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ARSTRACT

In the present research work the doped BaTiO; were prepared by conventional mixed
oxide method. The doping elements were Calcium, Strontium, Chromium  and
Vanadium. The doping levels were 0.1 and (.025 mole fraction. The samples were
sintered at 1300°C. Effect of doping, concentration and milling procedurc on the
dielectric properties of BaTiOs based ceramics were studied. The dielectric constant and
dielectric loss were measured in the frequency range of 0.5 kHz 10 13 MHEz at room
temperature. The highest vatue of the diclectric constant for sample DalTi.omnCros)0;
was found 2729 and the lowest value for the sampleBa.sSr., (Ti.g',r_r,"!':.m_a} was [ound
14.57. The value of dieleciric constant was found higher at low frequency and atmost the
same at 100 KHz, the dielectric constant is lower at high frequencics.PureBaTiO;
exhibits the curie temperature at 63°C.Thesample Ba(TigrsCrus}Os BagSry (Tigns
Crugs}Os, BasCai5ri(TionCraozs)Os and BagCaySr(TisrsV ms)Os exhibits the curie
temperature 80°C at fixed frequency | MHz. The sample (TigyrsYooes)0a exhibits (he
maximum curie temperaturc 110°C at fixed frequencylMHz, The sample BasSr,
{Ti 975V 42500, exhibits the diclectric constant 90°C, The maximum dielectric 1oss was
2774 for the sample Ba.gCa. 5r.1(Ti.orsCr.ypas}04 the minimum dielectric loss was 0.034
lor the sample BagSea(TipsCr 2505 at 13 MHe Dielectric measurement also indicates
that curie temperature for doped sample is larger than the pure undoped BaTiOs sample.
From the present investigation it is observed that the substitution of dopant having larger
lonic radius increases the dietectric constant. Diclectric constant has dependence on the
grain size thereby ball milling time. Tt is observed that diclectric constant is higher for 24

hours ball milling samples.
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CHAFPTER 1

Introduction

The ferroelectric and dielectric properties of BaTi0; with the perovskite structure are of
utmost importance in the elecironic industry [1]. Barium titanate was the first
piezoelectric ceramic developed and is stll widely used [2]. Ferroclectric matcrials play
an essential role in the technological development, These materials offer a very high
resistance to the passage of clectric current under the action of the applied voltage and
therefore sharply differ in their basic electric properties from conducting materials. They
are chemically more stable than other dieleciric material and have the obvicus advantage
of easy manufacture by ceramic technique. BaTiQ; based ccramics have been studied for
their applications in multilayer capacitors transducer, Positive Temperature Coctficient
Resistor, thermistor, Non Volatile Free Random Access Memory, Dynamic Random

Access Memory, etc [3].

1.1 Scope of this study

In thig research the dielectric properties of Vanadiom, Calciom, Strontium and chromium
doped BaTiO; and BaTiO; are studied 1o see the effect of the dopant. Since dielectric
propertics depead on the ionic size and polarizibility, the dielectric properties of the
doped BaTiCs are studied in the Hght of these parameters at different frequencies and
temperatures. The effect of milling procedures is also investigated. Finally the change of
the dielectnic properties due to the milling procedure is discussed. The aims of the
rescarch are to determine the optimum milling time of the sample to obtain the best value
of dizlectric constant and 1o find out the appropriate composition. Undoped BaTiO; was
also prepared to compare the properties of each composition are explained. The XRD
studies are done o idenufy the homogeneity and SEM are taken to cxamine the swiface

mophology.



CHAPTER 2

Historical background of piezoelectric Ceramics

Barium titanate is a ferrroelectric malerial belongs to the subclass of piezoelectric
malerial. Piezoelectricity is the ability of certain crystalline matcrials to develope an
eleciric charge proportional to a mechanical stress. The creation of useful piezoelectric
by treatment of a polycrystallire material depends on a single crystal, Rochelte salt [4]
although for this crystal, piezoelectricity is quite strong even without ferroclectricity.
Ferroelectricity is the presence of a spontancous electric moment in a crystal, which can
be changed in its orientation between two or more distinct crystallographic directions by
applying an external electric field. Prior to about 1940 only twe types of ferroelectric’s
were known. The [first linking of umusual diclectric properties in refractory oxides
amcnable to ceramic preparation came out of work by Thurnauer and Deaderic [5,6] on a
barium oxide titanium oxide composition in 1840, The existence of barium titanate as a

perovskite had long been known [7].

It is apparent that as with many of the important advances that troubled times, this high
diclectric constant of barium titanate was discovered independently in several different
part of the world. There were three basic steps in the discovery and understanding of

piezocleetricity in ceramics.

1) The first of these was the discovery ol the high dielectric constant.
2) The sccond step was the realization that the cause of the high dielectric constant was
ferroclectricity.

3) The third significant step was the discovery of the Poling process.

The first commercial piczoelectricity devices were phonograph pickups marketed by
Sonoton Corporation about 1947, Rapid development of barium titanate piezoelectric
followed, Compositional modilications were found desirable to improve the lemperature

stability or to give moderate improvements in veltage out put.



CHAPTER 3

Literature Review
A1 Electronic Ceramics - Classification

Properties of material have ils origin in the crystal structure, Having identical chemical
composition may vield entirety different properties owing o the difterence in crystal
structure and vice versa, A property of ceramics is dictated by its crystal structure and so
its classification is based on symmetry element of crystal. The scven crystal systcms can
be classified into 32-point group according to symmetry. The thirly-two point groups can
be Turther classified into (a) crystals having a center of symmetry and (b) crystals that do
nol possess 4 center of symmetrg.;, Crystals with a center of symmetry include the |
point groups labeled as centrosymmetric. These point groups do not show polarity. The
remaining 21 point groups do not have a center of symmelry {i.e. non-ccntrosymmetric)
possesses ope or more crystallographically unique directional axes. All non-
centrosymmetric point proups show piczoelectric effect along unique direclional axes.
The following classification, based on the symmetry of crystals, i1s useful in considering

elecironic ceramics.

2.2 Piezoclectric Ceramic

Crystals that lack cenler of symmetry of ion distribution are electrically polarized (ie.
they develop surface charges) when they are mechanically stressed. This is the delinition
of piezoelectricity. The most important piczoelectric ceramics arc thosc that are also
farroelectric. This means that the ferroelectric (and therefere also piezoelectric) domains
within o polycrystalling sample of material can be reoriented {“poled”™} under the
influence of an cxternal electric Meld, and the reorientation 15 permanent. Thus,
polycrystalling  pieroelectric  transducers can be produced. One  very important
application of piezoeleclric ceramics transducers for the conversion of electrical encrgy
into mechanical vibration, as in ultrasonic cleancrs, ultrasound generators {imaging
devices, detection devices) and for the conversion of mechanical vibration into electrical

signals, as in ultrasolic sensors.

3.3 Pyroclectric Ceramic
Some of crystals that lack center of symmetry of ion distribution, (i.e. piszoeiectric} can

also spontaneously develop electric dipoles {polarize), with the degree of polarization



dependent on temperature. This is called the pyroelectric effect, which was [irst
discovered in tourmaline by Teophrast in 314 B.C. and so namcd by Brewster in 1824
[2]. The spontaneous polarization is given by the value of the dipole moment per unit
volume or by the valuc of the charge per unit area on the surface perpendicular to the
axis of spontaneous polarization. The axis of spontaneous ﬁularizatiun is usually along a
given crystal axis. Although a crystal with polar axes (20 non-cenirosymmetric point
groups) shows the piczoelectric effect, it is nol necessary for it 1o have a spontaneous
polarization vector, 1t could be due ta the canceling of the electric moments along the
different polar axes to give a zero net polarization. Only crystals with a unigle polar axis
{10 cut of 21 non-centrosymimetric point groups) show a spontaneous polarization P,
vector along this axis and its value depends on the temperature. The pyroelectric effect
canl be described in terms of the pyroelectric coefficient . A smail change in the
temperaturc A T, in & crystal, in a gradual manner, leads to a change in the spontaneous
polarization vector A P; given by,

AP..xAT (1}

24 ——$—

20 \.\‘\
16 ‘?
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0
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Figure 3-1 : The temperature dependence of spontancous polarization Py for BaTi(),

ferroelectric erystal [8].



polarization BaTiOs has a negalive pymelecine coefficient. The polanization suddenly

falis to zere on heating the crystal above T [8].

3.4 Feerocleelrie ceramics

A subgroup of pyroelectrics has an unusual properry of spontancous alignment
of the electric dipoles within domains (~1p m) and the polarization dircetion can change
under the influence of an electric field. This is the deflinition of ferroelectricity. The
spontaneeus alignment of electnc dipeles (in a pyrocleciric malerial) by their mutuai
intcraction results in the high dielectric constant and P-I5. hysteresis loop. All
ferroelectrics are pyroclectrics and piczoelctric, but not vice versa. For example.
tourmaline shows pyroclectricity but is not ferroelcctric. The alignment of clectric
dipoles is opposed by thermal vibrations and at the Curie temperature T, the alignment
disappears. For T > T, Curie-Weiss law holds:

= F :i-ul:K’—l:L ---..-..“..-n{z].
fe.£) € {Fr—T,}

f

A

¥, Represent the electrical susceptibility, P represents polarization, E clectric ficld, £ and

€, permittivity of material and vacuum respectively and k™ represents dislectric constant,

The clussic example of a ferroelectric ceramic is BaTiOs. A relatively small Ti** ion is
located in a large octahedral site, with some room for free movement. The rattling Ti
hypothesis suggests that there are minimum energy positions for Ti off center, by less

than 0.01 nm, giving an electric dipole in each unit cell.

Because of spontaneous alignment of the dipoles, the dieleciric constant (k'= &fe,) Tor
barium tilanate exceeds 2000 at room temperature. The largest diclectrie constant is
achieved when critical temperature is approached, at T = T, = 123°C, k' = 12,1}
f—[nwever, structural modilications of the classic BaTils are required if variations in

diclectric constant vs temperalure and polarization voltage are of concem.

