, 34). Microsinicrere
of the polycrystalline Ba'li0; sample was revealed through a serics of polishing and
etching (thermal /chemical). Afier every polishing step the samples were cleaned

with acetane and dried.



3.4.1 Optical Microscapy

Optical microscopy is a very uscful ool for examining whether the surface is
sufficiently polished to observe the microstructure.  Before going for Scanning
electron microscopy the thermal or chemical eiched or chemical efched sample was,

finally check in the optical microscope.

3.4.2 Scanning Electron Microscopy

Sintered samples (disc shaped) were polished using conventional ceramographic
technique. At first, sintered samples were polished vsing 500, 800, and 1200 grit
paper & then wheel polishing with Alumina abrasive paste with 1600 grit was
carried out. Polished samples were thermally etched at 100°C to 50°C below the
sintering tempetature with 5 minutes holding time. The microstructure of samples
was examined using Scanning Electron Microscope (SEM}. Samples were gold
sputtered (fow nanometer thick) prior to SEM examination. A Fhillips XF 30 was
used with acceleration voltage of 10kV. If a sample is well, polished then thermal
etching reveals the grain size distribution of the sample. As we know that grain
boundary, is a high free energy area and we can attack the grain boundary using heat
50 that the boundary ts prominent and grains are isolated from one grain another
grain. To obscrve ferroeleciric domain, twin and ‘other microstructural features,
chemical etching was used. The composition of the chemical etching reagent was
reported elsewhere [57]. A sample having microstructure of small grains with less
porosity is the ultimate goal of all commercial polycrystalline ceramics. This

microstructure was revealed by thermal etching.

3.5 Differential Scanning Calorimetriy (DSC)

DSC was carried out using DSCQL0 of MME department to observe phase transition
at Curic temperature. For BaliQ; the heating rate was 3°C/min because the phase
transition is observed at relatively high temperaturc that is at temperature arcund
120°C. For the Ba,SnTiOs sample-heating rate was 2°C/min because the
tetragonal-cubic phase transition was expected to oceur at low temperature

depending upon the Sr concentration in BaTi0;.
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3.6 X-ray Diffraction (XRD)

Crysta! structure of BaTi(; and the doped samples were examined by XRD in
powder form. At Material Science Division (MSD) of AECD Phiflips X 'Pert Fro
were used following identical scanning parameter given in Table 3.4 in all XRD

experiment:

Tabte 3.4: XRD operational conditions

X Ray Seurce; Cu Ka for calculation

Tube Voltage: 4 kY CuKa h=154036 A

Current: H mA Used

Degree range: 20° to 80° Speed: 002" per sec




4. RESULTS AND DISCUSSION

4.1 Sintered density measurement

Cireen samples {pellets} were prepared by pressing the powder using the hvdraulic
press.  Three parameters are very important for pellet preparation. These are
pressure, holding time and thickness of the sample, These three parameters must be
optimized to get good green samples. which will. later or experience extensive heat
treatment during sintering process.  In the thick sample. there is a possibility of
density gradient, which is not expected. In the same way proper pressurc and
holding time is also very important. Pressure must be applied slowly so that
pressure can be distributed uniformly throughout the sample. In our case at the

highest load holding time is & minutes.

Densitics were measured taking the mass and volume of the sintered sample and

presented as percentage of theoretical density (TD) calculated based on the data

given in Table 3.3. First of all. the samples were polished smoothly with the SiC grit

paper. Thickness of the sample was measured from different locations of the plane 1o

ensure the accuracy of volume calculation. Table 4.1 shows the density of all the

samples sintered at different temperatures, holding time and pressure.

Three different categories of samples were used in the present experiment; Pure

Harwm Titanate (BT, Barium Strootiom Titanate (BST) and Strontium titanate
-'{ST}. In the figure, samples were identified in the following way. Three examples

word given below;

Example 1: Suppose a sainple name is BT-1225/4H

Ilere BT means BaTiO; (Barium Titanate).

1225/4H means this sample {s sintered at 1223°C for 4 hours,

Example 2. A sample name is BST10-1250/5H.

Here BST10 means BaoSr TiO;

1250/5H means this sample was sintered at 1230°C for Shours,

Example 3: A sample name is ST-1230/5H.

It means that Strontium titanate was sintered at 12530°C for Shours.
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Table 4.0: Densities of the Samples.

Sample Sintering ilolding Pressure | Thickness | Bulk
Composttiont | Temperature (°C) | time {MPa) {mm) density
{Hout) {%)
BaTiO; 1225 4 130 3.32 94.24
1225 4 154} 247 G3.07
12325 O 150 234 95.53
1238 2 150 - - |
1230 3 130|313 95.60 |
1250 3 130 2.30 95.34
1250 3 150 2.34 09539
1275 3 150 4.557 91.60
1100 3 156 2.87 77.43
Baghr, TiO; 1230 5 150 1.59 94.63
BaoSr  TiCh 1100 3 150 201 71.98
BagsSrsTiOy | 1250 3 150 1.67 G4.96
BitasST 151105 | 1275 3 150 288 856.64
BagsSrsTiO; | 1100 3 150 1.91 78.43
BagSriTiy 1250 5 150 1.67 85.63
BagSraTiCh FIOO 3 150 2.34 77.05
=rTi0; 1200 3 150 4.02 9049
’ 1250 3 150 2.73 93.69
1250 3 150 2.7 93.47