1.5 Ferroeleciric Domains

Fermelectric crystaly possess megions with uniform polanzation called ferroelectric
domains. Within a domain, all the clectric dipoles or the polar axis transformation occur

and spontaneous polarization takes place. The eleetrical stray field energy caused by (he



{

non-compensated polarivation charges is redoced by the formation of ferroclectric
domains as shown in Figure 3-2. The configuration of the in cubic crystals the
polarization may be orienlated in any of the six-pscudo cubic <001> dircctions.
Thereforo, the potar axis may be aligned orthogonally {90 domuins) and anti-paraliel

(1807 domains) with respect to each other (Figure 3-3)

Figure 3-2: Reduction of electrical energy by domain formation [9]

domains follows a head-to-tail condition in ovder to avoid discontinuitics o (he

polarization at the domain boundary.

TSIV [ DL 47

Figurc 3-3 : Domain polarization direction changed by poling [9]

A sinrle domain can be obtained by domain wall motion made possible by the process
called poling. An appropriate electric field is applied to the sample al a lemperature
slightty below the T. Owerall performance of the ferroclectric material greatly

influenced by the nature of donwiin and its movement. Many rescarches are on going 1o



characlerize the domain and ils activities. The 18" domains arc casily removed by
polling as illustrated n Fipure 3-3. The 30° doimains are difficult to remove because the
surface siraun generaled dunng cooling and the crystal fabrication restrict the motien of
the domain. Mechanical force is used by many researchers [10] (0 pole 90° demain and
recenlly Chen [11] described a new technique. There may be many domains in a crystal
separatedl by interfaces called demain walls. These walls bave a thickness of only 100
nm or less [12]. Muller [13] described a new laser techuology that provides information

aboul domain structure, their nucleation, and their dynamics.

Atomic force microscopy [14] and TEM |15] was used to characterize domain. A very
strong lield could lead to the reversal of the polarization in the domain, known as demain
swilching | 16]. Domains can be observed under the optical microscope and in SEM after
the polished sample being etched wilth concentrated HCT {17]. The relauonships between
gich pattern and the domain orientation in BaTiOj crystal in tetragonal state had been
described by Hooton [18)]. During etching processing Lhe positive ends of the electric
dipoles etch rapidly, forming a rough surface, the ncgative cnds ctch slowly, forming
smooth surface and the sides {dipoles paraliel to the surface} etch at an intermediate rate,

forming a semi smooth surlace.

The built-up of domain wall, elastic stress [Gelds as well as [ree charge caroers
counteracts the process of domain [ormation. In addition, an influence of vacaneies,

dislocations and dopants exits [19].

3.6 Ferroelectric Hysleresis Loop
The main difference between pyroclectric and ferrocleciric materials is that the dircction
of the spontancous pelarization in fermoelectrics can be switched by an applied eleciric

ticld.



fe—— g ——
1
:':—""|
‘-—._‘\\I
~]
1}
Ay,
_\Lﬁ‘
Il
=
|
—
i
=3

Figure 3-4 A Polarization vs. Llectric Field {P-E) hysteresis loop for a typical

ferroelectric crystal. [20]
The polarization reversal can be observed by mcasuring the fermoclectric hysteresis
fanalogous to lermomagneltic behavior) as shown in Fig. 2-4. As the electric field strength
is increascd, thc domains starl 1o.align in the positive direction giving rise to a rapid
increase in the polarization, At very high [eld levels, the polarization reaches a
satralion value {Pg,). The polarization does not fall 10 ey when the external ficld is
removed. At zero external [ield, some of the domains remain aligned in the positive
direction, hence the crystal will show a remnant polarization P, The crystal cannot be
completely depolarized until a ficld of magnitude is applied in the negative direction.
The cxternal ficld needed to reduce the polarization o zere is called the cocreive lield
strengih E, I the leld is increased to a more negative value, the direclion of polarization
flips and hence a hysteresis loop is obtained, The value of the spontancous polarization

P, is obtained by extrapolating the curve onto the polarization axes.

The ferroclectric hysteresis originales rom the existence of irreversible polarization
processcs by polarization reversals of a single lerroelectric lattice cell. However, the
exact interplay between this fundamental process, domain walls, defeets and the overall
ui::peamnce of the ferroelectric hysteresis is still not precisely known. The separation of
the total polarizalion into reversible and irreversible contributions mught facilitate the
understanding of ferroelectric polarization mechanisins. Especially, the irrcversible
processes would be important for ferroclectric imemory devices, since the reversible
processes cannot be used to store information. For ferroelecirics, mainly two possible
mechamsms for irmeversible processes exist. Firsl, lattice defects, which intcract with a

domain wall and hinder it from returning inte its initial position after removing the



eleciric field that initiated the domain wall, motion (“pinning™). Second, the nucleation
and growth of new domains that do not disappear after the field is removed. In
ferroelectric materials, the matter is further complicated by defect dipoles and free

charges thal contmbute to the measured polarization and can also interact with domain
walls [13].

Revemrsible [erroelectrics arc the basic requisite of dielectne materials for application
such as capacitors. Reversible contributions in ferroclectrics are due Lo jome and
electronic displacements and 10 domain wail motions with small amplitude. These
mechanisms are very fast. The reorientation of dipoles and/or defect or lree charges also
contributes to the total polarization. These mechanisms arc usually much slower, bul
they alse might be reversible (relaxation). Remnant polarization and coercive vollage are

of critical importance to the design of external circuils of FeRAMs or DRAMS

3.7Curie Point and Phase Transilions

All fermelectric materials have a transition temperature called the Curic poiat (T,). At a
temperalure T > T. thc crystal does not exhibit ferroelectncity, below Te i is
ferroelectric. On decreasing the temperature through the Curie point, a ferroglectric
crystal undergocs 2 phase (ransition {rom & non-ferraclectric phasc to a ferroclectric
phase. If there are more than one ferroelectric phases, the temperature at which the

Crystal transform from one fermelectric phase to another is called the transition

temperalure,
= B0 -
- _]
2
2 6000 —
ﬁ - Bxl |
_BxIS _
I a0
2 _
! p—
= 2,000
e -Axig —
1] L 1
=150 - 100 =50 { 50 [34) 150 00
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|

Figure 3-5: Variation of dielecinc constants {a and ¢ axis) with temperature for BaTiOs.
[21]



10}

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 propérties clear in Fipure 3-6. I is ulso
clear in the figurc that there are three phase transitions in barium titanate having the
following sequence upon heating: rhombohedral, orthorhombic, tetragonal and cubie.
There is # small thermal hysteresis of the transition lemperature, which depends on many

parameters such as the rate of temperature change, mechanical stresses or crystal

imperfections.

From a crystal chemical view, lhe Ba-0Q framework evokes an interstitial for the central
Ti** ion, which is larger than the actual size of the Ti*" jon. As a rcsult, the series of
phase transformalions takes place to reduce the Ti cavity size, Certainly, the radii of the
jons involved impact the propensity for forming ferroclectric phases; thus both PbTiO;
and PaTiQ; have ferroelectric phases, while BaTiQz and S5TiOy do not [22]. Early
research works on ferroeleciric wransitions have been summarized by Nettlelon [23, 24].
Figure 3.6 shows the variation of the relative permillivity E with temperature as a
BaTiO; crystal is cooled from its paraglectric cubic phase to the lerroclectric letragonal,
orthorhombic, and rhombohedral phases. Near the Curic point or transition temperatures,
thermodynamic properiies including diclectric and thermal constants show an anomalons
behavior. This is due to a distortion in the crystal as the phase siructure change. The
tlemperature dependence of the diclectric constant above the Curie point {T > T.)

{orroclectric crysials is governed by the Curie-Weiss law mentioned in section 3.1.3
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Figure 3-6: Various properties of BaTiOs as function of phase transformalion
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3.8 Type of Ferroclectric malerials

Ferroclectric materials can be grouped according to their structure, into four main types.
These are the corner sharing oxygen octahedra, compounds containing hydrogen bonded
radicals, organic polymers and ceramic polymer compesiles, Comer sharing octahedra
can be classilied into perovskites (ABO;), tungsten bronze type compounds (K, WO0a, x<
1, such as PbNb;Og), Bismuth oxide laver structured {(such as BiyTiz02) and Lithium
Niobate & Tantalate. Hydrogen bonded ferroelectric vsually water-soluble maide in
single crystal. Rochelle salt {(NaKCsH1Og, 4H20) 15 one example of this type and this
was the [irst ferroelectric material discovered. Phase arc now gradually replaced by
ceramic ferroelectrics. Interesting type of ferroelectric material are organic polymers for
medical applications. These piezo-polymers have some properties, which make them
better suited for usc in medical imaging applications. The density of these polymers is
very close to that of water and the human body tissucs, hence there is no acoustic
impedance mismateh with the body. Polyvinylidene fluoride (PVDF, (CH;-CF;),) and
copolymers of PVDF with trifluoroethylene {P{VDI-TrFE)} have found applications as
piezoclectric and pyroelectric materials, The drive for piczeclectric composites stems
from the fact that desirable properties could not be obtained from single phase malenals
such as piczoceramics or piezopolymers. Piczoelectric composites arc made up ol an
active ceramic phase cmbedded in a passive polymer, The properties of the composite
deperd on the connectivity of the phases, velume percent of ceramic, and the spatial
distribution of the active phase in the composite. The concept of connectivity developed
by Newnham ct al. [23] describes the ammangement of the componrent phases within a

composite.

3.9 Corner Sharing Octahedra and Perovskite

A large class of ferroelectric crystals are made up of mixed oxides containing corner
sharing octahcdra of Q. Tons schematically had shown in Figure 3.7 Inside each
octahedron is a cation B*” where b varics from 3 to 6. The spaces between the octahedra
are occupied by A" ions where ‘a’ varies from 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
O™ 10ns, to give u net polarity to the lattice. These displacements oceur due to the

changes in the lattice structure when phase trunsitions take place as the lemperature is
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changed. The formation of dipoles by the displacement of 1ons will not lead o
spontanecus polarization if a compensation pattern of dipoles are lormed which give
zero net dipole moment. Perovskite is a family name of a group of materials and the
nincral name of calcium titanate (CaTiOs) baving a structure of the type ABOs A wide
variely oj‘ cations can be incorporated into pcrovskite structure as long as they obey the

relationship:

t={R,+ RH}.|l| E[R;] + Ryl

w @ mn {b}

Figure 3-7 {a) A cubic ABO:; (BaTiO;) perovskite-type unit cell and (b) three

dimensional network of corner sharing ocilahedra of 0% ions [211.

For an ideal perovskite structure t = 1, and Ra, Rg and Ry the ionic radius of large cation,
small cation and oxygen [26]. The structure akes cubic from with the t value between
.95 to 1 .0; lower this siightly distorted cubic but not ferroelectric but slighdy ahove 1.0
tends to be ferrocleetric [27]. Many piezoclectric (including forroelectric) ceramics such
as Barum Titanate (BaTiQy), Lead Titanaic (PbT105), Lead Zirconate Titanate (PZT).
Lead Lanthanum Zirconate Titanate (PLZT), Lead Magnesium Niobate (PMN),
Potassium Niobate (KNbO,), Polassium Sodivm Niobale (K NajNbOs}, and Potassium
Tantalate Niobale (K{TaMby_ )O3} have a perovskite type structure,

3.10Electrical Propertics
Ceramics are mosily covalently bonded material hence electrically non- conductive or
insulator. Importance of particular property depends on the application demand. For

instance, dielectric strength is an important parameter for application of ceramic as
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insulators used in power transmission ling, load bearing general insulators, in house hold
appliances, etc. In this kind of applications where frequency does not execed 1 kHz, the
breakdown strength, measured in kV/em, and mechanical stirength are prime important
factowrs, The dielectric constant (K7 or loss factor (k™) docs not matter much. On the other
hand, [u; capaciter and electronics applications just the opposile i required. The values
of k" and k¥ are o” pnime importance, noi only their room temperature values but also as
lunction of temperature and frequency. These are intrinsic properiies of material, can be
modilicd by doping., micro structural varjation, etc. BaTiQ; is used exlensively as a
principal ingredicnt for multi layer ceramic capacitor (MLCC) manufactured
cormmercially in billions. In the lollowing sections basic concept and factors governing
diclecctric constant, dielectric losses are discussed. Malterials are treated as polycrystalling

and lincar dielectric.

3.11 Dielectric constant
The overall Dielectric constant (k) of an insulalor material is given by the relation
D=eE=g,k'E e (2)

D represents the electric displacement, E the electric fields in the dicicetric, K the
dielectric constant and permittivity of vacuum, The clectric displacement describes the
exlent to which the electric ficld has been altered by the presence of the dielectric
maierial. The diclectric constant k’ is an intonsic property of a matenial and & measure of
the ability of the malerial o store eleciric charge melative to vacsum. It is mcasured
indireetly from the capacitance of a capacitor in which the matenal is used as electrode
separator or dielectric. From equation- 2 and the capacitive cell illustrated in Figure 2-8
the dielectric constant k', total charge Q (coulombs) and capacitance C (farads) can be

developed as follows:

oD QA
eE egVid
A
Thercfore, Q= gk EV S ol V (4)

Where, C= Eﬂk’g— R .
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Here, A represents the area of the capacitive ccll, d its thickness (or gap between Lhe

clectrodes)

Figure 3-8: Equivalent circuil diagrams a) Capacitive cell, b) Charging and loss current

c} loss tangent

between the electrodes), Co and C the respective capacitance of the capacitor with air
and material, V the voltage across the cell and E the material permittivity (Ffrn). Thus k'
represents the ratio of the permittivity or charge storage capacity relative to air or
vacuwm as dielectric, It is clear {rom equation-3 that for a given size capaciter and
applied voltage Lhe higher the k” the higher the capacitance of the capacitor, This is the
only variable left with the material scientist (o increase the capacitance unit volume value

of capacitor for modern electronics applications.

3.12Dielectric Loss

An ideal dielectric would allow no flow of clectronic charge, only a displacémenl of
charge via polarization. If a plate of such ideal material were placed between the
capacitate cell shown in Figure 3-9 (a) and a dc voltage was applied, the current through

the circuit would decay exponentially to zero with time. Bul this would not be case if an



15

allernating (sinc wave} clectric ficld was applied. In this case the equation-4 may he

written as:
Q=CVe™  — - (8)
40 . . ]
Therefore, I= T = i0lY = i0C, gk "Y-——--(0}
ot

here, | ré:prcscnts the current Mow on discharge ol the capacitor in time T. For real
dielectric material, the current £ has two vector compoenents, real [x and imaginary 1. The
condition ol a loss (not so good) dielectric illustrated in Figure 3-9 (¢) as an cquivalent
circuit analogous of” a reststance in parallel with the capaciter. The curmrent I represents
a {watt less) capacitive current proporiional to the charge stored i the capacitor. Tt s
frequency dependent and leads the voltage by 90°. On the other hand the current Ix is an
ac conduction current in phase with the voltage V. which represents the energy 1085 or
power dissipaled in the dielectric. The resultant angle between the current and the
voltage 15 & somewhat less than 90°. ldeal dielectric under this circumstance would not
absorb any power and the capacitor would have zero loss. The current would lead the
vollage exactly 90°. The current in real capacitor lags slightly behind what 11 would be in
an ideal capacitor. The angle of lag is delined as & and the amount of lag becomes tan &
or loss Langenl,

LEquation- 9 can be written for real and imaginary part,

= i1mC, Bk "V + 10C, E K™Y -————-(11)

Il &
L P — 12
; (12)

By dclinition, tand = v

C
Dielectric loss often atiributed to lon migration, ion wibration & deformation and
electronic polarization. lon migration is particularly important and strongly affected by
temperature and frequency. The losscs due to ion migration increase at low frequency

and the temperature incresses,

3.13 Material Aspect

Intrinsic properlies 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
quantities a) dieleciric displacement D, b) electric ield E, and ¢} polarization P

D =¢g,K'E = g,E4P
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Affect of diglectric in capacitor illustrated in Figure 2-9. The contnbution of vacuum is

the term g,E and is the electrical polarization contribution of the diclectric.
Thercforc, P =g, (K-1)E =gg%E — comemvnea- [14]

It is clear from equation. {I) and {14} polarization is the key factor aribubing to the

diclectric property of material. Low ceramic material, polarization can be further

described in terms ol @ volume charge density related (o the cuncentration of dipole per

unit volume N and the local field E' in the dielectric:

|t | ey

T s | it L

) n

Figure 3-9: Parallel plate capacitor: {a) without dielectric (b} with diclectric E constant,

¢) with dielectric with D constant

P~=D‘,NE’ ------------ {15}
and E =X ;ZE ------------ (16)

Where, o represents the polarizability, arising from differcnt polarization mechanism of

the material:

@= &+ &+ o+ - (17)

]

R |
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Fipure 3-10: Frequency dispersion behavior of diclectric material as (unction of
[requency
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representing the susceptibility associated with electronic, ionic, orientational and space
charge polarization, respectively. Mechanism of polarization described in the following
section. For cubic structures and for induced dipoles (ionic and electronic polarization},
the calculation reveals a relation between the atomic polarizabilily and the macroscopic

permittivity € = € & which is referred to the Clausius-Mossulli equation F28].

oo Et2Na (%)
e —-Na
In Figure 3-10, the frequency dependence of k” and associated polarization mechanism
arc illustrated. Affect of different polanzation mechanism to the ovcrall dielectric
constant is related to the compesition, frequency and lemperature of the dielectric
malerial, In general, increases with ion concenlration, ion size and ion polarizatlity,
hence ions like Ba®t, Ph** La™ are used in order to achicve a higher dielectric constant
and refractive index. In iomic solids (such as MgO, Al(Ds} is the predominant
polarization mechanism, where ion size and scparation have the signilicant cffeet. For
ceramic malerials with mobile ion, the orientational polarization can be a factor. This can

be atiributed 1o ion jump polarization, where
p* (ezd)’
= — and o =
o Tour

p = ezd, represents the dipole moment associated with the jump of an jon of charge ez

SNI—GT)

through a disiance 4. The relaxation time T and the number of successful ion jumps per
sccond are given in Arhenius form:

L O L —] | )

T=1T,&
here, W is the activation energy, k Bollzman constant and T absolute lemperature. In other
word, for ceramic r decrcases with lemperature, the relaxation move 1o higher
temperature with increasing frequency and n increases with the temperature, Hence il is
normally observed that at a given frequency k* increases with the temperature and al 2

given temperature k¢ decreases as frequency increased.

3.14 Mechanism of Polarization

In peneral, there arc (ive different mechanisms of polarization, which can contribule to
the dielectric response [29].

Electronic polarization exists in all diclectrics. [t is based on the displacement ol the
negatively charged eleclron sbell against the positively charged core. The eleciromic

polarizability is approximately proportional to the volume ol the electron shell. Thus, in
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general ©f is temperature-indcpendent, and large atoms have a large clectronic
polatizability. Ionic polarization is observed in ionic crysials and describes the

displacement of the positive and negative sublattices under an applied electric lield.

# Orientation polarization describes the alignment of permancnt dipcles. Al ambienl
temperatures, usually all dipole moments have statistical distribution of their directions.
An electric ficld generates a preferred dircction for the dipoles, while the thermal
movement of the atoms perturbs the alignment. The average degree of orientation is
piven by the Langevin function <tt,> = pi(3k T) where k denotes the Boltzmann

constant and T the absolute temperature.

¥ Space charge polarization could exist in dieleciric materials which show spatial
inhormmogeneities of churge carmrier densitics. Space charge polarization elfects are not
only of importance in semiconductor ficld-cffect devices, they also occur in ceramics
with electrically conducting grains and insulating grain boundarics {so-called Maxwell-

Wagner polarization).

¥ Domain wall polarization plays a decisive role in ferroelectric materiuls and
contributes o the overall dielectric response. The motton of a demain wall that separates
regions of different oriented polarization takes place by the fact that favored onented

dumains with respect to the applicd field tends to grow.

3.15Processing of Barium Titanale ceramic
Property of the final product depends on the proucessing from raw material to the final

sintering.