Table 4.1 shows that the Bali(s sample sintered at 1100°C for 3 hours have the
lowest bulk density, which is 77% of the theoretical density. Figure 4.1 shows that,
this BaTi(; is not sintercd properly.  The bulk densities of two other BaTiO;
samples prepared with 130Mpa pressure but sintered at 1223°C for 4 hours and
1250°C for 3 hours were found 10 be 4% and 95 % respectively. This analysis

conflirms that the cause of low density is the low sintering temperature. The bulk




density of the BaTiOQ; sintered at 1275°C for 3 hours was found o be 91% of the
thearetical density. This is quite interesting because, the bulk densities of other
BaTiQ; samples are found to be 93%. The reason of the low density can be
attributed 1o the much hisher thickness of the sample, which caused density
gradient. It means some part of the sample has higher sintered density and some
part of the sample has lower sintered density. Therefore, the average density is
lower,

The cause of kower bulk density of the sample BaoSr Ti(h. BagsSrsTi0s and
BagSrzTi0s sintered 1108°C for 3 hours, may be also due to the very low sintering

ICmpCraters,

SrICh sintered at 1200°C for 3 hours has bulk density 90%, whichis linle lower
compared to the other two sanples. The reason can be explained in two fold. The
sarmple thickness is o high and  SfTiO; is a very hand pamicle. Therefore,
pressure may not be adequate for the SrTiO; to have a good sintered sample for
which bulk density might be 95%. Another reason may be, the melting point of
SrTi; is over 2000°C.  So the sample thickness must be lower and applied
pressure must be higher than 1530 MPa. [n such a case, higher sintering temperature

is used for obtaining high bulk density.

4.2 Microstructural Study

4.2.1 Microstruciure of Barinm Titanate

One thing (hat is very important to remember befors going to the details of the
microstrucrural studs is the size of the barium titanate particles that were wsed to
fabricate the studicd samples. If the starting material were micron size then the
sintering temperature would be high. In the present study, nano size particles
=1{0nm) were used. Low sintering temperaturc of the nanoparticles was reported
elsewhere {41]. Figure 4.1 shows the microstructure of BaTiOj; sintered at 1100°C
for 3 hours. The impertance of this poorly sintered sample will be described later
on. Figure 4.2 shows the microstructure of the BaTiQ; sintered at 1230°C for 2
hours. This is a pood microstruciure as far as the grain size is concerned. From the

mictostruciure. it is seen that there are some pores on the surface. Some small grains
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have no pores and in large grains, there are few pores inside the grain. So 1t 1s
expected that if the holding time s increased at the same tfemperature of 1250°C the
porosity may be decreased. The SEM Micrograph of the BaTi(; sample sintered at
1250°C for 3 hours iz shown in the Figure 4.3, The SEM picture showed the mark
improvement in the microstructure, When the holding time is increased from 3
hours to 5 hours, no significant change was observed in the sample. Grain growth
continues bul the pores were not removed in the sample. The microsinicrures shown
m Figure 4.2 and Figure 4.3 were prepared usmg pressure 150MPa. To see the
¢ffect of compaction pressure on the microstrucmure of the sample another sample
was prepared at 130MPa and sintered at 1230°C for Jhours. The microstrocture of

this sample 18 shown in Figure 4.4,

Figure 4.1: SEM micrograph of BaTiQ; sintered at 1100°C for 3 hours
(150MPa)
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Figure 4.2:  S5EM Micrograph of BaTi(); sample at temperature 1250°C for 2
hours {130MPa).
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Figure 4.3:  SEM Micrograph of BaTiO; sintered at 1250°C for 3 hours {150MPa)
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Figure 4.4:  SEM Micrograph of BaTiO; sintered a1 1250°C for 3 hours (130MPa)
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From the Figure 4.3 arud Figure 4.4 it is clearly vistble that higher compactian
pressure lowers the porosity. [n both the case grain growth occurs.

To lower the porpsity coment, the bolding 1ime is further increased 10 5 hours. The
microstructure {Figure 4.5} shows that porosity is not removed but some of the
grning are as big as 20um. Mosi of the pores are at the grain buupdnry or at the Iriple
point. Still some of the pores are inside the grain, which deteriorates the property.
So another option io control the grain prowth is o sinter the ample at lower
temperatere. Figure 4.6 and Figure 4.7 show the micrestucture of the a BaTily
sample sintered at 1225*C for 4 hovrs and 6 hours respectively. From Figure 4.6 it
is clearly visible Lhat grein size is emaller than the tample sintered at 1250%C for 3
hours. The sample sintered at 1225*C for 4 hours has smaller grnins and only less
groin have been Tourd to grow. .
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Figurc 4.5:

SEM Micrograph of BaTiO; sintered at 12507°C for 5 hours {150MPa)

Figure 4.4;
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SEM Micrograph of BaTiO, sinlered at 1225°C for 4 hours {150MPa)
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Figure 4.7 SEM Micrograph of Ba'li(h; sintered at 1225°C for 6 hours (150MPa)