Raw Malterials Ball %
Weight + Mix Millinp
Finishing/ ; ‘I
Characterization

Palletizing

Figure 3-1 1: Flow char of Mixed Oxide route
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Every step in the process chain has its own influence on the successive siep and the 1inal
product. Many methods arc usced to syntheses BaTiO;, a) conventional mixed oxide, b)
sol-gel, ¢) chemical precipitation, d} hydrothermal and e) combustion reaction. Choice of
route depends on the application. Nanopowders are prepared using the electrophorecnie
{EPD) methed for making [1lms. Even thin film was prepared rom bulk single crystal
using ion slicing mcthod [29]. Ultra {ine BaTiO; powder vbtained by combustion
reaction arc used to make bulk material was described as relatively efficient method [32].
By far the first methed is widely in the industrial application as well as at laboratories.
However, powder obtained in other routes is superior in terms of homogeneity and
fineness. This method also known as solid state method was used to preparc sample in

this study.

Processing route of this method illustrated in Figure 3-11. In the following seclions
important steps were discussed briefly with their influence on dielectric property of
BaTiO; ceramics. The raw materials BaCO; and TiCy; (rulile or anatasc) arc first weighed

according to the stoichiometric Formula. The raw materials should be of high purity.

3.16 Ball Milling
The weighted powders arc mixed mechanically by either ball milling or attrition milling.
Milling is carried out Lo reduce the particle size of the powders to the micron range for

the ease of solid phase reaclions to occur by atomic diffusion.
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Figure 3-12 Schematic of a Ball Mill
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The schematic of a ball mill is illustrated in Fig 3-12. Size and distribubion of the bhall 15
an import factor determining the product quality. Particle size is reduced by the action of
impact and friction of balls with the powder. Thumb rule is, smaller the size of balls finer
the particle but it take longer lime to break down big particles, hence use mix of different
size I:lal]sl. Motion of ball is contrelled by the rotation speed of the mill. At higher speed
balls cling at the inner side of the mill due Lo centrifugal lorce, Wwo low speed would set
the balls almost stationary at the bottomn. In beth case insutflicient friction between balls
and particic would not break down the particle. Optimuim specd is achicved when balls
are in circular motion and moll back 1o bottem from about three quarter way to the top as

shown in Figure 3-12.

Media is ancther important consideration {or two reasons. It must not react with the ball,
Ithc container, or the powder. Secondly, must avoid decrease of colloidal stability. For
| instance, milling of BaTiO; in water media set of tribochemical reaction. The reaction
forms strongly alkaline Ba(OHj; which upset the PH balance, decreasing the coliodal
stability of Fhe suspension [30]. Either nen-polar liquid such as acetone, alcohol, 15 used
or polyclectrolyte stabilizers are uscd with water. Usually the same sct up is used for
milling the calcined powder, Finer particle can lower the sintering temperature and firing

time significantly. Extent of ball milling is usually asscssed by particle size analysis.

A17 Calcination
Chemically as well as ceramic point of view, this is an impertant step. Desircd
compound are formed and necessary reactions are accomplished. During the calcination
slep the mixed powder is exposed to high temperature al a specilied atmosphere and
time. The purposes ol calcinalions are -
4} To remove residual media form milling process
b} To remove water of hydration, carbon dioxide forming oxide, and any volatile
impurities. .
c) To effect solid phase reaction between the constituents giving (he destred
phasc or solid solution.
4 The reaction wouid reduce the volume shrinkage in the [linal sintcring.
The calcination of BaTil);, starting raw materials BaCQ; and Ti(: are mixed.
BaCCs — Ba0 + COT
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BaO + TiO; = BaTi0;
in the molar ratio of 1:1, ball milled, then calcined in ambicnt air at 1000°¢ (0 obtain the
perovskite phase through the diffusion controlled reaction [31]. Degree of calcinations
can be assessed by weight loss o CO; as a function of time and temperature using TGA.
Under isothermal condition, the reaction ebeys a parabolic time faw. Newnham [22] has
detailed the model of kinctic of selid siale reaction between spherical particles.
According 1o him, Lthe reaclion rate is inverscly proportional 1o the square of the particle
radius. Importance of milling before calcinations is realized and so is the fincness of the

powder.

3.18 Formation of phases and Phase Diagram

BaTiO; formed during reaction above through formation number of intermediale phases.
Templeton {32] detected the intermediate second phases BasTi0s, BaTi40y und BaTi0s.
The Ffinal conversion o monophasc DaTiO; determined by decomposition of the
intermediate phases, ie, the diffusion cxchange between Ba and Ti rich region in the
powder. The calcinations temperature and the amount of intermediate phases critically
depends on he morphology and degree of mixing of the raw material. During ball
milling this is an important point aimed to accomplish. According Lo Bauger {311, during
this solid-solid reacticn BaO act as the mobile agent., Al the contact interface BaQ 1s
formed which diffuscs into the TiQ; forming as inlermediate layer of BayTi0,, which
slowly reacts with the residual TiQ; to form BaTi0s, Hence, particle size is an important

tactor especially the size of Ti0; as it determines the particle size of BaTiQ,,

The phase diagram of BaO-TiO; is shown in Figure 3-13. As per phasc diagram,
stoichometric BaTiQ; can accommodalte little more TiO; with the compound. Formation
of Ba;Ti(y is inhibited below 1100°C by the presence of a CO5 atmosphere. This phase
is particularly harmful, since it is hygroscopic and decomposed with swelling in shghtly
moist air. Incomplete mixing and rcaction will vield small amounts of Ba,TiQy and
BaT1,07 and other intermediate phases. The same kind of harmful phascs may also oceur
when alkaline earth oxides, such as Ca, 5r used in substituted BaTiO.. Effect of
calcination temperature was studied by Maison et af [33] suggest at 700°C tetragonai

BaTiOs do not form whereas at 100°C it does at the expenscs of particle agglomeration.
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Dopent and other additives are added at this stape of processing. A great advantage ol
this method is that dopes and additives can be homogeneously incorporated into the

pcrovskite lattice duning calemations [34).
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Figure 3-13: Phase Diagram of BaO - TiO; system
The calcinming lemperature is imporlant as it influences the density and hence the
electromechanical propertics of the final product. The higher the calcination temperature,
the higher the homogeneity and density of the final ceramic product. Many calcination
temperature and time scheme bas been suggested. Higher temperature and longer time
usually yield complelely reacted powder but coarser particle size posing difficullies
during subsequent milling. So, proper calcination at the right temperature is neccssary to
gbtain the best electrical, mechanical propertics and minimizing the presence of harmful

phases.

3.19 Effect of particle size

Reaclion kinctics greatly influenced by the fineness of the particle size. Henning ef af
[34] studies the effect of grain size of particle on the reaction during sintering and the
final product using TGA. They concluded that the decomposition temperature of BaCO;

in mixtures with TiOs is largcly independent of the particle size of BaCOs. However, the
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purticle size of TiQ; widely determines the grain size of BaTiQi This is in good
agreement with diffusional solid stale reaction suggested where BaQ act as a mobile
agent, Sub micron sized BaCO; however, strongly inhibits the {ormation of harmful
phasc BayTiOs. The Ba/Ti atomic ratio has a strong influence on the calcination

lemperature. Higher temperature required for Ba rich composition.

3.20 Shaping and drying

Afer calcining, the lumps are pround by milling as described previously. The milled
powder ready for further proccssing is commonly referred at green body. The green
badlies should have a cerlain minimum density before they can be sintered. Common
practice is to achieve 60% of the theoretical density (during shaping and pre-sintered
slate. The desired shape and a minimum green density can be provided by various
techniques  including powder comgpaction, slip-casting, extrusion, doctor banding,
dipping, et¢. Hol pressing (both axial and isotactic}, although expensive mecthod, is
becoming popular for better guality ceramic material used in high-cnd application. The
choice of the method depends on the type of powder used, particle size distribution, state
of agglomeration, desired shape, and thickness of the part. Hydraulic or mechanical
presses are uscd to press powder in to desired shape at the pressure of ~ {0 to 300MPa.
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 selid phasc sintering route. Hence,
strengih of the sreen powder compact is achieved through addition of a switahie hinder

such as PV A, glycol phthalate, etc.

Aler shaping, the green bodies arc heated very slowly to belween 400-600°C in order to
remove any binder present. Initial heating rate to bumout the binder is about =1 -2°C/mm
in order to allow the gases to come out slowly without Torming cracks and blisters in the
ceramic parl. Afier the binder bumout is over, the samples ame aken 1w a higher

temperature for sintering to take place.

221 Sinlerinp

In this step, powder 5o preparcd [inally transforms to usable cerumic body. In ceramic
industrigs, this step is also known as [iring. BaTi0s mawres in the 1350°C o 1450°C
range [35). This is the most importanl processing slep in making of ceramic material. All

properties ol ceramic depends on the sintered body which is the direct resuit of the
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sintering parameter such sintering lemperature, hold time, atimosphere, thermal profile,
elc. There are many sintering methods used but this discussion would be limited to solid

phase method.

Heat causcs the powder particles o develop inter granular bonds by surface diffusion and
ather physical driving force, Mcchanism of sintering and allied 1opics detailed elscwhere
[36]. The typical green density of ceramic body at the start is about 60% ol TD. Strength
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 usvally low and the T is nol pronounced strongly. The pores of a
ceramic are gencrally closed at -93% of TD. Additional heal work causes grater
densification as trapped gasses diffuse out along grain boundaries. At densilies befow
95% ol TD the presence of open pores would causc the dielectric loss and undoubtedly

inlerior dielectric properties,

Setting of sinlering temperature is not that straight Forward. Low temperature sintering
resulls in ceramic of poor density and tormation of Ba;Ti(4. On the other hand, too high
temperature and fong hold time may cause open structure with low density [353]. Also, a
high temperature grain growth is acceleraled resulting in low dielectne properties,
Another harmlul hexagonal phase of BaTi0O; may form at the temperature higher than
1460°C (Figure 3-10). The sintcring temperature and time should be optimum for proper
densi{ication to o¢cur without abnonnal grain growth. This is best done by trail and error

for particular matenial, volume and other process parameters.

In MLC manufactoring industries, sintering high lemperature such as 1300°C is not
practicable, due to use of low melling point electrode material. Commereial formulation
15 aimed o lower temperature {~1100°C) sintering with the addition of many sintering

and dopents.