On he other hand, for a sample sintered at 1230°C for 3hours grain growth occurs
extensively (Figure 4.3). Figure 4.7 shows that when the helding time is increased to
6 hours at 1225°C; grain growih occurs but the rate of grain growth is slower in the
sample smtered at 1225°C for 6hours (Figure 4.7) than 1250°C for Shours (Figure
4.5). Fipure 4.8 shows the grain size distnibution ol BaTi0D; sample sintercd at
1225°C for 4 hours and applied pressure for compaction of 130MPa. The average
grain size is less than 4pm as it is expecled. The porosity remains at the grain
boundary and the bulk density of the sample is less than that of the sample prepared
by using 150MPa.
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Fipure 4.5:  SEM Micrograph of BaTiQ; sintered at 1225°C for 4hours {130MDPa)

This microstructure is better than the Figure 4.6 as far as (he grain size 16 concerned.
The sample preparsd by the Gumpacl'iuil pressure 150MP"a has higher grain size
{Figure 4 6). The increased prain size may be due lo the higher compaction pressure.
So, betler microstructure can be obtained if lower sintering temperature and higher

compaction pressure are being used.
4.2.2 Ferroelectric domain in BaTiO,

The fingst black and white stripes shown in Figure 4.9 are the 90° ferrosleciric
domains. These microstruchures are revealed by chemical eiching. These 90°
domaing arc s0 much finer in the pelycrysialline aggregate than they are found in the

single crystal.

80



L (e}
Figure 4.9.  SEM micrograph of BaTiO: sintered at 1250°C for 5 hours
{chemically etched}

In considering the thickness of the domain boundary it is heipful to recalll that these
domains are also called mwins, From Figure 4.9{c) it is evident that twinning
interface has zero thickness. Its seems rcasonable to assume that as a first
approximalion that this configuration may be cblained for the interfaces belwecn 90°
twins and is even more likely for 180° domains in barium llanates. The banded
strucrure shown in Figure 4.10 is also another microstuctural feature of barium

titanate polycrystalline ceramics.
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Figure 4.10: SEM micrograph of polycrystalline BaTiO; sintered at 1230°C for
Shours after polishing and etching.

These bands of about 10um wide are deflincd by the change in direction of the
included fine twins {(never more than two different directions within a band) and the
inlerfaccs are reasonably close {o swaight lines with the exceplion of a few
otientations, which have wedge like shape. DeVrics et al [37] also found the similar
featore in the DaTiQ;. They noticed that the band characteristic of the ceramic
stucture was associated with the resirain imposed by the sumounding materials
during transformation. 1t was also observed that gruins near cracks in the ceramic
malerials frequently had rclatively unbanded straciure similar to those in single
crysial. TFrom Figure 4.10 it can be seen that the orienlation of the straight line is
slightly changed at the grain boundary. According to Devries ¢t. al.[37] this can be
explained in the following way, when ene grain has transformed from culie to
tetragonal and has a banded structure, the stresses at ihe periphery of the grain will
not be uniform. This non-uniform stress will make certain orientation in neighboring
grains mere favorable. Thus when they transform there will be lendency for band

edges tv maintain the stress to a minimum. An interesting feature found E}r us called

g2
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buiter fly twin [37] in the sample of BaTi(); sintered at 1225°C for 6 hours shown as

-
T Al
]

o H et

Buterdly twin

Figure 4.11: SEM micrograph shows iwinming in polyerystlline Ba'li(; in the
polished and chemically etched section.(x2000)

Figure 4.12: SEM micrograph shows twinning in polycrysiallime BaTiO: in the
polished and chemically etched section (%3500},
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DeVries et al [37] found the samc featurc in polycrystalline BaliQs;. Such a -
strocture is very similar in appearance to the (111) plane frequently observed after

ammealing m fce conlered cubic metal.

4.2.3 Microstructure of Bariom Strontiem Titanate -

Strontium is doped in BaTiCh by the solid solution of 0.9 mole fraction of
BaTi0D; with 0.1 mole fraction of SrTi0;:. Figure 4,13 shows the microstructure of

Ba 48t Ti0; sintered at 1250°C for 5 hours. [xtensive gruin growth is observed.

Figure 4.13: SEM micrograph of BagSr,y TiO; sintered at 1250°C for 5 hours,

L

[

Figure 4.14 shows the microstructure of Ba 4sSrsTi()s sintered al 1275°C for 3
hours. Extensive grain growth is also observed in this microstructure Therefore, for
doped sample the sintering emperaiure and Lime should be cptimized to get a small

rraincd microstrocoure,

Sy



Tigure 4.14: SEM micrograph of Da 558t 5 Ti(: sinlered at 1275°C for 3 hours.

4.2 4 Microstructure of Strontium Titanate |

Pure SrTi0); sintered at 1200°C for 3 hours have-ver}f poor bulk density and this
sample is very thick so a conceniration gradient 18 set up during sample preparation
and hence the density is reduced. The sample is thermally etched and microstructure
could not be revealed. SrTi0q is sintcred at 1250°C for 3 hours and at 1250°C for 5
hours, Afier sufficient polishing and chemical elching it secmns that, the SeT ith
sample is not sintered properly. But some mtcresting microstrucmural features were
revealed afer the chemical eiching as shown in Figure 4.15 and Figure 4.16. Somc
needle shape, X-shape, mangular shape morphologies have been revealed aflcr
chemnical etching. This morphology was prominent in the sample sintered at 1230°C
for 5 hours. For the sample sintered at 1250°C for 3 hours these special features arc

gelting lighter but still prominent (Figure 4.17).

g3
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Figure 4¢.17:  SEM micrograph of $rTi0; sintered at 1250°C for 3 hour.
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4.3 Microstructure-Property relation

Fieurc 4.18(a) shows frequency deperdence of diclectric constant k™ of the pure

BaTiOs in the frequency range 1 kHz to SMHz. The dielectric constants were

measurcd at roem temperature.  Higher diglectric constants were observed at room

temperature for the Barium tilanate sintered at 1225°C for 4hours than for 6 hours.