3,22 Properties of BaTiO,
Ferroelcetric ceramics and dielectric hehaviors were discussed in length in the previous
sections. Ferrocleetric nature of BaTiQ;, the mechanism of superior diclectric properties,

factors affecting properties discussed in the following sections. Effect of doping, process
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variables such as ball milling practice, calcination thermal profiles, sintering temperature

and hold hme on the diclectric properics discussed.

3.23 Crystal Structure and Phase Transformation
Drilerent phase transformations and cell dimensions of BaTiGs are illustrated in Ligure 2-

14, BaTiCs has a paraelectric cubic phase above its Curie point of about 1 30°C. In the

temperature range of 1 30°C 1o 0°C the ferroelectnc tetragonal phase with a % ratio of

~1.01 is stable. The spontaneous polarization is atong one of the [001]
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Figure 3-14: Different Phases, transformation and cell dimension of BuTiO;
directions in the origical cubic structure. Belwzen 0°C and -90°C, the ferraelectric
orthorhombic phase is stable with the polarization along one of the [1101 direcuons in
the original cubic structure. On decreasing the temperature below -50°C the phasc
I'transitiml from the odhorhombic to ferroeleciric thombohedral phase leads o

polurization along one of the [111] cabic dircctions.

On cooling from high temperatures, Lhe permittivity increases up to values well above
10,000 at the phase transition temperature Te. The inverse susceptibality as well as the -
diclectric permittivity [ollows a Curie-Weiss law. The appearance of the spontanecus

polarization is accompanied with a spontaneous (tctragonal) lattice distortion. The phase
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transition in barium titanate is of first order, and as a result, there is a discontinuity 1n the

polarization, lattice constant, and many other propertics, as becomes clear in Figure 3-6.

3.24 Significance of tetragonal phase

The phase of ferroclectric interest is Ihe tetragonal existing between 1 30°C (T) 1 0°C.
The extent of tetrapenality i.e, ¢fa ratio can be caleulated from XK1Y patiern. Separation
of {002y and (200) peak is a good ndication of formation of lewragonal BaTiOs as
indicated in Figure 2-15 for sample caleined at 700°C, 900°C and 1100°C
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Figure 3-15 : XRD pattern showing separation of {002) and (200} peaks

[37]. The JCPDS (ile for tetragonal and cubic phase are 5-626 and 31-174 respectively.
The lawice paramcters are given as a4,=3.994A and ¢, = 4.038A for tetragonal phase and
2, = 4.031A for cubic phasc. The o/a ratio was alse increased from 1.0065 o 1 .010 for
calcination at Y00 *C and 1100 °C respectively. Extremc anomalics of properties at ‘I
are associated with the extent of tetragonality of Bali0s ceramic. On the other hand,

ferroelectric properties will diminish with the absence of letragonal phase.

3.25 Fuctors influencing tetragonal phase

" Apart from the calcination temperature of BaTiO, formation the other major factor is the
Ba/Ti molar ratio. Lee [21] reported the extent of dielectric peak at T lowed as BafTi
ratio increased. Impurities such as Fe, Cr, Mn present alse suppress letragonal phasc.
Curie point also suppressed in ultra finc-grained ceramic. Arlt ¢t al |35] shown the
dependence of latlice constants (cfa — 1)% of tetragonal BaTiO, ceramic on averige
grain size as illustrated in Figure 3-16. With the change of grain size different
ferroelcetric phases coexist ot roomn temperature, At grain size above lpm normal

tetragonal XRD reflection occur for (X4} and (400} planes. As the grain size 15 reduced
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to 0.84um thesc peaks shift closer and a third pseudo cubic reflection of (40) appear
within, This pscudo cubic Phase most probably ascribed o the orthorhombic phase that

exits below 10%C.
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Figurc 3-16: Ratio of the lattice consiants as a function of grain size
At grain size of 0.28um only two rellections are observed which cannol be ascribed 10

any know ferroelectric phases of BaTiO; [38].
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Figure 3-17: Deformation of the tetragonal (4000/(004} x-ray diffraction peaks due to

grain stze {38]
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3.4.1.3 Displacement of ion off ceater dimension of atoms with in the unit cell of BaTiO;

is given in figurc

Fig: 3-18 Displacement ions in unit cell of BaTiO;

3-18. Titanium ion is displaced by Q.12A towards oxygen ion in [001] direction and that
oxygen ion also displaced by 0.03 A towards [001] titanium atom. Barium ion also
displaced by 0.06 A towards [001] direction, Under the influcnce of clectric field of
opposite direction the di:-‘;placemen}. will be towands opposite direction. On cooling helow
the Curie point T, the tetragonal structure so develops where the center of Ba**/e and
Ti* ions are displaced relative to the O% ions, leading to the formation of electric
dipoles, Spontancous polarization developed is the net dipole moment produced per unit

volume for the dipoles pointing in & given direction [17].

Large octagonal spacc compared to Ti atom size is responsible for this displacement.
This is the basis of spontancous polarization of BaTiOsz or ferroclectric ceramic. This
large octagonal hole is also the reason of BaTiOs undergoing many phase transformation
at different temperatures. The relative displacement of ions in a unit cell illustrated in

Fig: 3-18.
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3.26 Domain Structure effect

In polycrystalline bulk ceramics the pattern of domains is quite different becausc the
domain structure of each grain is [ormed under elastic clamped conditions by its
surrcunding neighbors, whereas a single crystal is free [38]. It should be noted that only
non-180 domains, i.c. 90 domains (for letragonal structures) or 71 and 109 domains (tor

rhombohedral structures), have the potential to reduce elastic energy.

Figurc 3-19: Domain pattern of [inc graincd {left) and coarsc grained (right) BaTiO;
CETamic

There exist two types of domain in coarse-grained BaTiOs, called herring bone and
square net pattern. The first one is by far the most common in unpoled ceramics. As

shown in Fig: 3-19, by dcereasing the grain size the domain patiern changes from a

bandecd to a laminar structure |81

3.27 Grain Size Effect

In bulk BaTiQ; ceramics the grain size has a strong effect on the low f{requency
permitlivity for grain sizes below approx. 10 pm as shown in Figure 2-1 7 (a). The

permittivity is rising at decreasing grain sizes up to a maximum at grain size
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Figure 3-20; Temperature dependency of grain size
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~(,7um |38]. The increase of k’ could have caused by internal stresses because each
grain is clamped by its surrounding neighbors or by the increase ol the number of
domain walls contributing to the dielectric constant. Below this erain size the
permittivity sharply decreases again in conjunction with a reduction of the tetragonality

and of the remnant polarization.

In Figure 3-20 the temperaturc dependence of the permittivity for {a) bulk ccramics with
diflerent grain sizes and (b} thin {ilms with difterent grain sizes and (¢) microsiructure of
thin Mms are illustratcd. For BaTiOs; thin Nlms a significant increasc in the room
temperature permittivity from 500 to 900 is observed which was induced by the change
in the morphology from 2 granular to a columnar micrestructure (Figure 3-20 (b} and

9

In contrast to BaTiQ, bulk ceramics, which exhibit a paraelectric 10 ferroelectnc phase
iransition with decreasing temperalure accompanied by a sharp peak of the permituvity
at around 123 only a broad maximum in the permiltvity vs. temperature curve is
observed for polycrystalline thin [ilms, Additienally, the BaTiO; thin films do not show
a lerroeleciric hysteresis at room temperature. While the absence of a remanent
polarization is typical for paraeleciric material, the grain sizc dependence indicates a
super-paraelectric behavior of BaTiQ; thin films. Compared Lo bulk ceramics, thin
BaTiQ; films of the same average grain size show a significantly lower permittivity,
although the grain size dependence is still observed. The difference in the absolutc
permittivity valucs may be explained by a combination of thin film effects, which resull
in a further decrease of the permittivily, as for example film- clectrode mterfaces and

stress ellects.

Figure 3-21 shows the variation of dielectric constant with temperature for BaTiO;
ceramics with a line (<lpm) and coarse (>50pm} grain size. Large grained BaTiO,
{>1pm} shows an extremely high diclectric conslant at the Curte point. This is because of
the formation of multiple domains in a single grain, the molion ol whose walls increascs
the diclectric constant at the Curie point. For BaTiO; ceramic with fine grains {<lpm]}, a

single domain forms inside cach grain. The movement of domain walls arc restricted by
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the grain boundarics, thus leading to a low diclectric constant at the Curie point as

compared Lo coarse grained BaTiOs [39].

The room temperature diclectric constant, k7 of coarse grained (>50um) BaTiOs ceramics
was found to be in the range of 1500-2000. On the other hand. fine grained (~Tpm}
BaTiQ; ceramics exhibit a room temperature diclectric constant between 3500-60(X. The
grain sizc cffect on the dielectric conslant at reom lemperature has been explained by the
work of Arlt et al. |38] and Bucssem ef. af. [40] coworkers proposed that the internal

siresses in [ine grained BaTiOs: must be much greater than
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Figure 3-21: Gruin size effect on k” of bulk ceramic

the coarse grained ceramic, thus leading to a higher permittivity at rocin lemperature,
Arlt studied the domain structures in BaTiOs ceramics anmd showed that the room
temperature k* reached a peak value at a critical grain size of ~0.7 pm. He concluded that
the enhanced dielectric constant was due to the increased 200-domain wall density. The
mobility of the 90° domain walls in very fine grained BaTiQ; is hindered and only less

than 25 % of the k™ was achieved,
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As the BaTiO; ceramics have a very large moom temperature dielectric constant, they are

mainly used multi layer capaciter applications. The grain size control (5 very important

for these applications.

A28 Morphology
Diielectric constant strongly depends on the microstructure specially Porosily and other
phase present. The cffect of grain size discussed carlier. Ideally sintering should provide
a ceramic body close to its theoretical density, around 953% or more
Gerson, et al [41] expressed the relation between porosily and k™ as

Logo(k") = 2V Togo(k o) -~ --- {21}
where, Vi, Voo are volume fraction with ¥ of k', K2 ......... Relationship with the

cxperimental data shown in Figure 3-22.
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Figure 3-22: Dielectric constant relationship with poresity [41]
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=

Another feature of is the core shell structure develops owing to doping and other factors

are discussed in section 3.31.