This result was quite expected.
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Figure 4.18(a): Dielectric constant as a function of frequency for BaTiO;
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Figure 4.18{b): Loss tanzent as a function of frequency for BaTiOs




Lower holding time at the sintering temperature inhibited the grain growth and
hence results in higher dielectric constant. The BT-1225/4H sample has smaller
grain size as seen from the microstructure (Figure 4.6) where the BT-1225/6H

sample has larger grain size (Figure 4.7).
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From both the ligures, it can be secn that the avarage graln size is less than 10um.
According to G.Arlt et. al [22] higher dielectric constant can be explained in terms
of domain wall contribution. in the range of 1<a<10um, the decrease of domain
width can be roughly expressed by the correlation d~vVa. where d=domain width,
a=grain size of a cubic grain. According to the decreasing width, the area of the 90°
domain walls per unit volume strongly increascs in fine grain BaTiOs The observed
increase of diclectric constant in fine grain microstructure of HaTiDs can be
therefore interpreted in terms of the increasing contribution of domain walls to the
permimivity (or dieleetric constant). The cause of the fower diclectric constant of the
sample BT-1223/6F( can also be atiributed 1o the presence of porosity and the grain
size. The presence of porosity in the grain inhibited the motion of the domain wall.
The dielectelc constant remains almost constant at room temperature in the frequency
range 1 kb7 to SMHz. The loss tangents [Figure!8 (b}] are also found to follow the
same trend, higher loss tangent value were obscrved for the sample of larger grain
size (Figure 4.7). On the other hand, low loss tangent was observed for the sample of
relatively smaller grain size. The highest change in diefectric constant and loss
tangant was ohserved at the resonance frequeney. At the resonance frequency, the
polarization reached at the maximum and maximum loss tangent was observed due
to the dissipation of field energy as frictional heat. The frequency dependence of
dielectric constant and the loss tangent of BaliQ; samples BT-1230:3H and BT-
i250/5H are shown in the Figure 4.19%{a) and Figure 4.19(b}. Dielectric constant

_scems to be same for both the tbwo sample sintered at the 1230°C for 3hours and 5
1huur$. Relatively high dielectric conslant was observed. The reason can be
attributed to the presence of less amount of porosity. The loss tangents are more or
less same in the lower frequency range, but as the frequency increased, the loss
tansent tands to be higher value for the sample BT-1250/5H. The reason is that
some of the grains are 1oo large 50 the total grain boundary area is small. As we
know, that highct grain boundary area increases the resistivity of the polyerystalline
material, Therefore, the smaller grain boundary area enhances the de resistvity loss
{58]. If we look at the microstructure, (Figure 4.3 and Figure 4.5) the average grain
size obtained is higher than 10um. Of course in both figures, some of the grains are

small but in Fieure 4.5 grain sizc as big as 20pm are observed. The ferroelectric
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domain width remains essentially eonstant at the grain size larger than 10pm [22].
The simple correlation of the domain width and grain size scems to end at the grain
size of about 10um. It means that decreasing grain size in the range above 10pm
will not decrease domain width that will not in return increase the total area of 90°
domain wal! per volume. That contribution ot doimain wall area to the real part of
permittivity ends at 10um. Tt is also clear from the micro structural observation that
hizher temperature actually initiated the prain growth, Grain size is larger in case of

the sample BT-1250/3H than the sample BT-1225/4H.
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Figure 4.20(a) and 4.20{b) show the two extreme cascs of the frequency dependence

of diclectric constant for the samples BT-1100/3H and BT-1230/3H as far as the

microstructure is concernead
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The sample BT-1100/3H is a BaTiO; sample sintered at | 100°C For 3 hours exhibits
higher dislectric constant than the sample BT-1250/3H in the frequency range
(1kHz-5MHz). But this is to note that the sample BT-1100/3H displayed higher loss
tangent than that of the sample BT-1250/3H which increases above 1 MHz.
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Figure 4.22{a): Dielectric constant as a function of temperature for BaTiO; at 1 kHz
and 100 kHz.
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The microstructure of the sample BT-11003H is shown in the Figure 4.1, This
samplc is very poorly sintered and the sintered bulk density is 77% of the theoretical
density. The higher dielectric constant may he attributed to the smaller grain size and
the higher loss may be duc to the higher porosity. The difference between the two

samples increased in the frequency range 1.2 Mtz to 3.2 MHz.

Figurc 4.21(a) and 4.21{k) give a classical example of grain size effect on
microstructure and phase transformation in barium titanate.  The BT-1100/31H
sample shows lower permitlivity peak at 129°C and the BT-1225/4H sample shows
higher permittivity peak at 130°C. Lower grain size shows higher room temperatare
permittivity and the larger grain size shows lower permittivity at room temperature
as already observed in the frequency dependence of diclectric constant. Figuse 4.1
shows that the average arain size of the BT-1100/3H is Tpm. On the other hand, the
BT.1225/4H sample has average grain size of Sum (Figure 4.8). Although the
dielectric constant for the lower grain sample should be higher [22] than the
ohserved value of 2400, the reason for comparatively lower dielectric constant for
the small grain structure is due to the presence of large amount of porosity. 1t is
gencrally recognized that as the grain size is reduced to the micron level, the
dielectric constant at the room ftemperature increascd, and the temperature
dependence of the dielectric constant is modified significantly below the Curie
temperature {Tc). For large grain materials (grain size >1pm}, the cubic~tetragonal
transformation that occurs on cooling (130°C) drives the formation of a polydomain
-Euhgrain structure to minimize electrostatic elastic energics in polar anisotropic state.
The polvsynthetic twinning that take place serves largely to relieve stresses which
would ather wise be present throughout the transformed body [33]. The individual
grains in the transformed microstructure of a large prain polycrystal are comprised of
structural invariants. bounded by the domain walls of 90° and 180° types in the
tetraeonal stare. Thus, large grain centers are usefully transformed and essentially
unstressed. The dielectric response of such materials is readily rationalized in terms
of an orientational average of values for the anisotropic dielectric constant, which
characterizes a single domain of tetragonal BaTiOs. It was observed that
polycrystalline BaTi0; exhibited an enhanced dielcetric response for ceramic

specimens prepared with a grain size as small as Ium. The increase in dielectric
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constant is understood in terms of the twinning behavior of polyerystalling material
with decreasing grain size. Despite the ability of the twinning mechanism to reduce
the bulk strain energy that would be present afier a homogeneous structural
transformation accurred, stress still resides near grain boundaries, even in large grain
ceramics. Minimization of the residual strain energy ultimately contributes to the
resulting twin structure, The microstructure of a large grain ceramic contains 90°
twins formed to relicve the sirains generaled when the ¢ axis elongates on passing
from ihe cubic to tetragonal symmetry; in the strained statc highest permittivity is
displased. The domain boundary plancs have surface energy propomional to the
square of the grain diameier; the strain energy responsible for domain formation, a
volume effect is relates to the cube of the grain diameter. With decreasing grain size
a critical size Is rcached where it is energetically less costly to support an elastic
strain than to relieve it by twin formation. This situation eaists in the microstructure
having grain size of the order of 1pm or less. These finer grain size marerials are
untwined, stressed; each grain has a single domain, has one orientation of
spontaneous polarization, and tends to cubic symmetry. The decreasing tendency of
the Curie lemperature as the grain size is decreases that can be understood by the
above-mentioned cause.  That is at a higher grain size, tetragonal structure is
stabitized by the formation of substantial amount of domain nwining, and on the
other hand transformational stress cannot be reduced by formation of domain twin in

the small grain size structure becauss of the achievable lower volume free energy.

.This tends to shili the Curie point of small grain size to the lower temperarure region

as seen [n Figure 4.21{2). The loss tangent as a function of temperature was shown
in Figure 4.21{b). Ar the lower temperature range, the loss tangents are same but at
higher temperature. BT-1225/4H sample cxhibits higher loss because of large grain
size and less amount of porosity. Porosity and grain boundary are belicved 1o be the
potential source of scaftering. At higher temperature, ion-hopping effect is also
pronounced which enhanced the dielectric loss. Temperature dependence dielectric
properiies of BT-1100/3H at bwo different frequencies 1 kHz and 100 kHz are shown
in Fipure 4.22(a) and 4.22(b). The dielectric constants are found to be samc at both
higher and fower frequency. A same trend is also obscrved in case of the loss

tangent up to 150°C,  Above 150°C loss tangent at low frequency range become
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higher. The higher loss tangent can be attributed to the ion jump mechanism at high

temperature,

Figure 4.23(a) and Figure 4.23(b) describe the frequency dependence of dielectric
conslant and loss tangent.  The figure shows that BST20 that is Ba ;Sr2Ti0s has the

higher dielectric constant and BST13 sample has lower dielectric constant.

20004
18400 —d— BST10-1100/3H
——BST15-1100/3H
16000 4 —8— BIT20-11003H
I
14CH]
& 12000 -
;
g 10000 4
g
G000 ¢
=
&oad
4000 -
2000
g4
1 10 104 1643 1000
Eraguengy (kHz)

Figure 4.23(a) Dielectric constant as a function of frequency for BagSr. TiO;,

Ba 555Tﬂ_|5TiD3 and Ba gsr_zTiDj



08 = B5T10-1100:3H

08 ——B5715-110Q3H
——E5T20-11003H

lt1ss tangent

1 17 100 1000 10000
FraguancyfkHz)

Figure 4.23(b): Loss tangents as a function of frequency for Ba,Sr.,Ti(s,
L‘-a_ggsr 15Til:|3 and Ba,gSr 2Ti03

000
vl B S T10-125005H
000 - —e—HB5T15-1250W5H
—— BEST20-12560/6H
&000
E 500
:
B 4000 -
o
L
1t
T M0d
[
2000
1000
a -
1 10 100 100 10000
fraguency{kHz)

Figure 4.24{a): Dielectric constant as a function of frequency for BaeSr., TiO;

Bag 5:500 151105 and Ba St TiO;