3.29 Doping cffect

Various A and B site substitutions in different concentrations have been tried to see their
eflect on the diclectric and ferroelectric properiies of BaTiOs. Sr™ and substitutions o
the A site have been found to reduce the Curie point linearly towards room temperature.
The substitution of Pb%* for Ba®* raises the Curie point. The substitution of Zr** tend to
decrease T, but increases other transition temperatures. These effect shown in Figure
3.23 with effect on dielectric property. The simultaneous substitulion into both A and B

sites with different ions can be used o wailer the
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Figure 3-23: Change of transition teniperature with dopents and effect on diclectric

constant,

propertics of BaTiOa, The effects of vadous isovalent substitutions on the ransition
ternperatures of BaTiOs ceramic are shown in Figure 3-24.
Deping is necessary 1o

-avoid time variations of k = e/,

-broaden the k* - T dependence

-decrease T, lo close to room temperature, il maximum k' s required
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If an ion of the perovskite structure BaTiQ; is replaced by a different ion of the same
valence, isovalent doping is present, e.g. Ca® on the Ba®" site Bay.,Ca,TiOs. Aliovalent
doping cxists when donors like La™ on Ba site or N b*™ on Ti-sitc as well as acceptors
like Ni** or Mn®* on ‘T'i-site are incorporated in the crystal, At least the site occupancy is
determined by the size and the valence of the dopant, &.g. Ca®* may be isovalent A-site

or acceplor-type on B-site.

Temperaiunt, 'C

I

Figure 3-24 The ctfect of doping on the transition emperatures ol BaTi(); ceramic

Besides Sr, Pb and Zr, Ba can be replaced by Pb, Sr, Ca, or Cd, and Ti can be replaced
by 5n, Hf, Zr, Ce, or Th.

3.30Coemmercial formulations .

As discussed in detail so Tar, the permittivity of ferroelectric perovskites shows marked
changes with temperature, paricularly close to the phase transition. From the device
point of view a high dielectric permittivity with stable properties over a wide tcmperture

range is required. There are various commercial specifications, which have to be

fullilled.
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tempuraturs for various cerumic dislecrics o
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Figure 3-25 Commercial lormulations and their k' vs T characteristics [42]

By substitution or doping it becomes possible to tailor the ferroclectric materials 1o
different properties. In Figure 3-25 dielectric constant vs temperature behavior of

commercial lormulation as illustrated.

3.31 T, Suppression

Doping generally leads to a shill of the phase transition temperature. In Figure 3-23 and
3-24, the change of the transition temperatures is plotted as function of dopant
concentration for different dopants in BaTiOs. It is found that Pb-doping stabilizes the
letragonal phase in he sensc of their existence over a wide temperature range whereas
Sr-doping destabilized the tetragonal phase, This behavior could be understood by the
lact that the larger Pb-ions on the A-site form a larger cavily giving the central ion more
space {or ofl-cenler positions than the Sr-ions. In case of high dopant concentrations
sequence of the phase transitions in BaTiOs tends to be suppressed. For Ba(Zr 1404
all phase boundarics meet at a Zr content x = ~ Q.18 (Figurc 3-23). Because of the
supcrposition of the particular phase transitions the resulting transition becomes diffuse
with a broad maximum of the diclectric permittivity as shown in Figure 3-23. Therefore,
this composition has thc potential as suitable lemperalure-siable diclectric for ceramic

capacitors.

A.32Cere Shell Structore

A dilferent approach to over come (he temperaturc instabilitics of the dielectne
coefficient is (he addition of mcre complex compesitions (than doping with atoms) as
CdBizNbzOs, By controlling the reaction kinetic of the sintering process (he

microstructure exhibits a grain core-grain sheli stracture. The core consists of BaTiOs,
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and the perovskite material in the shell shows a mixture of BaTiOs wilh the complex
perovskiles Ba(DisNbs)Qs and Ba(CdaaNbzs)O; having an approximate Curic point al
T. 80°%. Figurc 3-26 displays schematically the fcrroelectric core and the paraclectric
shell. The chemical inhomogeneity emerges during a process of reactive liquid phasc
sintering. Applicatien of oo high sintering temperaturcs Jeads to uniform distributions of

the additives via solid-stated dilfusion.
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Figure 3-26 ; Core Shell structure and'its effect on k'

3.33Relaxor Ferroclectric

These are spceial type of ferroclectric ceramic in their own right. Strictly, they are
neither a derivative of BaTiOs nor a resull of doping effecl. The reason of their relevance
in this study was to high light few aspects, which was obscrved in the BaTiO: sampies of
this study. Relaxor ferroclectrics are a cluss of lead based perovskite type compounds
with the general {ormula Pb{},,Bz)(; where By is a lower valency cation (like Mgz",
70> NiZ*, Fe®*) and By is a higher valency cation (like Nb™ TFa™, W, Pure Tead
magnesium niobate (PMN or Pb(Mg,nNbys)0s) is a representative of this class of

matcrials with a Curic point at -10°¢,

Relaxor ferroelectrics like PMN can be distinguished from normal ferroelectrics such as
BaTi0s and PZT, by the presence of 2 broad diffused and dispersive phase transition on
cooling helow the Curic point. Figure 3-27 shows the vanation in the dielectric
properties with temperature for PMN ceramic. It shows a very high room temperature

dielectnic constant and a low temperature dependence of dieleciric constant. The dilfuscd
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phase transitions in relaxor fecroelectrics arc due to the compositional helerogencity seca

on a microscopic seale.

E

15

L B

10F

Figure 3-27 Variation of the dieleclric properties of PMN with temperature [43]

The relaxors also show a very strong frequency dependence of the diclectric constant.
The Curie point shifts to higher temperatures with increasing lrequency. The diclectric
losses are highesl just below the Curic peoint, T, Relaxors which give a second order
phase ransition, the remnant polarization, Py, is not lust at the Curie point but gradually

decreases 10 zero on increasing the temperature beyond T, [44]

3.3 Applications

Barium titanate can be regarded as ‘role model” of electrenic ceramic from application
point of view. Tts piezoelecine, pyroelectric and ferrvelectric  propertics  were
successfully applied in many cominercial applications, Vast majorily of commercially
important application arc in polycrystailine butk or lilm form. In the following sections,
property wise applications arc briefly discussed. Since dielectric propertics of BaTiO;
were studied in this thesis, capacitor application especially MLCC emphasized. Cut-

away schematic of MLCC is shown in Figure 2-30 and a actual MLCC shown in Figure
3-31.
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A35Ferroclectric applications as Bulk

Notable application of ferroelectric BaTiOs is in the manufacture of capacilor for
electrical appliances. Basics of capacilor have been discussed in the section 3.2 with
example of simple ceramic capacilor. From application point of view MLC capacitors
are most impnrtlanl; and technologically challenging. The velumetric etficiency (more
capacitance from given capacitor sizej further enhanced by using mulli layer ceramic
(MLC) capacitors. As shown in Figure 3-30, the MLC capaclior structure consists of
allernate layers of dielectric and electrode material. Each individual diclcctric layer
contributes capacitance to the MLC capacitor as the clectrodes terminate in a parallel

configuration.

Hence, the effective equation (cf, eguation 5) for capacitance becomes,
ne kA
d

C=

End bermminatven

T M c kel Cordud Ly
rarrier layer)  metaklization Caramic

xduelectﬁc

Meta) electrode

Figurc 3-28 Schematic of multi layer capacitor

Here, n 15 the number of dielectric layer. The advances in tape casting technology have
made il possible to make dielectric layers <20 pm thick. This, combined with the use of a

high dielectric constant ceramic like BaTiOs,



Figure 3-29 MLCC capacitor

allows large capacitance valucs to bc achicved in relatively small volume capacitor

devices [43]. MLC capacitors are made by the tape casting proccss.

130 MLCC processing

Slurry with a suitable binderfsolvent syslem is [irst made from the diclectric ceramic
powder. Thin green sheets of the ccramic are then made by (he tape casting process. Ik
consisting of an electrode {Pd, Ag-Pd, ctc.) and organic is screen printed on the diclectric
sheets and then hundreds of sheets are stacked one on top of the other, A low pressure at
a temperature between 50°C and 70°C is applicd to laminate the sheets. These laminates
are then diced to form a monolithic green MLC capacitor. The binder removal is
accomplished by heating the green body very slewly to a temperature of 300-400°C. The
MLC capacitor is then sintered at a high temperature depending on the Lype ol ceramic.
After applying the tcrminations for the internal electrodes of the MLC capacitors, the

gapacilor is mounted on the cleetronic substrate by soldering.

The critical steps in the fabrication of the MLC capacitors include the formation of thin
uniform green sheets from the ceramic slurry. Any non-unifornuity in the thickness could
Tead to dielectric breakdown during operation of the device. The co-firing of the ccramic
tapes and metal electrodes should be compatible and should not fead (o any reactions

between the Lwao.
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3.37 Ferroelectric Thin Films

Ferroelectric thin [ilms have atiracled attention for applications in many clectronic and
clectro-optic devices. Beside BaTiOs other imporant forroclectric materials being used
for making thin [ilms inclnde the perovskite type materials such as, Pb{Zr, T1.,105 and
Pb{MgsNb2s}0s. Applications of ferroclectric thin [ims utilize the unigue dielectnic,
piezoelectric, pyroelectric, and electro-optic properties of ferroclectric materials. Some
of the most important electronic applications of ferroelectric tun films include
nonvolatile memories, thin films capacitors, pyroelectric scnsors, and surlace acoustic
wave (SAW) substrates. The electro-oplic devices being studied include opuical wave

guides and optical memories and displays

3.38 Piezoclectric Applications

In the early days, piezoelectric property of BaTi0: was used in phonographic pick-ups.
Piezoelectnic ceramics can be used [or both active and passive transducer applications in
ultra sound application. In the passive mode the transducer acts as a sound receiver i.e.
there is conversion ol sound energy into an electrical signal, The converse piezoelecinc

cffect permits a transducer to act as an active sound transmitter.