97



05 -
—m—BST10-125065H
043 —e—E5T45-1250/5H
04 - — & BST20-125005H I

lexs e Langenl

1 10 100 1000 10000
frequencyiKHz)

Figure 4.24(b): Loss tangent as a function of frequency for BaoSryTiCh,

Ba_355r_|5Ti(}3 and Ba 351‘ zTiD_E

The almost flat frequency response up to 10 MHz is observed in the case of BST15
sinlered at 1100°C for 3 hours. T we see the loss tangent graph (Figure 4.23b), the
BST10 and BST20 sample has almost same loss tangent property but for BSTIS
sample oss tangent is increased from 400 kHz. Lower diclectric constant values
were observed in case of the R8T samples sintered at 1100°C for 3 hours. From the
DSC data it was conlirmed that solid-state reaction was not completed as any sharp
transition was observed (Figure 4.31). Therefore, both the high (BaTi(}) and the
low dieleciric constant ($tTiDs) phase were present in the BST sample sintered at
1100°C and as a result, the dielectric constant values decreased. Figure 4.24{a) and
4.24(1 shows the frequency dependence of dielectric propedies of the BST samples
sintered at 1230°C for 5 hours. 1t was observed that as the sintering temperature
increased, all the three BST samples showed marked increase in their dielectric
constant values, The BST20 sample shows dielectric constant as high as 3000
(Figure 4.24(a)). It was also observed that dielectric constant was strongly

dependent on Sr doping concentration. Dielectric constant is decreased as the Sr
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concentration increased up to 15%. For 20% Sr doping. the diclectric constant

increased as seen in Figure 4.23 and Figure 4.24.

Temperature dependence of diclectric properies for the BST sample sintered at
1250°C for 5 hours is displayed in the Figure 4.25a-h, 4.26a-b and 4.27a-b. For pure
BaTiO; Curie temperature is around 130°C, which was already shown in Figure
4.21{a). In generally, it is observed (Figure 4.25a-b, 4.26a-b and 4.27a-b) that the
loss tangent displayed higher value at lower frequency and lower value at high
frequettcy. This is because ion jump mechanism {s prominent at lower frequency
and absent at higher frequency. As the temperature increases, the Ioss tangent at
lower frequency also increases for the sample BSTI10-1258/5H and B5T15-1250/5H.
It is well known that the number of successful ion jump increases constantly with
temperature [7].  This mechanism prevailed vp to 15% Sr doped BaTiOs.
Completely dilferent tendency is observed for BagSrzTiOs. Figure 4.27(b} shows
that Toss langent remaing constant cven at hicher temperature for low frequency and
for high frequency measurement, the loss tangent decreased as the temperature
increased. For pure SrTi0; the tetragonal-cubic transfonnation temperature is 105K
[59]. Therefore, the substitution of Sr instead of Ba in BaTiOs can reduce the Curie
temperature. Fizure 2.20 shows that, the Curie temperature decreased linearly with

the increases of 51 content.
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Figure 4.25, Figure 4.26 and Figure 4.27 show the Curie point shifling towards the
jower temperature as substitution of St2+ is increased. The reason of shifting the
Curie temperature towards the lower temperature can be explained considering the
ionic radius of $r2+ and Ba2+. In perovskite crystal structure of BaTiO, (Figure
2.5¢(a)). T1 (titanium) atoms reside in octahedral interstitial position surrounded by
six oxygen ions. The large size of the Ba ion makes the octahedral interstitial
position quite large compare to the size Ti ion. The Ti tons are on the margin of
being too small to be stable in the octahedral position. Tt is believed that there is
minimum energy positions offcenter in the direction of cach of the six oxygen tons
surrounding the I ion. The Ti ion positions randomly in onc of these sia possible
minimum-gnergy sites. Above Curic temperature (120°C), the HaTiOs is cubic and

every six possible minimum encrgy sites are equally probable.
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Relow the Curie temperature, the structure changes to tetragonal. The octahedral
site is now distorted with the Ti ton In an off center position. [f Ba ion is replaced by
the Srign, because of the lower ionic radius of the Sr iuln, Tt ion resides in a smaller
octahedral interstitial position. This will result relatively stable position for Ti ion.
This stable Ti ion stabilizes the cubic structure in the lower temperature range.
-Eigure 4.28{a-b) shows the frequency dependence of dielectric constant of pure
strontium titanate sample sintered at 1250°C for 3 hour and § hours. The room
temperature diglectric constant up to the frequency of 10 MHz is 210. The stable
frequency range is guite long, up to 10 Mz, which is quite large as compared to the
other sample investizated tested in this study. Lower dielcctric constant can be
understood by the paraelectric state of S;TiO; at room temperature causing no

spontanecus polarization to take place.
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4.4 DifTerential Scanning Calerimetry (DSC)

Differential Scanning Calorimetry was used to find the tetragonal-cubic transition
temperature for both BaTiQs; and Ba .St Ti0O;.  Crystallographic phasc transition
during heating was detected by a negative peak, thereby indicating that the process is
endothermic,  For BaTiQ;, the heating rate used was 5°C/min and that for Ba;.
<31, TIO; heating rate was 2°C/min. The reason for taking higher heating rate was
the thermal enargy needed for the phase transformation can easily be acquired at the
high temperature. Fizume 4.29 shows the differential scanning calorimetry data
recorded for BaTiOs polycrystals sintered at different temperature and holding time.
From the microstructural study of BaTiOs it was observed that considerable grain
arowth occur at higher sintering temperature.  Endothermic peak around 123°C may
be atributed o the tetragonal-cubic phase transformation.  Thers were clearly
marked changes, which took place in the transtormation behavior for materials with
decreasing grain size.  In particular, the tetragonal-cubic transformation shift to
lower temperature with decreasing grain size as has been concluded previously based
on diclectric constant data. It is alse interesting to note that the peak shifling is
accompanied with peak broadening. The heat flow, during the crystallographic
phase transfonnation decreased with decreasing grain size. This reduction of heat
flow during transformation suggested that small grain size DBaTiQ, exhibits

suppressed transformation characteristics {tetragonal distortion).

-The effect of substitution of St in BaTiO; is also shown the Figure 4.30. Increasing
concenlration of Sr decreases the Curie temperature. which has already been
confirned from the temperature dependence of dielectric consmant experiment
(Figure 4.25 to 4.27). The observable peak suggested that single phase is formed in
he solid solution of BaTiO;-SrTi0;. No peak is observed in case of BasSr., TiO,
and BagSr2TiO; sintered at 1100°C for 3 hours in the DSC dara {(Figure 4,31 and

Figure 4.32). These results confinned that the diffusion of Sr in BaTiQ; has nat

been completed.

The Table 4.2 shows the Cunie temperaturss found using temperature dependent

dielectric constant (k') measurement and DSC experiment.
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Tahle 4.2; Curie temperature of various BT and BST samples

106

Composition | Sintering temperature | Curie temperature | Curie temperature
and time {Using I’ | (Difterential
measurement by | Scanning
LCR meter). Calorimetry DSC)
BaTi(, 1100°C for 3 hours 129°C 125°C
BaTiCh 1225°C for 4 hours 130°C 126°C
BaTiCh 1250°C for 3 hours - 127°C
BaTi(, 1250°C for 5 hours - 127+
BasSrTiky 1230°C for Shours 96°C g2
Bag:5r5Ti0s | 1250 °C for Shours a0~C 79
BazSraTith 1250°C for 3hours 60 63°C




107

HT&dmin
BT-1250/5H
126.80°C
BT-1250/3H
| B e ———— e e——
!
o M
BT-1225/4H 127.15°C &
e Rl | — r—— i . --|-|-—u_-_.—__..__.___..__.____‘I r:._.-—-—_
i

] BT-1100/3H 125.96°C % o

' 124.65“(‘.}{

& B0 " B o 120 14
™ Tt (O3 e
Figure 4.29: DSC data for polverystalline BaTiO; sintered at different
tempemtures.

d HT-2c nin

] BST20-1250/5H

_...__‘*_._,_4-""_'_.___

| 64.82°C __?5115;12_@_!_@11‘ -

| -

o ——————TT T BST10-1250/5H

— 78.87°C\ ./ T
'| Y e
J ~
M PSS st N
|
92.24°C %

i i » 0o 120

Up Ternypschure [G) Ul W 25 TA

Figure 4.3¢:  DSC data for Ba.SrTiOs (x=0.10, 0.15, 0.20) sintered at 1230°C

for 5 hours.



108

R T B e [
4 BST10-1100/3H -
i BST10-1250{5H /,--——--""'""‘_'
1’! .-.__,_—-——""_'---.-___‘-.\
- I'."'—"\-————-" ‘ i
]
| : |
] 92.24°C
an P T Y 40 un;
Rl Tempomires &) Linkyrud W32 TS

1
Figure 4.31; DSC data for Ba;., SrTiCk (x=0.10) sintered at different temperatures.

HT-22imin
'~ | BS5T20-1100/3H -
I—
|“-—-__
BST20-1250/3H e -
1“_-‘_-“_‘__"__-_-“"#"___“.-—-—-—_—
] 64.82°C
4 84 = 10 130
-l Terpe e {°C) Loyt 00, 2 T e

Fipure 4.32: DSC data for Ba, 5. Ti0; {(x=0.20) sintered at dilTerent temperatures.



4.5 X-ray diffraction analysis

Figure 4.353 shows the powder diffraction patlern of BaTiOs at room temperature
sintered at 1100°C for 3hours. I is observed that ar lower angle, tetragonality is
suppressed but prominent at higher angle, that is (001} reflection is absent in Figure
433 On the other hand, at higher sintering temperature BaTiO; show tetragonality
at lower angle. Figure 4.34 shows the XRD pattern of BaTi0; sintered at 1225°C
for 4 hours. XRD data confirms the presence of (081) reflection.  Microstructural
study confirms that grain growth occurs ar higher sintering temperature [Figure 4.1
and Figure 4.6]. Therefore, it can be concluded that tetragonality increases with the
increase of grain size. These interesting resuits can be understood by ‘internal stress
model’ proposed by Buessern et al {32]. When barium titanate is cooled through the
Curie temperature, the individual grain cxperiences a complex stress system in it and
its neighbors are transformed to the tetragonal state. The stress is minimized if the
overall dimensional change of each grain is minimized, ie. if the grain twins
repeatedly. This very close mimetic twinning is an obvious feature of coarser grained
{10p o 30p) barium titanate. In fine-grained barium titanate the frequency of
occurrence 90° twins is very much reduced. Thus the fine grata barium titanate must
be under much greater stress at room temperature than the coarse grained material.
In general. however it is expected that the stress system would be of 2 type tends to
suppress the spontanegous deformation, which decreased the tetragonality.  This
supprassion of tetragonality is also observed in the temperature dependent dielectric

"constant dara [Figure 4.21(a)].