In the pulsc echo mode, the transducer is used to perform both the active and passive
functions at the same time. A sound wave is propagated into the medium and a faint echo
is received back afier a small time gap due to the aceustic impedance mismaich betwecn
the interface materials. This principle is used in transducers for ultrasonic medical
imaging applications. Other applications are gas igniter, displacement (ransducer,

accelerometers, piezoclectric ransformers, impact printer head for dot matrix, ete.

3.3% Other applications

Recently BaTi(: has been used as in-built thermal switchers on motors. When the
temperature riscs above a set point, the resistance through the switch increases, shutting
off the motor, Also for constant temperalure heating devices as the device becomes self-
regulaling at the sct temperature by the increase of resistance, However, in spile of all of
this interest, an accurate model of the cause of the PTCR (positive tempcrature
cocfficient of resistivity) cffect remains a contentious issue. At a particular temperature,

which can be tuned by the choice of dopanis and the doping level, a rather sharp increase
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in resistivity covering several orders of magnitude is observed. The resistance dvops
normally on either sidc of this sharp transition. The nature of this PTCR effect occurs in
the same temperature range where the sample undergoes a structural phase transition
from a tetrahedral to a cubic unit cell. However, the phase transition also occurs in the
single crystal sample where no PTCR effect is observed. Apparently, the grain boundary

region must be in control of this phenomenon.
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CHAPTER 4

Experimental

Disc shape samples were prepared in this experiment. Three scis of samples were
prepared with different materials and process variables. Presinter powder processing of
the samples and pellets 50 made were then sintered by hand milling 12 hrs milling and 24

hours milling with zirconia hall.

4.1 Sample preparation

Conventional mixed oxide method was used through out. Appropriate weight of Barium
carbonate (BaCOj), Titaniom oxide (TiO»} and doping source of chromium {Cr)
strontium (Sc) and Vanadium (V) were mixed and milled by hand and by ball

The doping sources were Crz0;3, {chromium oxide} SrCO; and (Strontium carbonate) and

¥;0s (vanadium pentaoxide).

The shape of the sample shown in fig [4.1]

Diameter ~12 mm

.‘

/.,--*""__ Face
Thickaess — Tmm
Edge

Fig-4.1: Final shape of a sample.

Zirconia ball and acetone were wsed as media. Typical milling times were 12 hours and

24 hours,

4.2 Calcination

First powder was heated from room temperature o ] 100°C in & heating furnace which
was set at L100%C tor 24 hours. Then the furnace was turn off and was allowed to cool
down to room temperaiure. When the room temperature was attained, the chunk was

taken oul and ground untl it beeomes powder. The above procedure was repeated [or
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three times. After 72 hours of total calcinations, the chunk was ground again until it

becomes fine powder.

4.3 Preparation of pellets
Three sets of milled calcired powder were mixed with polyvinyl alcohol (PVA) before
pressed into pellets. Samples were pressed into pellets under uniaxial pressure of 1200-

1250 psi using hand pressure machine.

4.4 Sintering

Fuarnace was used to sinter the pellets in aic atmosphere, All the pellets were sintered at
1300°C; the temperature ramp was 10°C/minute. The samples thus obtained were used

for dielectric properties measurement.

4.5 Dielectric constant and Dielectric loss
Llectrical properties of the sample were measured using Agilent model 41284

impedance analyzer. Diclectric constant k” was calculated from the capacitance value.

4.6 Microstructure

Sintered samples were polished using conventional ceramographic  technique.
Concentrated HCl was uscd as etching agent. The microsiructure of samples was
examined using scanning Electren Microscope (SEM). Samples were gold spuitered
prior to SEM examination. At Materials and Metallurgical Engincering Dept. Phillips XF

30 was used with acceleration voltage of 10kY.

4,7 X-ray Diffraction

Extent of reaction or BaTiO; formation was examined by XRD in powder form.

Table: XRD operational condition:

X-ray source: MoK, for calculation
current: . 20mA Mo Ku'—"l 0. 710688 A° used
Degres range: LOP-T70F
Scanning Speed: 17 per second




CHAPTER 5

Results and Discussions

5.1 X-ray diffraction analysis

T'o characterize the sampies, X-ray diffraction analysis was carried out with an X-
ray diffractometer using Molybdenum target. Figure 5.1 shows the X-ray diffraction

pattern for all the samples of the scries  respectively.

The wable 5.1 gives the comresponding peak position observed for these samples. The
observed position of the diffraction peaks look identical and thus have conlirmed the
single phase perovskite structure of all the samples with no significant trace of impuriry.
By changing the doping level of Ba, Ty and Ca, Sr, Cr and V the position of the
diffraction peak does not change significantly which also indicates that the crystal

structure rematns unchanged.,

Table 5.1: X-ray diffraction peak position for various doped BaTiO; sample.

Samples 1" Peak | 2™ Peak | 3rd Peak { 4" Peak | 5" Peak | 6" Peak
BaTiO; 14.00° [ 17.20° | 20.00° |24.80° {32.40° | 38.80°
Ba(TigrCrops)0s - 14.00° [ 17.20° 12000° | 24.80° | 32.40° | 38.80°
Ba oSt (i 975Cr 2303 14.00° [ 17.20° | 20.00° | 24.80° |3240° |38.80°
BagCa St (TigsCres)Os [ 14.00° [ 17200 [2020° |2480° |32.40° | 33.80°
Ba(Ti sV 024)05 14.00° | 17.20° | 2020° |2480° |3240° |38.80°
BaySr |{Ti,g;5‘u’_[,35)()3 14.00° | 17.00° [ 2020° [25.00° |32.60° [38.80°

BagCa 1 5r1(TigrsV 0203 14.200 | 17.20° 20.00° 25.00° 32.60° 38.80°
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Fipure-5.9: Dielectric constant as a function of frequency

Figure 5.9 indicates that for the sample Ba(Ti o35V 25)0;5 the dielectric constant increases
but for sample BagSr {TigrsV nzs) and BagCa 51, (TiorsV 025)0s the diclcelric constant
tdecreases, In Sample Ba (Tig7sV025)Ch titanium is replaced by 0.025 mele fraction
vanadium, Vanadium has larger ionic radius and electronic polanzibility. The dielectric
constantl increases in this case due to the ionic radius and etectronic polariazbility. In
Sample BaySr (TiersVuzs)03 barium js replaced by 0.1 mole fraction strontium.
Strontium has smaller ionic radius and eleciromic polarizability than barium. The
dielectric constant decreases in this case due to the smaller ionic radius and elecironic
polarizability. In Sample BayCa 5r(T1s95V 025)0s barium is also replaced by 0.1 mole
fraction calcium. Calcium has smaller 1onic radius and electne polarizability than
Barium. The dielectric constant decreases in the same manner due to the jonic radius and

electronic polarizibility.
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Fig-5.10: Dielectric constant as a function of frequency

Figure- 5.10 indicates that in sample Ba(Tig75Cres}0s and BaoSti{Tig75Crez5)05 The
dieleciric conslant decreases slightly. In sample BagCa St (TigrsCr 025105 the dielectric
constant increases slightly. In sample Ba{Tis;5Crg25303 titanium is replaced by 0.025
mole fraction chromium. Chromium has smaller ionic radius and electronic polarizability
than titanium. Dielectric constant decrcases in that case due to the smaller ionic radius
and electronic polarizibility. In sample BasSr.1(TiorsCr024)03 Barium is replaced by 0.1
mole fraction strontium. strontivm has smaller louic radius and electronic polarizability
than barium, The dielectric constant decreases in that case duc to smaller ionic radius and
electronic polarizability. Tn sample Ba.gCa, S1,1{T;975Cr q25)O03 barium is again replaced
by 0.1 mole fraction calcium. In sample Ba.eCa St ({Tiy75Cr.2510; the doping of caleium

has positive effect for increasing dielectric constant.
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Fig-5.11: Dielectric conslant as a function of frequency

Fizure-5.11: indicates the dielectric constant of 24 hours milling samples as a lunction
of frequency. From [igure-5.11, it can be seen thal in the sample Ba{TigsCrpzs)0s the
dielecitic constant increases mere high. In the sample BasCa St ({Tig<Crpas)Os  the
dietectric constant also increases. Butb in the sample BagSr {11 595Crg25)0; the dielectric
constant decreases. In sample Da(TioersCrozsiOs, titanium is replaced by 0.025 mole
fraction cromiuvm. Cromium has smaller ionic radius and electronic polarizhility than
titanium. Due to the smaller ionic radius and electronic polarizibility dielectric cum;tunt
should be decreased, but in that case diclectric constant increased. The dielectric constant
increases in that case due to the outer shell configuration of Cromium, In sample
BasSr(TigrsCrons)0y. Barium 15 replaced by 0.1 mole fraction strontium, Stronticm has
smaller ionic radius and electronic polanzability than barium. The dielectric constant
decreascs in that case due (o smaller ionic radius and electronic polarizability. In sample
DasCa, St{TigsCryes)O; barium is again replaced by 0.1 more fraction calcium. 1t can
be also seen that the doping of calcium has posinve effect for increasing diclectric

ohnstant.
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Fig-5.12: Dielectric constant as a function of frequency

Figure 5.12 indicates the dielectric constant of 24 hours ball milling samples as a
function of frequency. For the sample Ba(TipesY 025)05 the dielectric constant decreases.
For sample HaoCr (TigrsV g2s5)0s and for the sample BagCa St {TigrsV g2s)0s the
diclectric constant also decreases. In sample Ba{Tigrs¥ 02505 titaninm is replaced by
0.025 mole fractivn vanadium. The vanadium has larger ionic radius and clectronic
polarizability than titanium. The dielectric constant should be increased in that case. Burt
dielectric constant decreases. The outer shell electron contiguration of vanadium and
titanium might have cause the decrease of dielectric constant. Other reasons lor decrease
of dielectric constant is also poreosity and increase of electrically conducting grain and
decrease of insulating grain boundaries. In sample BagSr (TiornsV es)0: barium also is
replaced by 0.1 mole fraction strontium. Stroatium has smaller ionic radius and
electronic polarizability than barium. The dielectric constant decreases and has no
significant effect due to smaller ionic radius electronic polanzalibity. In sample
BasCa 5r{TiersV p2s)0a, barium is replaced by 0.1 mole fraction barivm. It can also he

seen that for sample BayCa | Sr(Ti g7V 125)0h the doping of calcium has positive effect.
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Figure 5,13 and 5.14 indicates the dependence of dielectric constant as a function of
lemperature at a fixed frequency of 1000 kHz. These figures indicale thai the dielectric
constant  of the sample BaTilk, Bal(TigsCrppsdOs,  BasgSr {TiessCroa)0s
BagCa 51 {TiorsCroesyl: increases with increasing temperature  uvntidl meaching a
maximum then decreases with further increase in temperature. This can be explained by
the relaxation time. The rciaxati-cm move to higher temperature and the number of

successful ion jump per second and also increases with increasing lemperature,
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Form Figure 5.15 it can be scen that the dielectric constant for the samples

Ba(Ti 575V 025003 and BaySr ((TigrsV 52s)0a are high particularly at low temperature and

decreases as temperature 3§ increascd.

Form Figure 5.16 it can be seen that the dielectric constant for the sample
BagCa | Sr(TigrsVozs)0;s the diclectric constant increases slightly and steady with

increasing temperature and then decreasing with increasing temperature.

That can be also explained by the relaxation time and number of successful ion jump per

second. In this case the relaxation also moves to higher with increasing temperature.,
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Fig-5.17: Diclectric loss as a function of temperature at fixed frequency 1000kHz

Figure-5.17. Shows the Dielectric loss a5 a function of temperature for the samples

BHTiD_}, BE’L{TLW&CI’ :]35)03, BH,gSl’_l(Ti,g',rjcr.mj}Oj and Bﬁ_gCH_;Sl’,[(Ti_L}};CI‘ 1}15}03

Figure-5.17 indicates that the sample BagCa (Sr;(Tig75Cr025)0: dielectric loss increases
and decreases with the increasing temperature. For the sample Ba{TiosCrge0s
dielectric  loss increases  with  the increasing temperature and Tor  sample

Ba ¢St 1 (Ti075Cr.02510s dielectric loss decreases with the increasing temperature.
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Fig-5.18: Dielectric loss as a function of temperature

Figure 5.18 indicates thal for the sample Ba(TiorsV g2s)0; the diclectric loss decreases
with  increasing tcmperature. For the sample  BaySr(TiwsVgsiO:  and

BayCa St (TigrsV n25)0s the diclectric loss decreases with increasing temperature.
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Figure 5.19 indicates the dielectric dielectric constant as a function of frequency for the

samples ball milling for 12 hours.
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Fig-5.20: Varialion of Dielcctric constant as a function of frequency (hand milling,
12 hours milling, 24 hours milfing) for sample - BaTi(, at room temperature

Figure-5.20 indicates that diclectric constant increased dramatically for the milling
behavior, Dielectric constant rapidly increased with increasing milhng time. Dislectric
constant of the sample BaTiO3 ball milling for 12 hours is more than the hand milling
sample, Again the dielectric constant for the sample milling for 24 hours is mone than the
sampte ball milling. This behavior can also be explained by the grain size effect. In that
case milling was carried out to reduce the partial size of the powder t¢ micron range.
Particle size was reduced by the action of impact and friction of balls with powder. Fine

grained saniples exhibits higher dielectric constant than course  grained samples.
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Figure-5.21: Variation of Dieleciric constant as a function of frequency hand
milling, 12 hours milling, 24 hours milling for sample - Ba(TiysCr g25)0; at room
temperature.

Figure 5.21 indicates that the dielcctric constant also incrcased for the milling behavior,
Dielectric constant of sample Ba{Ti g7:Cr p25)04 batl milling for 12 hours is more than the
hand milling sample. Diclectric constant ball milling for 24 hours is move than the
sample ball milling for 12 hours. The diglectric constant increased m later case also due

to the effect of grain size.
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Fig: 5.22: Variation of Dielectric constant as a function of frequency (hand milling,
12 hoors milling, 24 hours milling} for sample - BaoeSr(TiszsCrgzs)()s at room
temperature,

Figure 5.22 indicates the dielectric constant increased for the milling behavior. Diclectric
constant of sample BagSr (TigrsCrpes)0; ball milling for 12 hours is more than the
sample again the dielectric constant for the samples ball milling for 24 hours is more

than the sample batl milling for 12 hoors. The increase of dielectnc constant is also due

to effect of grain size
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Fig-5.23: Variation of Dielectric constant as a function of frequency (hand milling,
12 hours milling, 24 hours milling) for sample - BayCa 181,1(Tio7:Cr25)0; at room
temperature,

Figure 5.23 indicatcs the dielectric constant as a function of frequency. Dielectric
constant of sample BasCa 51 {Ti975Cr 2500k ball milling for 12 hours is more than the
hand milling sample. Mielectric constant ball milling Tor 24 hours is aiso maore than the
sample milling 12 hours. The incrcascs of dielectric constant also due to the effect of

grain size as mentionad earlier.
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Figure 5.24 indicate that dielectric constant dose not increases for the milling time, The
drelectric constant of sample Ba(TiprsV 25003 ball milling for 12 hours is  higher than
the hand milling sample. Again'the dielectric constant ball milled for 24 hours is lower
than the sample ball milled for 12 hours and slightly higher than the hand milled samplc
ar almost the same, The dielectric constant for the sample ball milled for 24 hours should
be higher than the sample ball milled for 24 hours. 1n that case dielectric constant
decreased and almost same as hand milled sample. 1n this case for the 24 hours ball
mitling does not carried oul to reduce the paricie size. But for the 12 hours ball milling
reduces the size of the powder to the micron range. In that case the size of the grain

increased instead of decreased.
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Figure-5.25: Yariation of Thelectric Conslanl and dielecizic loss as a function of frequency for all 24

haurs ball-milling samples at rootn temperalure.

Figuere 5.23 shows the dielectric constant and dielectric loss for all the samples ball milling for

2dhours as a function of frequency,

Table 5.25:Dielectric consiant for various doped Ba'l'i(); samples in frequency range .SkHz

to 1000kHz.
Samples Dielectrie Constam
Freguency Frequency
0.5kHz ~100kHz 100 H - 1000 Hz
BaTity, 1179 306
Bl T g7 CT e} 2300 1230
B2 o3 (T wraCr s b0 438 1078
BaoCa 8,8 [aeer ey 2729 2351
BT s ¥ ol 304,33 ]
BagSr {11y a0 25,57 15
Ba gl 51 [ TlysV gas)On 155,78 a2k
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5.2 Calcination

Analysis of duta and microstructure study do suggest three major factors calcination
thermal profile. particle size of milling product and sintering thermal profile. The
principal aim of cilcination is to form desired phase through solid-state reaction, This
kind of reaction is very sluggish and time consuming. SEM micrograph of sample
Ba(T1975Cr 525003, BawSr 1(T1075Cr 025103, BaTiO, sintered at 1300°C are shown in figure
[5.26], [5.27]) and [5.28]. Sampie Ba(TissCrpes)O: seems to contain acceptable level of
porosily. Close examination of the pore suggests that these pores were result of gas
escape and unreacted powder that did not coagulate.

These gas escape holes might have formed due to CQ; formation [rom the
reaction of unreacted particles that did not form TiO; during calcinations. Close up of

such pare shown in figure [5.26]
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Figure-5.26: SEM micrograph of a pore for Ba{Tio7sCrps)0x

Fully sintered grains we surrounded by loose particles that make up the pores. Un

reacted powder might be BaO and Ba;ThO,.
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Figure-5.27: SEM micrograph ol BagSr (TigrsCrgas)¥h

The SEM micrograph of etched sumple Ba(Ti075Cr 425303 and Ba 81 ({Ti.975Cr 5003
Ulustrated in figure [5.26]) and [5.27] also indicate the presence of diffcrent phases and

flaky morphology of the sample.

Fizure-5 28: SEM micrograph of BaTi0s

Figure [5.28] indicates the formation of different sizes grain and grain boundary.
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Form these figures we can also see that the dielectric constant increases with increasing
temperature as accepted for the semiconducting behavior until reaching a maximum, then
decreases with further increases in termperature. All the lgures show the temperature
dependence of dielectric loss at selected frequencies. Dielectric loss is related to the

homogeneity of the material.
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CHAPTER 6

- Conclusions

In the present study we have investigated the diclectric properties of doped BaTiO;
ceramics. The dielectric constant and diclectric ioss of the above doped BaTi(; have
been studied as a function of {requency in the frequency range of 0.5 kHz to 13 MHz at
reom temperature. The dieleciric constant as a function of temperature has been studied
at fixed Mrequency 1MHz. The diclectric constant decreases in regular fashion with the
increase in temperature in the range of 30 to 150°C.

No peaks were observed in the dielectric constant versus temperaturc range of 30 w
60°C for BaTiO; sample. The dielcetric constant for BaTiO3 ball milling for 24 hours
was found 1179 at {00 kHz The highest value of the dielectric constant for the above
sample was found 2729 for sample Ba(Ti.e7sCr.025)05.

The lowest value of the dielectric constant for the above sample was found 14.57 for the
sample Ba.gSrt.; (Ti.e5V.02s) Os. The highest value of the Curie temperature was found
116°C for the sample Ba{Ti.orsV.g25305. The dielectric constant aimost constant in the
frequency range of 0.5 kHz to 100 kHz, The highest dielectric loss was 2.74 for the
sample Ba.gCa. Sr. {TigpsCrps)Ds. The dielectric loss increases with increasing
frequency then decreases with incrcasing frequency for all the sample except for the
sample Ba.gCa. Sy (TigrsCrae 05 and Da(TigrsCr.oa5)0s.

The dielectric properties of the doped BaTiO: ceramics are alfected by the grain size.
The major Mfactors, the size of the ionic radius, elecironie polarizability and the outer shall
electron confipuration control the electrical propertics. Doping variables scems to eftect

the density, sintering and Mattening of K peak, peak at T,; Possibly shifting of T, as well.

The relatively high values of the dielectric constant at low frequencies are due to the
polarization ensuring that the samples can be finally considered as fuormed of electrically
conducting grains and insulting grain boundaries. Flaky morphology of the SEM may

affect the dielectric propertics of the materials.
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