Figure 4.35, 456 and 4,37 show the X-ray diffraction data of Ba, St TiO; (=01,
0.13. 0.20). The data confirms that solid state reaction is completed in (Ba,St)TiCs
sintered at 1230°C for 5 hours. XRD data also shows that as the Sr concentration is
increased the tetragonality becomes weaker, The X-ray diffraction data of STi0y

nano powder is shown in Figure 4.38,
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5.

CONCLUSIONS

The study finally reached to the following conclusions:

05%, of theoretical density is obtained for BaTiO; in the temperature
range 1225-1250°C. Few samples show lower theorctical density. This

may be due to low sintering temperature and /or pressure gradient.

At higher temperature grain growth oceurs as the holding time increased
Porosity was present in the microstructure indicates that grain growth
rate is faster than the pore removal mechanism.

Ferroelectric domain twin was observed through chemical etching in
large grained microstructure. Twin formation can be explained in terms
of energy minimization and it is related to the grain size.

The presence of porosity may be the cause of not obtaining high
dielectric constant.

At resonance frequency highest k™ value and maximum Joss due to the
dissipation of field energy as frictional heat.

At low frequency (lkiz) loss tangent increases as the temperature
increases- may be due to the lon migration. At High frequency
{100kHz) loss tangent is low because ion migration is absent.

The dielectric constant at the Curie temperature found to be suppressed
when the grain size is small. At room temperature, the fine grain BaliO;
shows high dieleciric constant. On the other hand, room temperature
dieleetric constant was found to be low and at the Curie temperature the

dielectric constant was found be higher than that of its fine grained
counterpart.

At low sintering temperature,Ba, Sr, TIO shows low kK and high loss
tangent. This result can be attributed to the presence of more than one
phase. This was confirmed by DSC, as no detectable endothermic peak
was ohserved in D3C curve.

As the Sr concentration increased the Curie temperature (Tc} shified to
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11.

12,

the Jower temperature. This result was confirmed from the temperature
dependent digleetric constant graph and from DSC data.

X-RD confimed single phase of BapSrTiOs (x=0.1, 0.15, 0.20)
samnple sintered at 1250°C for Shours, The sharp endothermic peak also
confimmed the presence of single phase.

The endothermic peak was observed to be decreased as the Sr
concentration was increased. This indicates that cubic stability increased

in lower temperature region,
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6. SUGGESTIONS FOR FUTURE WORK

The topic just described herc requires a great deal of rescarch to find out more
information about it. There are not much rescarch work have been done in
Bangladesh, regarding the structure property relationship of BaTiOs-based dielectric
materials. The future work should be directed to investigate the following important

issues:

1. Effect of compaction pressure should be investigated more rigorously.
Tnvestigation should be carried on with the sample having pressure of
200MPa or morce.

2. As the initial particle size is 100nm, the sintering temperature should not be
more than §225°C.

Tnvestigation should be directed towards the heating rate during the sintering

Ll

process, because it might have important effect on the microstructure (grain
size, porosity) of the sample.
4, Ultimate goal of the research should be directed to find out the mechanisms

} of fabricating sample with pore free, fine-grained microstructure.
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8.

APPENDIX

8.1 Raw Powder Chemical Specification

Data provided herc are taken from the label on the container.

Specification of the Nano powder

Barium Titanate

120

Manufacturer: Inframet Advanced Materials

BaTi0; nano powder

Catalogh36220N-01

Lot #IAMLLI066NBTO

Avg Size ~100nm{5EM and BET)

Strontium Titanate

Manufacturer: Inframet Advanced Materials

SrTiO; nano powder

Catalog#38220N-01

Lot #IAMEOESNSTO

Purity -99.95%

AvgSize ~100nm{SEM and BET)

h.z Basic Data of Elements involved

- " KMolacular Almic Cryatal Algrnic lonic Fadius i e Mealung
eme
Walght Mumbear Swucture | Redivs fmt | Am valanes  |Polnt°C
Ba 197.3% 56 BCC 0217 O 1THCN=12) 2+ 725
T 47 B3 22 HCF A 145 4+ 18648
OT45{CN=65]
5r BT.52 kL] 2+
0 14HCH=12)
0 1584 2 2- -2e 4
0 124[CN=4}




121
8.3 Etchinp Reagent |57]

Etchant compasition Condition Uses
93ml distilled HzCH-3ml | 5sec to 2min BaTiO,
HCI{32%)+2m! Hi{40%)

100ml distilled | 10sec to 5 min STy
1120+25m] HR40%)

8.4 Properties of Barium titanate [60]

Molecular formula Bali0;

Appearance White crystals

Density 6.02zm/cm’

Melting point 1625°C

Solubility of water l Insoluble

The data are given for materials in their standard state {at 23°C, 100kPa}

8.5 Properties of Strontium titanate [60]

dMolecular formula SrTiCy;

- | Appearance Brown, redish. grey
Density 5.13gm/em’ for synthetics
Melting point Synthetics melt at 2080°C
Solubility of water Synthetic resistant to most solvent
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